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TECHNI CAL FI ELD This application is directed, in general, to optical
devi ces and net hods of manufacturing and using optical devices. BACKGROUND
15l ncreasing integration of optical conmponents on photonic integrated
circuits (PICs) provides the ability to provide increasingly sophisticated
optical devices using a single_substrate. _Usually such devices include
optical path length adpSNPEraite REOTQNIE SIERERATES HERGETE0 shifier, to
adjust the optical path length of one or nore optical wavegui des on the

PI C. Such pat ER%§§Q§EE'E%HN<'§[ &bS RS MR Hch¥18R8 cost to optical systens,

typically including power sources to power the path | ength adjuster, and a

f eedback control ;%%%%n]ggpﬂ?%égf%dq acﬁ§n995iéﬁg p@%ﬁ%f?@ifkginjﬁh§

adj usted path. SU € aspecCt provides an optical device that

i ncl udes a wavegui sleorsd labip i restt iand Sederid Nnputl o3, 1@0uplieried and fir st
and second. outpu rt coupl ers | ogat ver pl anar tig supstrate.
The mavegu?dehgﬂéﬁgﬁése% p?%he(g? g%ﬁﬁgt?§£ T%gl%irs%ahalr?(i}%gecoﬁ1J1 Fﬁput port
coupl ers ext eRdofpoind helonavegui de Pababnand Ireegraned nplitr ccgupl E2I@ai r axi s

| ocat ed about i dyey. befgeen, tbe fifst and 5 second jnput, POLL coup] ers.

The input coup pait  axis 1S of fset” at a nonzero i'TSt distance from the
pl ane of symetsygndhevfilr sthiandppecoadioutyput ipardrpooapterseextrend, f rom

t he wavegui de_sl.ab and have an output coupler pair axis |ocated about

m dway bet weeh“fRe°¥iFst and 10 second out put port couplers. The out put
coupler pair axis is offset at a different nonzero second di stance fromthe
pl ane of $yMBECHENICAL FIEAROt her aspect provides a nethod of formi ng an
optical device. The nethod includes form ng a wavegui de 15 slab, first and
second i nput port Tlouplans,icandohi istdanecsetonc aenputlpotrd cpuptars over
a pl anar optiggb.substrgte 83“@%@9¥ide sl|.ab .has adplane of Symetry. The

.. Th
first and secondlf%%uﬁnpoﬁFtESUplers é&lgﬁﬁtfféﬁgtﬁglma%%ﬁﬁid%ps @b and

have an i nput deoupéer pair axis

BACKGROUND

15 Increasing integration of optical components on
photonic integrated circuits (PICs) provides the ability
to provide increasingly sophisticated optical devices
using a single substrate. Usually such devices include
optical path length adjusters, e.g. thermo-optical phase

20 shifter, to adjust the optical path length of one or more
optical waveguides on the PIC. Such path length adjusters
add complexity and cost to optical systems, typically
including power sources to power the path length
adjuster, and a feedback control system to maintain a

25 desired phase shift in the adjusted path.

SUMMARY

One aspect provides an optical device that includes
a waveguide slab, first and second input port couplers,

and first and second output port couplers located over a



20 | ocated about m dway between the first and second input port couplers.
The i nput coupler pair axis is offset at a nonzero first distance fromthe
pl ane of wormetry267The first and second out put port coupCEns2@zioedd2 from

t he wavegui de sl ab and have an output coupler pair axis 25 | ocated about

m dway between the first and second output port couplers. The output
coupler pair axis is offset at a different nonzero second di stance fromthe
pl ane of symmetry. BRI EF DESCRI PTI ON 30Reference is made to the foll ow ng
descriptions taken in conjunction with fhe acconmpanying draw ngs, in which:
- 3 - FIG 1 illustrates a schematic di agram of an optical device

i n one enbodi nent of the disclosure, e. a coherent phase detection

g.
receiver; FI G illustrates physi cal el epent bl ock di agram 5
of the opt i caP 1 ABYT VTR T 1B EuBodl REnEOP LTS of i obift & PLane

FI Gs. 3A and 3B rgspeetriyvelnnd | Fusiy abedt eecand sirdetvigws ofoapi@pd i cal
path representative of various optical paths of the optical device 100 in

one enbodi nenEX1edf TEHR WiscIvErgde slab ang) gavesel 3EPrE (SR

sectional viewsithrough theatopt i eabupath a@byFlKat@An the first Rida 4
illustrates a section of a dilute wavegui de stack that may be used in
vari ous enbodPRERES, 1PHETF uBPhYy $8UPHe opt Tl TVi ce® I Fof PG 8%

FIG 5 illustratesracsesti annehzarpassiye wavegidersdhacind hatadmyoidbe used
in various enbodi nents, including the optical device 100 of FIG 1,

FIG 6 illustPYM8sta secti®ontéFsa pHit odic6889st AP0 PRAT naY BEUSed in

various embodineahs, riheludi ngvkhaiapt scab devimee 100 ehiiphE cdupler
FI Gs. 7A though 7D and 7B illustrate aspects of a 90 optical hybrid that

may be used i R&VariUS ehberfisfenf8oBE HE VGt i REAVEFEVi e 166X SAandPI5FI Gs.

8, 9A and; 9B ikhysdrateeteds ehipl Bes di sed asuRye @c8p18f %QEIN g opti cal
devi ces of the disclosure, such as described by FlGs. f-?. TAI LED
DESCRI PTI ON SéfeC&hboldi Hert SidéSEENbedOnere? s PiBVi dé saaphRet bree the

plane of symmetry.
Another aspect provides a method of forming an
optical device. The method includes forming a waveguide
15 slab, first and second input port couplers, and first and
second output port <couplers over a planar optical
substrate. The waveguide slab has a plane of symmetry.
The first and second input port couplers extend from the
waveguide slab and have an input coupler pair axis
20 located about midway between the first and second input
port couplers. The input coupler pair axis is offset at a
nonzero first distance from the plane of symmetry. The
first and second output port couplers extend from the
waveguide slab and have an output coupler pair axis
25 located about midway between the first and second output
port couplers. The output coupler pair axis is offset at
a different nonzero second distance from the plane of

symmetry.

BRIEF DESCRIPTION

30 Reference is made to the following descriptions
taken 1in conjunction with the accompanying drawings, in

which:



30 integrated circuit (PIC) that integrates optical functions in an

i nnovati ve manner that reduces conplexity of an optical device or system
usi ng t hewBl@2/mbree 4 specifically, in sone enbodi nent CarUSe@Rioeek?2
splitter and a pair of 900 optical hybrids formed on a common opti cal
substrate are conbined with an external polarization beamsplitter (PBS) to
provide a pol arization diverse (PD) 5 coherent phase detection receiver

t hat does not require adjustnent of optical path I engths via an

el ectrically powered phase adjuster. T%’s configuration of elenments
significantly sinplifies sone optical system designs. This arrangenent of
functions is enabled in part by 10 the use of innovative design features
that inprove precisjion of the optical functions provided_on the PIC Sone
opti cal compohent ' 5 o SeHSIEIvVEPo Gart ATIEH ‘of PRYECAT a7 nensi s of
device featuresyies tin depart vnesdinamm nem nahe desi gn osal-ues efgsuch

di mensi ons. 15 Enbodi nents descri bed herein reduce such di nensional errors
in part by enpPB§THY HGHPPEEFSFOA" patt%eriitng processes and using dummy
physi cal features fdescribed.dimrdther belmw)i cbhat1erdueenrpsOEessayddn ati on
of such processes. Mreover, w de bandw dth operation is provided 20 by
desi gn factor 8Tt halte r E8GEE2 phasd ‘& of €0 acbs$78n IPrIEAI Conftini 5t i on
band of operatieBiosure; Turning initially to FIG 1, illustrated is a
schematic di agram of an optical device 100, e.g. a coherent phase detection
receiver. The optithfsdetfi @968 255PReF ey %Iiluétfféeaﬁﬂpaalﬁésml%
external to theeftC d40.ahedlicallOphpgl ubdas aspassive 308B sptidder 130,
an X hybrid 140 and a Y hybrid 150. The optical device 100 may be used e.g.
to receive a PBFarizatdorF mil (il EREACHPt 1ERICSilgal? WhEr BPRCEH T

pol arization pay:he 30dmdul-ated by quadrature phase-shift keying (QPSK).
The PBS 120 receives a nodul ated signal, e.g. froma single-node optical

fi ber (not shown).Fihe sPgndlf mayv$HcIRdeSvio- TiRff eflents pold@iFZatiiths, X

and Y, that may.be,b dhegorak. The, PBS 120 separates the X and Y
pol ari zati on conmponents and outputs these conponents as SX and SY signals.

The splitter 130 rletei vésialtoeattassct | Patoro( LG 3i ghartandaspdit® the LO

into equal 5 RRLLLOPSat aRa+Be ande@n; L QY;.signalen HignsRELt t ehc 130 5 a
non-pol arizing splitter, nmeaning received X and Y pol arizati on conponents

are divi ded abbat orgied yweyéraeehOt e 110X dnd LOY out put signals. The X

hybrid 140 receivesrthes S and the LOX 3ignghsyrand the; Y hybpd g, 150
receives 10 the SY and the LOY signals. The X hybrid 140 produces bal anced
i n-phase and qtadkatbrfe Bptikal us¢Gnit Pt ¥ ratoogiecpbhvettediding he

el ectrical dopgin . phot pdi.odes 460 to, prqduce X channel outputs X p/ Xin
and XQp/ Xn. gﬁe ?fp%b'ﬁirhi c?%lég produces bal afnced i n-phase and

FIG. 6 1illustrates a section of a photodiode stack
20 that may be used in various embodiments, including the
optical device 100 of FIG. 1;

FIGs. 7A though 7D and 7B illustrate aspects of a
90° optical hybrid that may be used 1in wvarious
embodiments of the optical device 100; and

25 FIGs. 8, 9A° and 9B illustrate methods of the
disclosure, e.g. of forming optical devices of the

disclosure, such as described by FIGs. 1-7.

DETAILED DESCRIPTION

Some embodiments described herein provide a photonic
30 integrated circuit (PIC) that integrates optical
functions in an innovative manner that reduces complexity

of an optical device or system using the PIC. More



15 quadrature optical signal pairs that are converted to the electrical
domai n by phot odi odes 170 to produce Y channel outputs YIp/Yln and YQ/ YQn.
I n vari owwoenteodszeent s t he phot odi odes 160, 170 are nes&Caiusde/02d262i s
desirable in the optical device 100 that the 20 extinction ratio between
out put pol ari zations of the PBS 120 be great enough to provi de good

i sol ati on between channels at the PBS 120 outputs. In sonme enbodi nents the
extinction ratio is at |east about 13 dB, with about 20 dB or greater being
preferred. Nonlimting exanpl es of 25_§%[;able devi ces include a fiber
splitter, a prismassenbly, or a mcro-optic device. Such devices are known
to those skilled in the optical arts. Sone conventional coherent receivers
i nclude a PBS for O and a PBS for the received nodul at ed signal .

Such recei ver §PRaVE ?i;¥'|ﬁﬁléﬁ@ﬁtgﬁbSﬁl?F?ﬁﬁuﬁan ST atB] lTﬁﬁr caIIy
require a phasepadpustnent spgiedl, eugidd tthemen- opt hC cohmeh eshtDeOpti C
phase shifter in an tical path between one or both PBSs and - 6 - the
opti cal hybrlagbs?ﬁ@“gﬁﬂ§%‘%HFHQF@rWFEﬁl%%se%S&ﬁQﬁ%IQ?l?éﬁﬁ?Fbo%S@%%?ated

el ectrical compactseandrBpy erGONPLEEiONS at opcplraﬁ\ilz@el@perc&wemgepovm In
sone cases_such a power requirenent is inconvenient, expensi ve, or not
feasible in a°part %IEPa%%S?%E?ﬂ%gﬁbdxxﬁlver'ﬂﬂ%?(ﬁ%ﬁﬁ S eF HENEtG ts from
the recognitianjbychdre: i prenpensal hatarthhe phase shif tes eegbonscamy, be
elimnated fromthe receiver design when the receiver systemhas the
architecture PPIEsEF aPEasfn FESEEr - THE1F0 TPt AT adéfrc e 100 78 xpect ed

to be sensitiveqhor vaddaty eaneflli physi £ale dpFBRSL 0B$s e d&iRhecess
variation in the formation process. However, high resolution patterning nmay
be used to forn1op?@%%l:ﬁﬁﬁﬁﬁﬁ@ﬁFscﬁnFH“HF@ﬁ“ﬂlh%n%?%ﬁ%ﬂd[ﬂQxﬁ%ﬁRnPY

i ncl udi ng; yavegui dgse W dh a nk @9tz Meals sgare {RMB: wWidhh vagiadjon of
about 100 nmor |ess. Wen the PBS 120 is renoved fromthe substrate, a PBS

type may be UBBHCEREIN haS BPEi CHFI Pt hfVRFgtHS thaviged preciise, PXiabl e and

not affected bynprogrIs vari@idoRnes the PLE 110:v i pal losritheohyhyd ds 140,
150 are 20 inplenmented in an innovative optical hybrld desi gn that reduces

sensitivity t8hppoerssdiegiwtdren AndPrieei destwrde, bahdw dEAPBpErERS on.
Wen the geometrjes of,ithe sphbtigr 130, he hyprids, 140, d;égnéﬂ%g he

wavegui des t herebetween are nmanufactured with a sufficientliy high 25
di nensi on&b t EMepAhREt o Jsivasabedr r eer¢oh ixedhEededvghonginaes wvegui des.

Thus, the opt Leab, device, 00 5oy be.0petat ad o thout any, PRase.adi yst ment

regi ons, obviating the need fof associated power and control nmechanisnms. In
sonme cases subhogesyst eANPr o\Aides Einghi fP]@YaWCéBJdvéﬁétﬂalg@e%O fiasar ¥eski ver

syst em desi gn F.G. fustr ical  ele bLock,.di,agram of
the PIC 110. %ﬁét%ﬁ%:f%bOW§ f%fﬂidrggggﬁ tf%gﬁ st%%?%lzé %ﬂ% optica

substrat e mayprbecapses. Moreover, wide bandwidth operatlon is prov1ded
20 Dby design factors that reduce phase errors across an
optical communication band of operation.

Turning initially to FIG. 1, illustrated is a
schematic diagram of an optical device 100, e.g. a
coherent phase detection receiver. The optical device 100

25 includes a PIC 110 and a PBS 120 external to the PIC 110.
The PIC 110 includes a passive 3 dB splitter 130, an X
hybrid 140 and a Y hybrid 150. The optical device 100 may
be wused e.g. to receive a polarization multiplexed
optical signal, wherein each polarization may be

30 modulated by quadrature phase-shift keying (QPSK).

The PBS 120 receives a modulated signal, e.g. from a
single-mode optical fiber (not shown). The signal may

include two different polarizations, X and Y, that may be



7 appropriate substrate material type based on the optical band for which
that the optical device 100 is configured to operate, e.g. InP for C band
(1530 nmwo2bsBh2mmey and/ or L band (1565 nm - 1625 nn) opeTAiS2@R/02¢262
exanple, 5 the substrate 200 nmay be a wafer or a portion of a wafer of the
substrate material. The substrate may be doped, e.g. with iron to convey
sem -insulating properties, and may further include a buffer |ayer, e.qg.
InP, fornmed thereover to optically isolate the optical elements of 10the
PI C 110. The substrate 200 |ncluq§s a node conversion section 205, a
passi ve section 210 and a photodetector” section 215. The node conversion
section 205 includes node converters 220, 225 and 230. The passive section

210 15 includes_the s I|tt nd .t he rids 140, 150. The splitter 130
recei ves the G4tpPu?°y the %ggnvéﬁter %§§”§ﬁ§ San UHr ef er efid é !

wavegui de. Th@oxahybaidzd;ri%rﬁﬁﬁr@n\tes drite outpitts ofndhe emgereonverder 220
via a maveQU|de 221 and one of the outputs of the sp litter 130 20 via a

wavegui de 226 XTHEY AYbrtd" 158" r i vEs 1 H&E Tout pUt 8Fefﬁ%sn€dé“55ﬂverter

230 via a waveguideaZ3l amd)t hei@ther aah the ou puhs afo t harsplédder 130
via a maveQU|de 227. The phot odetector_ section 215 incl udes fhotodlodes 25
160a-d and phBPBH?%ﬂ%Sé%?dé»%aﬁ?hé“XLﬂ§b??%PﬁM07%?b§@&é§t%bt <altoudt put s

Xl p, Xin, XQnandpXQyx 140 dhe d@specti ve hat adi o&@s:em@@- del anwavegui des
235. The Y hybrid 150 provides optical outputs Ylp, Q and YOn to the
respective phBPBﬂ?bﬁ@§‘¥76§mﬁoﬁﬁatﬁa@€%U?H%gkﬁh@boEécﬁqﬁélb%o?%ﬂﬁﬁﬂb

160a-d, 170a-dnhksreonpected toanci BSLARCS. ofnhd Dirds/i-aut pud cetdiZ4d. Each
cell 245 includes a DC bias contact 250, an RF ground contact 255 and an RF
out put cont actP268X e Tk Bi%%s ScoRtatt 250 Hid t HYPREAgLetinBeceB7eS cont act

255 are capacihbvely goupled vba aigapasi t ohe265.nykhe cont@chso@8hs 255 may
be connected to an external power source, and the contact 260 may be

connected to &ALeRERF nain-BBEBHeri NS THBAPFITGH 08851960, SEPOARyPHE Df any
sui tabl e that are converted to the electrical domain by

photodiodes 160 to produce X channel outputs XIp/XIn and
XQp/X0On. The Y hybrid 150 produces balanced in-phase and
15 quadrature optical signal pairs that are converted to the
electrical domain by photodiodes 170 to produce Y channel
outputs YIp/YIn and YQp/YOn. In various embodiments the
photodiodes 160, 170 are mesa diodes.
It is desirable in the optical device 100 that the
20 extinction ratio between output polarizations of the PBS
120 be great enough to provide good isolation between
channels at the PBS 120 outputs. In some embodiments the
extinction ratio is at least about 13 dB, with about 20
dB or greater being preferred. Nonlimiting examples of
25 suitable devices 1include a fiber splitter, a prism
assembly, or a micro-optic device. Such devices are known
to those skilled in the optical arts.
Some conventional coherent receivers include a PBS
for the LO and a PBS for the received modulated signal.
30 Such receivers have been implemented on a single
substrate, but typically require a phase adjustment
region, e.qg. a thermo-optic or electro-optic phase

shifter in an optical path between one or both PBSs and



type. In sone enbodi nents PIN photodi odes may be used. Alternatively
unitravelling carrier (UTC) photodi odes nmay be used. In sone cases UIC

phot odi odwe 20my126t7er at e hi gher optical input power as ecrpase@doe@6éPl N type
10 detectors. Mdreover, UTC photodi odes typically provide a superior
frequency response and therefore a greater bandw dth than PIN type
detectors. Enbodi nents are described herein without Iimtation as including
UTC type photodetectors. Those skilled in the pertinent art are 15 able to
adapt the nmethods described herein to substitute PIN, or other suitable
phot odi odes for the UTC phot odi odes. The PIC 110 may receive the SX
SY and LO signals via single node fibers (SMFs, not shown). The SMFs may be

20 butt-coupled to eac f the nmo converters 220, 225 and_230. The node
Convortera. Donlies st B e e B e CBINTE S 4502 RE FOECHILE ho o,
SY and LO signaksii® eachsShEikoe@ pl ararcwavegui de prepagaki ng mode on the
PI C 110. Thus, for instance, the nobde converter 220 converts_25 the SM-
propagati on modeSHFOIHESRIS| ghdl RPHHE waVEHaTF HeY 2P 5Fopadat i HY'Srode.

FI Gs. 3A and 3Bstespegidnvel y i ldowstkr atecdopcaretsi des Vi ewsodle@neopti cal
path 300 including a node converter 305, and a passive optical wavegui de
310, and a’ 30eﬁﬁ%‘%%ﬂY%dé”sﬂ“é’Ekf%%%blﬁew g PRFE-C3BT tHe trddE<EofVert er 305

falls within the npges convarsiues sestions 205m the passiyver opt i walcnavegui de
310 falls within the passive section 210; and the photodi ode stack 325
falls within 9YePHe photbdet ettBr $EEFFon P15 ECEI GEEI3R ENd "88 dd*hot

correspond tocanyipardd cukan specCiféceplamentsi@f thenPliGclllecbuteare
instead intended to illustrate aspects of the three-dinmensional structure

of the PIC 116YSFRU5DBar tHieul 1 RETHPEe 1dOHTEF 169 308 F4Cr epresiiit ati ve

of the node cepverter sud2Qe 2290 239 asgdhdheaveguide 310sidive to
representative of the wavegui des 221, 226, 227 and 231. FIG 3B shows three

vertical regi JAS1BdVEID tHe PIY SdGBst FAten2pens Lufi Ihpt @reafégurdetdtddk 315, a

passi ve waveguhderstacko320:and g photodi adgestack 325, Eaghoofrthe stacks
315, 320 and 325 include a plurality of materi al fayers as descri bed bel ow.

The | ateral | PRFESIING hBaYiDBE deRderts] ohPSecPPoir 205COPRPENE settli on 210
and the 15pho},0dgt @elohs$6641 0P 24ps AN MarkedifQr JLferenes. Mihhip the
node conversion section 205, the dilute
15 root-mean-square (RMS) width wvariation of about 100 nm or
less. When the PBS 120 is removed from the substrate, a
PBS type may be used that has optical path lengths that
are precise, stable and not affected by process variation
on the PIC 110. Finally, the hybrids 140, 150 are
20 implemented in an innovative optical hybrid design that
reduces sensitivity to process wvariation and provides
wide Dbandwidth operation. When the geometries of the
splitter 130, the hybrids 140, 150 and the waveguides
therebetween are manufactured with a sufficiently high
25 dimensional tolerance, no phase correction 1is needed
along the waveguides. Thus, the optical device 100 may be
operated without any phase adjustment regions, obviating
the need for associated power and control mechanisms. In
some cases such a system provides significant advantage
30 in a receiver system design.
FIG. 2 illustrates a physical element block diagram
of the PIC 110. The PIC 110 i1is formed on an optical

substrate 200. The optical substrate may be an



wavegui de stack 315 and the passive wavegui de stack 320 are vertically and
| aterally defined to formthe node converter 305. The nbde converter 305
acts to evbeotinsiey 20 couple light received by the fl area/yser2ionsz6830 t hat
is initially propagating via a fiber wavegui de propagati on node to a
propagati on node of the passive wavegui de stack 320. The node converter 305
includes a flared portion 330 of the stack 315. The flared portion 330 has
an initial 25 width W, as illustrated in FIGs. 3A and 3C. Over a length
LI, the stack 315 is covered by neither, the stack 320 nor the photodi ode
stack 325. Over a length L2, the stack 320 partially or conpletely overlies
the stack 315. The stack 320 has a tapered portion 335 that begins wth an
edge 30 and widens to a 'éL over the length L2. i s believed that
the gradual wrHBRPRG- B tH %tgﬁéﬁe&a68F%?%nt§%% B?ﬁ%dc%%pW%gO%? tGght from
the flared popth@ns330whoch -t HL: -ticH &Qﬁj‘ltdallUId@v&&et hat €euténacyutsa scatter
light. It is further believed that as the flared portion 330 narrows, |ight

i s coupl ed frb&Mm tWEGIFut & WWavedli déC5t dck31% t&5§RerBhSS|Jé6ﬁaJ@BU|de

stack 320, andnpyepagates furtshenmd-along the @assitiensesbi08xZZ0 ) t hi n
both the dilute wavegui de stack 315 and t he passive maveQU|de stack 320.
FI Gs. 3D and §Ee|FPB%T?%&%&%Q&)@ﬁﬁmgﬁl@n&@fﬁ6cafléngoégl?% O Yt t he

tapered portien 332 iNWLases. nlkkhinlt henpassivserseet ey k0 dhe=passi ve

wavegui de Stac%g?281th iron to convey semi-insulating properties, and
may further include a Dbuffer layer, e.g. InP, formed
thereover to optically isolate the optical elements of

10 the PIC 110.
The substrate 200 includes a mode conversion section
205, a passive section 210 and a photodetector section
215. The mode conversion section 205 includes mode
converters 220, 225 and 230. The passive section 210
15 includes the splitter 130 and the hybrids 140, 150. The
splitter 130 receives the output of the mode converter
225 wvia an unreferenced waveguide. The X hybrid 140
receives the output of the mode converter 220 wvia a
waveguide 221 and one of the outputs of the splitter 130
20 via a waveguide 226. The Y hybrid 150 receives the output
of the mode converter 230 via a waveguide 231 and the
other of the outputs of the splitter 130 via a waveguide

227.

The photodetector section 215 includes photodiodes
25 160a-d and photodiodes 170a-d. The X hybrid 140 provides
optical outputs XIp, XIn, XQp and XQn to the respective
photodiodes 160a-d via waveguides 235. The Y hybrid 150
provides optical outputs YIp, YIn, YQp and YOn to the
respective photodiodes 170a-d via waveguides 240. Each
30 photodiode 160a-d, 170a-d 1is connected to an instance of
a bias/ocutput cell 245. Each cell 245 includes a DC bias
contact 250, an RF ground contact 255 and an RF output
contact 260. The DC bias contact 250 and the RF ground



10 and the dilute wavegui de stack 315 are about coextensive, as illustrated
in FIG 3F. Wthin the photodetector section 215 the stacks 315, 320, 325

are all awounidasmral |y coextensive, as illustrated in PCGUS3@G2/036262 | at er al
limts of the photodetector section 215 may be 15 determined to provide
space for the photodi odes 160, 170 and the bias/output cells 245. The

recei ved optical signal is coupled fromthe dilute wavegui de stack 315 into
t he passive wavegui de stack 320 and propagates within the wavegui de 310 in
part 20 by evanescent coupling. The o_pté cal signal propagates as determ ned
by the optical paths defined in the stacks 315, 320 to the photodetector
section 215. The optical energy received by to the photodetector section

215 couples to the ph di odes fornmed in the stack 325 by 25 optjcal
S ocosens RNORRITECT oLt B [BE T T REY arf P VHbCe ot o CaBe Foar . ehbray i

converted to anceleetrieal 2siognalspraper beonahnktottle tontensetyefal he
optical signal. FIG 4 illustrates a cross _section of the dilute 30
wavegui de st aBRVSL5SPW GreadtBr d&t &7 2Fhe 280 alRY | REI GoRee At ¥%erifatithg core
| ayers 410a, 4%0brnandiAlQerQf a material having a relatively higher
refractive index, e.g. InxGi _ xAsyPi y, and cladding |ayers 420a, 420b and
440 of a taterial THaviPRGEao+erat i v&Py | olfer TREf et PYe 9 HdeRU 1 Rye I nP. A
buffer layer 430e.e1g. doAR drodaeated betwgentdieohbkshagorne |ayel. 410a
and the substrate 200. By virtue of the alternating |ayers 410 and 420, the
node 5 profil &LbFrEHe i Mut @ WadEghi ted s?%&%"lS(UﬁgT)cﬁégte@b%%ﬁ/ tHe node
profile w thipethesSMF provighdg chlessignal pheeshvege Py e podersanvert er
220. Thus, energy fromthe single node fiber propagation node is coupl ed
wel | into thel'ABUer coierPer 22BUt 10FIET 57| | GotRAES &CselBfionalPSi ew of

the passiye waveguides stack 320, Anaveauic-decgoseclayes1 51014 syilecat ed over
the cladding | ayer 440. In various enbodinents the core layer 510 is an

| nxGai xAsyPl " SFE§EOM t T SUERICEKNESEPOFS AbARY 26(eARTaRE a? greater

phot ol um nescepggydeof about dpd pd'QFeA daddi-pgEspagghodayeit Of & 9. I nP,
is located over the core |layer 510. The cl addi ng/ spacer |ayer 520 may be

about 450 nm CFFfAaIPYS fEnfatchiLRGPAt contlictt Iy e 53018 irochted-wier t he
cl addi ng/ SpaC?ﬁo’cé&'@Eeé@%s The,dmif chi ng/dy cont agh | ayen e3P nRy bed nxGal _

20 xAsyPIx with a thickness of about 300 nm and a photol um nescence of
about 1.31pm able toThéaphat Ehe nge PhebntEACHiRper N5301pr 69i deBstiptdi st i nct

functions. Fipst, the |ayer.530.aids the coupbingsaf |gght fram tihe stack
320 to the photodi odes 25 160, 170. Second, the layer 530 may act as an n

contact for thecpbédtetiodes 160, 170. In various enbodiments the layer 530
L2, 00020 L1 20 PHAPDERL . e00naBULLULOF L4y 89,2 NSt gl abou
via single mode fibers (SMFs, not shown). The SMFs may be
20 butt-coupled to each of the mode converters 220, 225 and
230. The mode converters 220, 225, 230 operate to couple
the propagating mode of the SX, SY and LO signals in each
SME to a planar waveguide propagating mode on the PIC
110. Thus, for instance, the mode converter 220 converts
25 the SMF propagation mode of the SX signal to the
waveguide 221 propagating mode.
FIGs. 3A and 3B respectively illustrate top and side
views of an optical path 300 including a mode converter
305, and a ©passive optical waveguide 310, and a
30 photodiode stack 325. Viewing FIG. 3B, the mode converter
305 falls within the mode conversion section 205; the
passive optical waveguide 310 falls within the passive

section 210; and the photodiode stack 325 falls within



30 phot odi ode stack 325. A stop etch layer 610 is |ocated over the
mat chi ng/ n contact |ayer 530. The stop etch |ayer may be a 20 nm of |nP,

n- doped twoabouRsHE+18 cm 3. As described further bel owpCThis2¢i20ops262 ch

| ayer 610 - 12 - provides etch rate contrast to a wet chem cal selective
etch process known to those skilled in the art that stops on the stop etch
| ayer and thus nay renpve the sem conductor material outside of the diode
nmesa. Over 5 the stop etch layer 610, a first collector layer 620 is
formed. The first collector |ayer 620 is fornmed froman I nxGal, AsyPi, |ayer
with a thickness of about 200 nm and a photol um nescence of about 1.3 pm
The first collector layer 620 is not intentionally doped (n.i.d.), and 10
exhi bits n- sem conducting behavior, By i.d. it is nmeant _that a

S conduct i ng PP R P PRe UG Py 2ras, 1405 FPomteburte SPngft i es,
up to a concenbratsdhd hat Geepanotcsigni fpcarttilcy cchangestbe timd remsi c
properties of the sem conductor. Such a concentration may be as high 15

as, e.g. aboutTiE12Utm33 e AREESNd CHI96ECort 9 ayer B30'5s #B15ed fTom an

| nXGai _XAsyPi tXel ayereaMdimea stiBheknessr@ftakoutor20@ham and a110. 1In
phot ol um nescence of about 1.3 pm However the second collector |ayer 630
i s doped w't hPaRthedotant Tt EBdut CAEYE- Cm 20° 20Fi FePT &t Secoird Epacer

| ayers 640 andn656cakeechbaraetkoverzdhezseconth cohd eehor whaygri£30310The
first spacer layer 640 is an InxGal,AsyPi, with a thickness of about 20 nm
and a phot ol UAPNESEEREETBF L aBouPT1. 4% ~ ThEEECETd spacer?Payer /6599 s

I nxGal As | ayepswith a 25 thickness of about 20 nm The first and second
spacer |ayers 640, 650 are n-doped wi th dopant concentrations of about
4E+16 cm 3 and aboltC1E+E7 SBCYSr eSpeeti vETHL 1R 8GSARPTAX GAYSAs dBsor ber

| ayer 6601ps Loeateg-ovenothe sgaend spacefnikayera6k0.315he absosbsre | ayer
660 is doped with a 30 p-type dopant, e.%ﬁt2|nc or beryllium_ The p-dopant
A

concent rat i on"RESIA ¢t adiErt Ilof iane, addepanttedhcent r dtddh OF about

2E+17 cm 3 neapet he ddier bage widh the seepnd spager d ayer-859:yangk about
3E+18 cm 3 near the
material layers as described below. The lateral limits of

the mode conversion section 205, passive section 210 and

15 the photodetector section 215 are marked for reference.
Within the mode conversion section 205, the dilute
waveguide stack 315 and the passive waveguide stack 320
are vertically and laterally defined to form the mode
converter 305. The mode converter 305 acts to effectively
20 couple light received by the flared portion 330 that is
initially propagating via a fiber waveguide propagation
mode to a propagation mode of the passive waveguide stack
320. The mode converter 305 includes a flared portion 330
of the stack 315. The flared portion 330 has an initial
25 width W;, as illustrated in FIGs. 3A and 3C. Over a length
L., the stack 315 is covered by neither the stack 320 nor
the photodiode stack 325. Over a length L,, the stack 320
partially or completely overlies the stack 315. The stack
320 has a tapered portion 335 that begins with an edge
30 and widens to a width W; over the length L,. It 1is
believed that the gradual widening of the tapered portion
335 aids coupling of light from the flared portion 330 to

the passive waveguide stack 320, e.g. by minimizing



- 13 - top of the absorber |ayer 660. A p-doped InP barrier layer 670 is
formed over the absorber |ayer 660. The dopant concentration in the barrier
| ayer 670woayiznesmbout 3E+18 cm 3. A Q grading | ayer 68@cCrasstanmeasénver the
5 1nP barrier |ayer 670. An InxGli,As p+ contact |ayer 690 is formed over
the | ayer 680, and may provide a contact |ayer for connecting to the
phot odi odes 160, 170. An InP cap may be forned over the |ayer 695. Table 1

below lists illustrative paraneters for the 10 various |ayers of the |ayers
within the stacks 315, 320, 325. The materials listed in Table 1 are shown
without limtation as being based on InP, InxGli,As and I nxGl _ xAsPli _y.

It is to be understood that the InP/InxGl _ xAs/InxGai _XxAsyPi y systemis

illustrati f 15 enbodi h duct ay b
sed 1ot hor SHTROAT TN Tk or b G | 9P | PRCRPELRET | eGirt ATy v

The t hi cknessesrangr depaidvepnoent rat itors fliasted pareibhl asd raahv@ma,nd may
r epr esent preferred val ues. These paraneters may vary by at |east about 60%

of the Iisted28"VvalteSOWRI?R ARPAt AlAi Ay Fuhct %%%ﬁqey Y% nhe’ optital
devi ce 100. TahkeplsshayenaGCogueid Moieti abo,Thheknesspbiume Popantnckype

Dopant Concentratron (cm3) . , o ,

ong the pasSsive section 220 within both the dilute

waveguide stack 315 and the passive waveguide stack 320.

FIGs. 3D and 3E illustrate two additional locations as

the width o©of the tapered portion 335 increases. Within

the passive section 210 the passive waveguide stack 320

10 and the dilute waveguide stack 315 are about coextensive,

as 1illustrated in FIG. 3F. Within the photodetector

section 215 the stacks 315, 320, 325 are all about

laterally coextensive, as 1llustrated in FIG. 3G. The

lateral 1limits of the photodetector section 215 may be

15 determined to provide space for the photodiodes 160, 170
and the bias/output cells 245.

The received optical signal 1s coupled from the
dilute waveguide stack 315 1into the passive waveguide
stack 320 and propagates within the waveguide 310 in part

20 by evanescent coupling. The optical signal propagates as
determined by the optical paths defined in the stacks
315, 320 to the photodetector section 215. The optical
energy received by to the photodetector section 215
couples to the photodiodes formed in the stack 325 by

25 optical processes known to those skilled in the art,
where the optical energy is converted to an electrical
signal proportional to the intensity of the optical
signal.

FIG. 4 1illustrates a cross section of the dilute

30 waveguide stack 315 in greater detail. The stack includes
alternating core layers 410a, 410b, and 410c of a
material having a relatively higher refractive index,

e.g. InGa;_,As,P._y, and cladding layers 420a, 420b and 440
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of a material having a relatively lower refractive index,
e.g. InP. A buffer layer 430, e.g. InP, 1s located
between the first core layer 410a and the substrate 200.
By virtue of the alternating layers 410 and 420, the mode
profile of the dilute waveguide stack 315 matches closely
the mode profile within the SMF providing the signal
received by the mode converter 220. Thus, energy from the
single mode fiber propagation mode 1s coupled well into
the mode converter 220.

FIG. 5 illustrates a sectional view of the passive
waveguide stack 320. A waveguide <core layer 510 1is
located over the cladding layer 440. In various
embodiments the core layer 510 is an In,Ga; As,P; . layer
with a thickness of about 260 nm and a photoluminescence
of about 1.3 um. A cladding/spacer layer of, e.g. InP, is
located over the core layer 510. The cladding/spacer
layer 520 may be about 450 nm. Finally, a matching/n
contact layer 530 1s located over the c¢ladding/spacer
layer 520. The matching/n contact layer 530 may be InyGai_
AsyP1 with a thickness of about 300 nm and a
photoluminescence of about 1.3 um.

The matching/n contact layer 530 provides two
distinct functions. First, the layer 530 aids the
coupling of 1light from the stack 320 to the photodiodes
160, 170. Second, the layer 530 may act as an n contact
for the photodiodes 160, 170. In various embodiments the
layer 530 is doped with an n-dopant, e.g. sulfur or tin
to a concentration of about 1E+18 cm .

FIG. 6 illustrates a sectional view of the
photodiode stack 325. A stop etch layer 610 is located
over the matching/n contact layer 530. The stop etch
layer may be a 20 nm of InP, n-doped to about 1E+18 cm”.
As described further below, the stop etch layer 610
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provides etch rate contrast to a wet chemical selective
etch process known to those skilled in the art that stops
on the stop etch layer and thus may remove the
semiconductor material outside of the diode mesa. Over
5 the stop etch layer 610, a first collector layer 620 1is
formed. The first collector layer 620 1is formed from an
In,Ga; xAs,P1 x layer with a thickness of about 200 nm and a
photoluminescence of about 1.3 um. The first collector
layer 620 is not intentionally doped (n.i.d.), and
10 exhibits n- semiconducting behavior. By n.i.d. it 1is
meant that a semiconducting layer may include impurities,
e.g. from source impurities, up to a concentration that
does not significantly change the intrinsic properties of
the semiconductor. Such a concentration may be as high

15 as, e.g. about 1E12 cm”.

A second collector layer 630 1is
formed from an In,Ga; As,P; , layer with a thickness of
about 200 nm and a photoluminescence of about 1.3 pm.
However the second collector layer 630 is doped with an
n-dopant to about 4E+16 cm”.

20 First and second spacer layers 640 and 650 are
formed over the second collector layer 630. The first
spacer layer 640 1is an In,Ga;_,As,P._, with a thickness of
about 20 nm and a photoluminescence of about 1.45. The
second spacer layer 650 1is InyGa: yAs layer with a

25 thickness of about 20 nm. The first and second spacer
layers 640, 650 are n-doped with dopant concentrations of

* and about 1E+17 cm® respectively. A 180

about 4E+16 cm
nm In,Ga, As absorber layer 660 is located over the second
spacer layer 650. The absorber layer 660 is doped with a
30 p-type dopant, e.g. zinc or beryllium. The p-dopant
concentration has a gradient profile, with a dopant

3

concentration of about 2E+17 cm® near the interface with

the second spacer layer 650, and about 3E+18 cm ° near the
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top o0f the absorber layer 660. A p-doped InP barrier
layer 670 1is formed over the absorber layer 660. The
dopant concentration in the barrier layer 670 may be

3

about 3E+18 cm . A Q-grading layer 680 i1s formed over the

5 InP barrier layer 670. An In,Ga;_As p+ contact layer 690
is formed over the layer 680, and may provide a contact
layer for connecting to the photodiodes 160, 170. An InP
cap may be formed over the layer 695.

Table 1 below lists illustrative parameters for the
10 various layers of the layers within the stacks 315, 320,
325. The materials 1listed in Table 1 are shown without
limitation as being based on InP, In,Ga; i As and In,Ga;_
AsyPi_y. It 1s to be understood that the InP/In,Ga:-
As/InyGar xAsyPi_y system is illustrative of some
15 embodiments. Other semiconductor systems may be used in
other embodiments, for example InP/In,Ga; xAs/In,Ga.  As,Al;i_
y. The thicknesses and dopant concentrations listed are
illustrative and may represent preferred values. These
parameters may vary by at least about +60% of the listed
20 values while maintaining functionality of the optical
device 100.
Table 1
Layer | Comment Material Thickness | Dopant | Dopant
(nm) Type Concentration
(cm ™)
695 Cap InP 20 P 2.5E+19
690 P+ Contact In,Ga;_4As 250 P 2.5E+19
680 Q-Grading (Q | InGai_xAs,Piy | 50 P 1.0E+19
1.3)

670 Barrier InP 500 P 3.0E+18

660 Absorber In,Gai_4As 180 P 2E+17-3E+18
(gradient
doping)

650 Spacer?2 In,Ga;_xAs 20 n 1.0E+16

640 Spacerl (Q| InsGa; As,P1y | 20 n 1.0E+17
1.45)

| nxGal , AsyPi _y
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630 Collectorz In,Ga; xAs,P1, | 200 n 4.0E+16
(0 21.3)

620 Collectorl In,Gai_xAsyPi_, | 200 n- n.i.d.
(Q 1.3)

610 Stop Etch InP 20 n 1.0E+18

530 Matching/n In,Ga; yAs P, | 300 n 1.0E+18
contact (Q
1.3)

520 Cladding/Spa | InP 450 n.i.d.
cer

510 WG Core (Q| InGa: xAs,P1, | 260 n.i.d.
1.3)

440 Cladding InP 750 n.i.d.

410c | Dilute WG (Q| InsGaixAs,Pi_, |35 n.i.d.
1.2)

420b | Cladding InP 500 n.i.d.

410b | Dilute WG (Q| InxGai_xAs,Pi_, |35 n.i.d.
1.2)

420a | Cladding InP 500 n.i.d.

410a | Dilute WG (Q| InsGai_xAs,Pi_, |35 n.i.d.
1.2)

430 Buffer InP 200 n.i.d.

200 InP:Fe InP
Substrate

Turning to FIG. 7A, illustrated is an embodiment of

a 90° optical hybrid 700 that may serve as the hybrids

140, 150 1in wvarious embodiments of the PIC 110. The

5 hybrid 700 includes a rectangular waveguide slab 705. The

slab 705 has a length L; greater than a width Wi. The slab

705 has a plane of symmetry 710 parallel to the long axis

of the slab 705 that divides the slab 705 into a first
region 715 and a second region 720.

10 In some embodiments the hybrid 700 is configured to
operate in the optical C-band, e.g. a wavelength range of
about 1530 to about 1570 nm. In such embodiments the
length Ls; may be within a range from about 1000 pm to
about 1400 pm, and the width W3 may be within a range from
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about 20 um to about 32 upm. In wvarious embodiments the
ratio of Ls/W; is within a range of about 30 to about 70.
In one embodiment the width W3 1is about 24 um and the
length L3 is about 1200 pm. In some embodiments the hybrid

5 700 1is configured to operate in the optical L-band, e.qg.
a wavelength range of about 1560 to about 1610 nm. Any
dimensional adjustments to needed to support L-band
operation may be determined by one skilled 1in the
pertinent art.

10 The hybrid 700 also includes a number of optical
ports provided by instances of a port coupler 745. 1In
some embodiments exemplified by FIG. 7A the port couplers
745 are organized in pairs. Input port pairs 725 and 730
are respectively connected to an input side of regions

15 715 and 720. Qutput port pairs 735 and 740 are
respectively connected to an output side of regions 715
and 720. The port couplers 745 of the input port pairs
725 and 730 provide four potential input positions
designated 1-4 to the hybrid 700.

20 FIG. 7B illustrates one instance of the port coupler
745. While the port coupler 745 1is illustrated 1in
isolation, it 1s understood to be an extension of the
slab 705 such that there is no gap or interface between
the slab 705 and the port coupler 745. The port coupler

25 745 is tapered, such that it has a narrower end and a
wider end, with the wider end being adjacent the slab
705. The port coupler 745 provides a tapered waveguide
section between a waveguide and the slab 705 that 1is
expected to provide a larger aperture where the port

30 coupler 745 meets the hybrid 700 than would be the case
for a similar untapered structure. The port coupler 745
is not limited to having any particular taper profile.

Illustrative taper profiles 1include trapezoidal (or



n.i.d. 420b Cadding InP 500 n.i.d. 410b DiluteWy Q 1.2) InxGl, AsyPi _y 35
n.i.d. 420a C adding InP 500 n.i.d.
WO 2012/125267 PCT/US2012/026262
— 16 —

linear), as shown in FIG. 7A and 7C, exponential, or

parabolic as shown in FIG. 7B. The port coupler 745 has a

major axis 750. In some embodiments the port coupler 745

is symmetric about the axis 750, in which case the axis
5 750 i1s also a line of symmetry.

The port coupler 745 has a length L,, a width W, at
the end that is adjacent the slab 705, and a width Ws at
the end opposite the slab 705. These parameters may be
selected depending on the wavelength of the 1light

10 propagating within the hybrid 700. In particular Ws may
match a width o©of a waveguide connected to the port
coupler 745. A ratio of L,/W,; may be within a range of
about 30 to about 150, with about 50 being preferred in
some embodiments. In a nonlimiting example for the case

15 of C-band light, W, may be about 4.2 um, Ws may be about
1.7 pm and L; may be in a range within about 50 um to
about 400 pum, with about 100 pum being preferred in some
embodiments.

FIG. 7C illustrates the input port pair 725, and 1is

20 illustrative of the other port pairs 730, 735 and 740.
The input port pair 725 may be characterized by a
distance D; between the port couplers 745. As described
below, D; may be a value that improves process uniformity
of the hybrid 700 due to, e.g. proximity effects. The two

25 port couplers 745 of the input port pair 725 are arranged
such that their major axes 750 (e.g. lines of symmetry)
are equally spaced on either side of a coupler pair axis
755 by a distance D;. In other words, the major axes 750
of the port couplers 745 are separated by a distance of

30 about 2*D, and the coupler pair axis 755 1s centered
between the port coupler 745 major axes 750. Continuing
the nonlimiting example of C-band light D; may be in a

range within about 2 to about 4 pm. Returning to FIG. 7A,
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the port pairs 730, 735 and 740 have respective coupler
pair axes 760, 765 and 770.

Referring back to FIG. 7A, the coupler pair axis 755
is spaced at a distance D3 above the plane of symmetry 710
of the slab 705 as viewed in FIG. 7A. The coupler pair
axis 765 is spaced at a different second distance D, above
the plane of symmetry 710. Similarly the coupler pair
axis 760 is spaced at the distance D3 below the plane of
symmetry 710, and the coupler pair axis 770 1is spaced at
the distance D, below the plane of symmetry 710. When
arranged in this manner it 1is apparent that the first
portion 716 including the associated port pairs 725, 735
is mirror symmetric about the plane of symmetry 710 with
the second portion 721 including the associated port
pairs 730, 740.

In FIG. 7A the first region 715 includes a
centerline 711 that divides the first region 715 into two
equal portions. In the illustrated embodiment the coupler
pair axis 755 of the input port pair 725 is spaced a
distance Ds above the centerline 711, and the coupler pair
axis 765 of the output port pair 735 is spaced a distance
Ds below the centerline 711. In some embodiments the
coupler pair axes 755 and 765 are equally and oppositely
spaced from the centerline 711, so that Ds is about equal
to Dg. In the example of C-band light, Ds and D¢ may each
be within a range from about -2 um to about +2 um. The
second input port pair 730 and the second output port
pair 740 may be arranged similarly with respect to the
second region 720. However, 1in various embodiments a
distance D; between a port coupler 745 of the input port
pair 725 and a port coupler 745 of the input port pair
730 is greater than D; (FIG. 7C), and in some embodiments

is at least about 4-6 um when the hybrid 700 1is

.d.



Turning to FIG 7A, illustrated is an enbodiment of a 90 optical hybrid 700
that nmay serve as the hybrids 140, 150 in various enbodi nents of the PIC
110. The wolytwi2626700 i ncl udes a rectangul ar wavegui de ®CaWSIO5/026Phe sl ab
705 has a length L3 greater than a width WB. The slab 705 has a pl ane of
symmetry 710 parallel to the long axis of the slab 705 that divides the
slab 705 into a first region 715 and a second region 720. 10ln sone

enbodi ments the hybrid 700 is configured to operate in the optical C- band,
e.g. a wavel ength range of about 1530 tgo about 1570 nm |In such enbodi ments
the length L3 may be within a range fr about 1000 pmto about 1400 pm
and the width WB nay be within a range from - 15 - about 20 pmto about 32
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couplers 745 arererganizad kBmpai dSnvdtpuhapor bppaddis 2% iand, 730, are
respectively connected to an input side of regions 15 715 and 720. Qutput
port pairs 735Mafd 740 4P&echesPictitiel §Ptichnéefed Yo G 'dut Put f e of

regions 715 ap@daded. rdIhe: PRI tr CURIelct né45 sef thie ihpput 2pQyér pahtSut/25 and
730 provide four potential input positions designated 1-4 to the hybrid
700. 20FI G 7BPfP ust ridtesi®dré&ci nst ance of the port coupler 745. Wile the

port coupier 745 isnilkhusbhat edpbhiksetat bany itdyd Sotindgestepd t,ke an
extension of the slab 705 such that there is no gﬁp or interface between
the slab 705 &REPt#HES pbrt odplcer NPU5. PIRe RiortS cloupl €F 025X 745° 1R 9% per ed,

such that it has & narewesyend and dM.dQﬂnﬁanaﬁpﬂJ}t{%éVWé%%gﬁﬁH$ bei ng
adj acent the slab 705. The port coupler 745 provides a tapered wavegui de
section betweérla (Wavegti d@adndet ReNspabed0s°t ARE i8Put port coupler

745 and the waveguide 226 may be connected to another
15 input port coupler 745 with the remaining input ports 745
being unconnected to an input waveguide. The port
couplers 745 receiving input optical signals may be
referred to as functional port couplers. The port
couplers that do not receive an optical signal may be
20 referred to as dummy port couplers. More specifically,
the input ports 1 and 2, 1 and 3, 2 and 4 or 3 and 4 may
be connected to the waveguides 221 and 226. The input
port combinations 1 and 4 or 2 and 3 are not expected to
result in the necessary linear combinations of electric
25 fields in the interacting electromagnetic waves with the
slab 705 to result in 90° hybrid operation of the hybrid
700. The different combinations of input couplers will
typically result in different ordering of the Ip, In, Qp
and On signals (FIG. 2).
30 When configured as illustrated, the hybrid 700 may
provide balanced optical performance over a wider
wavelength range (e.qg. optical bandwidth) than a

conventionally configured hybrid. In other words, the



expected to provide a |larger aperture where the port 30 coupler 745 neets
the hybrid 700 than would be the case for a simlar untapered structure.
The port woupi>nrsz%45 is not limted to having any parti eairars2eiapeseprofil e.
[I'lustrative taper profiles include trapezoidal (or - 16 - linear), as
shown in FIG 7A and 7C, exponential, or parabolic as shown in FIG 7B. The
port coupler 745 has a major axis 750. In sonme enbodi nents the port coupler
745 is symmetric about the axis 750, in which case the axis 5750 is also a
i ne of symetry. The port coupler, 745 has a length L4, a width W at
the end that is adjacent the slab 705, ]ﬁhd a wdth Wb at the end opposite
the sl ab 705. These paraneters may be sel ected dependlng on the mavelength

of the Iight ro at i within th brid 700. articul ar

Tt b a vt h 387 Ch MRt al e OAGRT 8 THF THeHidr 1 0oaRREr S35 LoR Tt 5 of
L4/ Wt may be webbl@n@U{a@ge-@&aahgutlﬁofﬂm)ab@uuﬂﬁﬁO i trlayabeat b bei ng
preferred in some embodinents. In a nonllnltln exanpl e for the case 15 of
C-band Iight, “NSHRy B abbiltt 499 BAYS VB HaY be Esdutt P P antiF may be
in arange W theguahoptobOcipm &Eﬁpl&mme%@tﬁmmmbmﬁb@u@ 10%4m hei ng
preferred in some embodiments. FIG 7Cillustrates the input port pair 725,
and is 20 711 bsPPati velaF FRELEt RERSpBIEe pRFr s °P30,1773% SRAVTAD:C i nput

port pair 72590Bynber thasagderdnzed cbyvandi stanagDkbet weeat the poid
couplers 745. As descri bed below, D1 may be a val ue that inproves process
uni formty ofhﬁﬁeeﬁﬁﬁﬁVdS?@Geﬁué“?Stseﬁfd;ﬂ%%ﬂ%ﬁ%)/%ﬁ%%cvsffﬁﬁ%?%%

port coupl ersqé4scof 1henhppubepord plal R %a5e@é§?@{r§@fg§éi Skih &Mtthelr
maj or axes 750 %e g. lines of synmetry) are e | y spaced on either side
of a coupler 65 P awj &o about I570 nm, equivalent to a bandwidth of
10 about three times greater, (e.g. 40 nm vs. 10 nm) than a
similar optical device based on a conventional hybrid
design.
The operation of the optical device 100 is sensitive
to the optical path lengths of the waveguides 221, 226,
15 227 and 231 and to the dimensions of the splitter 130 and
the hybrids 140, 150 (e.g. the hybrid 700). Typically,
conventional PIC devices are formed using a relatively
low-resolution patterning technique, such as contact
printing, o©of wvarious patterned layers. Many contact
20 printing methods are not capable of producing features
with sufficient tolerance and/or reproducibility to
produce the PIC 110 without phase adjusters. Therefore in
various embodiments layers of the PIC 110 are patterned
using optical 1I-line 1lithography and/or electron beam
25 direct write lithography and dry (plasma) etch processes.
Using such processes, feature dimensions may be produced
with a reproducibility of about 100 nm or less. For
example, referring to FIG. 3B, using I-line lithography
the root mean square (RMS) wvariation of W; may be 100 nm
30 or less. Such reproducibility is generally sufficient to
produce the PIC 110 with commercially wviable yields.
Furthermore the hybrid 700 may be sensitive to

variation of patterning processes, e.g. I-1line



755 by a distance D2. In other words, the major axes 750 of the port
couplers 745 are separated by a distance of 30 about 2*D2 and the coupler
pai r axi swo3b1yrsment ered between the port coupl er 745 majrars2@2a2362650.
Continuing the nonlimting exanple of C-band light D2 may be in a range

W thin about 2 to about 4 pm Returning to FIG 7A, - 17 - the port pairs
730, 735 and 740 have respective coupler pair axes 760, 765 and 770.
Referring back to FIG 7A, the coupler pair axis 755 is spaced at a

di stance D3 above the plane of symetry 710 5 of the slab 705 as viewed in
FIG 7A The coupler pair axis 765 is éﬁ ced at a different second distance
D4 above the plane of synnetry 710. Simlarly the coupler pair axis 760 is

spaced at the d| t anc ow t he pl of s try coupl er
oy Caxis 770 LERABEERN ar 0 PHETTR Sinbe BECHOTTN 3 heTBLGRb S Sifmmt ry
710. Wien arrapgedal nchhisctr@annaridst 45 eppaneptid havot kelfii rist pontion 716
i ncl udi ng the associ at ed ort airs 725, 735 is mrror symetric_about the

pl ane of symEtFy 740w £ht neSécsnd ﬁﬁ?tﬁ@ﬁs?ﬁillrﬂﬂqﬁﬂsﬁﬁnfheTg§§b0|ated

port 15pairs ¢30sidébhcst naﬁh GpfAct Beod | bSt dpegiean Tlopeneludesag centerline
711 that divides the first region 715 into two equal portions In the
i|lustrated erBBEPHENt the %b%ﬁ?@?‘ﬁhlFh§X|§e?§5thl?%e Phpubpdrtdpair 725

is spaced a 2Qifkstance €5 phove dihe gertceski Rariidioandrt hearcoupler pair
axis 765 of the out put port pair 735 is spaced a distance D6 bel ow t he

centerline 71%P eIHOEBn%O%%%%ﬂ?hﬁﬁi§jtHﬁuéﬁuﬁﬁeﬁhﬁaﬁﬁS&%ége@S@l%ﬁﬁ“?BS are

equal 'y and opposi t&lppcted to improve the accuracy and/or

reproducibility of the dimensions of the port couplers

10 745, particularly where the port couplers 745 meet the

slab 705. It 1is thought that process wvariation of the

lithography and etch ©processes is reduced by the

proximity of adjacent port couplers 745. For example, D;

(FIG. 7C) may be within a range from about 0.2 um to

15 about 1.0 um to realize a beneficial proximity effect.

This dimprovement 1s 1in turn expected to provide more

precise control of the phase of the signals output by the
hybrid 700.

For example, when the hybrid 700 is formed according

20 to wvarious embodiments, the hybrid 700 is expected to

separate I and Q channels of a QPSK signal with no more

than about +£5° of phase error for input wavelengths

within a range of about 1530 nm to about 1570 nm, or

within a range of about 1560 nm to about 1610 nm. This

25 aspect makes the hybrid 700 particularly well-suited to

demodulating wavelength-division-multiplexed (WDM)

signals.

While pairing a functional port coupler 745 with a

second port coupler 745 provides the aforementioned

30 advantages, in some embodiments the redundant ©port

coupler 745 may be omitted. Thus, for example, the

waveguide 221 may be connected to the input port 1, and

the waveqguide 226 may be connected to the input port 3,



spaced fromthe centerline 711, so that D5 is about equal 25 to D6. In the
exanpl e of C-band light, D5 and D6 nay each be within a range from about -2
pmto abowD 202/ppm67The second i nput port pair 730 and tireTASCcanM2€6t put
port pair 740 may be arranged simlarly with respect to the second region
720. However, in various enbodi nents a 30 di stance D7 between a port
coupler 745 of the input port pair 725 and a port coupler 745 of the input
port pair 730 is greater than DL (FIG 7C), and in sone enbodi nents is at

| east about 4-6 pm when the hybrid 700 js - 18 - configured for C-band
operation. Simlarly, in various enbodi‘ftents a di stance D8 between a port
coupl er 745 of the output port pair 735 and a port coupler 745 of the

out put port pair, 740 is greater than DI, and in s 5_enmbodi nents is at

| east about 2"pM* Th s i%ﬁfFit?oﬁngzﬁf%W%F??Qﬂn ne7§oﬁgngF?ﬁﬁﬂs opti cal
devi ces, e.(Q. tWMssS, estdnpili choapt &r@adt jpor,t swace typd caldnesunif osmdy spaced
relative to each other at the i nput and/or output sides of the device. 10In
vari ous enmbodi-REAEECBHI §EEWe bF PREVFSUr CBbPEt codpl éfs "PA5%f e ithput
port pairs 72%hi¢3Qaaee L£Louphechd o7an bapute®pthealpesicgnal . af@r 2exanpl e,

t he waveguide 221 (FIG 2) nmay be connected to one i nput port coupler 745
and the waveguPdd9262HEYC be"RokRnétte@ t CYARGEREr 18 iMPuttBor ty'Toipl er 745

with the remaijobngsi nput1@ofdrs Sdbndieiing dneennest esh dre adr | Bpuhe Wy egui de.
The port couplers 745 receiving input optical signals nmay be referred to as
functi onal poﬁﬂocouplers. The port couplers that do not receive an optical

signal may be 20 rehefied 40 m@s.demms pRithoeodpbersr Morgispeaid ical |y, the
input ports 1 and 2, 1 and 3, 2 and 4 or 3 and 4 nag be connected to the
wavegui des 22118nd S228° ¢ SHE Shput MpoP et BetbiPA8t i‘ohsdas a4 of 12"%UHd 3 are

not expecigd tomtestddn imdiherdrecessar Yol ifdean-eongbpations of eiectric 25
fields in the interacting electromagnetic waves with the slab 705 to result

in 90 hybrid épératlifén DfeRheChybPRd MEOGOITHE di Fier &/t ROITHSEL oris of

i nput coupl er snWihir tyiRicGalhynr el 11105 difker epteprdering of the Ip, In,
Q and On signals (FIG 2). 30Wen configured as illustrated, the hybrid
700 may provi de balantet ptildalarpeptsfranted Pvertea wi ggpvided, e.g.

the substrate 200. The substrate may be, e.g. an iron-

15 doped InP wafer.

In a step 820, the dilute waveguide stack 315,
passive waveguide stack 320, and photodiode stack 325 are
formed in blanket layers, e.g. unpatterned layers. The
formation may be by, e.g. metal-organic chemical wvapor

20 deposition (MOCVD) or molecular-beam epitaxy (MBE) using
methods known to those skilled in the pertinent art. The
parameters listed in Table 1 may be wused in wvarious
embodiments, with previously described dopants used as
appropriate to form n-doped and p-doped layers.

25 In a step 830, portions of the photodiodes 160, 170
are formed. In some embodiments the photodiodes 160, 170
are mesa diodes, and the diode mesas may be formed in
this step. P-contacts and n contacts are also formed.
Forming the p-contacts includes forming openings to the

30 p+ contact layer 690 and openings to the matching/n
contact layer 530 using conventional patterning

techniques. The openings may be filled with any of



wavel engt h range(e. g.optical bandw dth)than a conventionally configured
hybrid. In other words, the - 19 - described configuration of the hybrid
700 skewswOhelzmmet wavel ength of the hybrid 700 so thatCirtusasyp/oeept ur e
interfering light at wavel engths offset fromthe center frequency of the
applicabl e optical band, e.g. Cband or 5 L-band, that woul d ot herw se be
|l ost in a conventional 90 hybrid based on a conventional MM configuration
that has evenly spaced inputs and outputs. Thus the optical device 100 may
operate in a wavel ength range from abo 1530 nmto about 1570 nm

equi valent to a bandwi dth of 10 about tHree tinmes greater, (e.g. 40 nmyvs.
10 nm than a simlar optical device based on a conventional hybrid design.
The operation of the optical device 100 is sensitive to the i cal path
Cengths of tnESHEVEqUIES D32 TH56L H80557 Srir T4 SRt o L AL M heiis, ong. of
the splitter %30 and the hybrids 140, 150 (e.g. the hybrid 700). Typically,
conventional PIC devices are fornmed using a relatively | owresolution
patterni ng techni qiie, 3ucH s EAtractprinti g tofSvaPiouspat terHed

| ayers. Many antgeia0spatntizng mathodsr atey noh capabheiof cpresiticd ng
features with_sufficient tol erance and/or reproducibility to produce the
PIC 110 w ? hodf>phadt®adPlisteitCderhet et dr e T97 vadrFousPenbodifEit s Payers of
the PIC 110 akenpattesmed gasicrgnophbicatch - ld ne ldit-hegeaphyrapnsief @l ectron
beam 25 direct wite |ithography and dry (plasma) etch processes. Using
such processeslef 8atGRENDH rehshoHst mbyY be g?%duE B REEATEE rBprodudDility

of about 100 mEneE 1329S.mdPr vexamlw@ntiehll{Ngd@cFh& 3Ba ust®g:d,-line
| it hography the root mean square (RMS) variation of W2 nay be 100 nm 30 or

| ess. Such refr8ductHilli & i §5geheted | P8P ci Bt B pr bdGcet HHEF P C 110

with commegci gblyivhadie Wil dsch stopp B tdherdmy e 1the Aybikh g 700y gy be
sensitive to variationof patterni ngprocesses,e.g.l-line - 20 - lithography
and pl asma et éReprrééesses> TR caly Phe copVreal otharack@risticts 1 t he

hybrid 700 wi Lkchdqfurg, yary,wit h 4 hewani afdsen of,1pBYs] calo di peRSiONS.
Thus consi stency and precision of optical properties may be 5 inproved by
m ni m zi ng t hecsehsit i Fheyeof, physreay dicdersiond o pEITEhi Pegr prdtess

variation. Pl agenmentcof, 108 NeLEsCOUPI LIS 7434 RAILS @lodhedeserd bed is
expected to inprove the accuracy reproducibility of the dinensions of the

port 10 74%, pacbieultiel yskher ecf heonsor kEbifsl eis 74% sbab P05. 4194 s

t hought t hat @Eg§g§§dagﬁha%hggmgfeﬁgﬁaﬂ§;hography and etch processes is
reduced by the proximty of adjacent port couplers 745. For exanple, D1

(FIG 7C may be withien sarany® f Fben aboarad. 2xpants D5 dbvutrdsfiypmto
o B gV lad LY e LS ITreTE. Lol by upeel o
hybrid 700. defined. As described previously, various feature
20 dimensions of the splitter 130, the hybrids 140, 150 and
the waveguides 221, 226, 227 and 231 may be formed using
I-line lithography to precisely reproduce desired wvalues.
The photodiode stack 325 may have been removed already in
the passive section 210 in the step 840. Otherwise the
25 photodiode stack 325 may be removed in the step 850 using
contact lithography to define a photoresist layer. When
the matching/n contact layer 530 is exposed, the lateral
extents of the splitter 130, the hybrids 140, 150 and the
waveguides 221, 226, 227 and 231 may be defined using I-
30 line lithography using an appropriate I-line resist. The
layers 530, 520 and 510 may be removed by, e.g. an HBr,
Cl,, SiCl4, or CH4 plasma etch.



For exanpl e, when the hybrid 700 is formed according 20 to vari ous

enbodi nents, the hybrid 700 is expected to separate | and Q channels of a
QPSK si gD 20i2125280 nore t han about 5 of phase error forcCirngsadi2waszet engt hs
within a range of about 1530 nmto about 1570 nm or within a range of
about 1560 nmto about 1610 nm This 25 aspect makes the hybrid 700
particularly well-suited to denodul ati ng wavel engt h-di vi si on-nul ti pl exed
(WDM) signals. Wiile pairing a functional port coupler 745 with a second
port coupler 745 provides the aforenen%% oned 30 advant ages, in sone

enbodi nents the redundant port coupler 745 may be omtted. Thus, for
exanpl e, the wavegui de 221 may be connected to the |nput port 1, and the

wavegui de 226 may be connect nggt orHZS wi.th the |nput
ports 2 and 4 omitted® E&P |’I I r i é)?&ﬁpleéip@(?ﬁfil gut dtton, with

the ports 2 amdegd bocadionsshewretn phasiedm i mty okt bySdep&eﬂttd}at in
this case a mdline 775 between the ports 1 and is 5 |ocated, above the

pl ane of synnﬁ?rf'TTﬁiﬁﬁ&etHEfﬁfﬁFF&C7d@Ye§ n%uﬁbnﬁ%rsé§%ﬁﬁﬁr?c SHut t he
pl ane of symetpys7déd by low TUbRI RGek-QyFICGD &edhneliBodu800 forrdmor m ng
the PIC 110 is presented. The nethod 800 is described without 10 limtation
with referencéVto features described in FIGs. 2-6. The steps of the nethod

800 may be perforned ina anather orgerchbanptrhe illoustrat ediorderzeq.
In a step 810 an optical substrate is provided, e.g the substrate 200. The
substrate mayFpalael ity i Fon- iﬁcﬂoﬁechﬁFﬂﬁﬁfeFF a SPHHOR st¥p'820, the

di | ute waveguisden st @Gk 134midpassi ¥es Wemewdyde ostiaske 32GscEnd phot odi ode
stack 325 are forned |n bl anket | ayers, e.g. unpatterned | ayers. The

formation may be by . Y CHeEt’ VofgaRFEIRHeedl Wapsro2de Bepesiiiioh

(MOCVD) oo mobgguhar-dhean:epit-axyacMBE st Ag cHEt hodsaknow 4,0 thase
skilled in the pertinent art. The paraneters listed in Table 1 may be used

in various enBBdiGPENVESLIGPEh PrEVPOLRIRY dBBer ifhed - dIp@nt P UTedsasire

appropriate techoem f5:floped randep- dopes | ayvens. v28kn a step 830, portions
of the photodi odes 160, 170 are formed. In sone enbodi nents the phot odi odes

160, 170 are nesa & ctles:eraridt Fetailodea hesas g -béNPoFERBEAF RS thiG st ep.

P-contacts andsp, cepbaghs ane.absondannpd., RoLmng the:pngont agtsiddcl udes
form ng openings to the
15 over the planarization layer to provide power to the

photodiodes 160, 170 and receive the electrical signals
produced thereby.

In a step 895 the substrate 200 may be thinned and
cleaved to form the separate PIC 110. The exposed facets

20 of the mode converters 220, 225, 230 may be coated with a
conventional anti-reflective (AR) coating.

Turning to FIG. 9A, a method 900 of forming an
optical device 1s presented. The following description
may refer without limitation to features previously

25 described in FIGs. 1-7. Furthermore, the steps of the
method 900 may be performed in a different order than the
illustrated order.

In a step 905, a first waveguide slab, e.g. a first
instance of the slab 705, is formed over a planar optical

30 substrate. The slab 705 has a plane of symmetry 710. In a
step 910, first and second 1input port couplers, e.qg.
instances of the port coupler 745, are formed that extend

from the first waveguide slab. The input port couplers



30 p+ contact |ayer 690 and openings to the matching/n contact |ayer
530conventi onal usingpatterning techniques. The openings may be filled with
any of -w@2or2/gseeral avail able netal plugs, e.g. Ti/PeCAUS2@Ge/0d25bAU or W
In a step 840, lateral extents of the dilute wavegui de stack 315 are
defined in the node converter 5 305. The photodi ode stack 325 may be
renmoved by conventional pattern and etch, e.g. O -based, stopping on the
mat chi ng/ n contact |ayer 530. The passive wavegui de stack 320 may be
conventionally patterned and etched, :% with an HBr-based plasma, to form
the tapered 10 portion 335, the etch st‘%plng on the cladding | ayer 440.

The stack 315 may then be conventionally patterned and etched, e.g. with a
CH4/ H2- based ﬁlasna ¢ reppve portions thereof, thereb deflnlng%g

t apered porti 6fA'335 %ﬁ%tpb?QT%Lﬁ%HR§%5fp?&EhaSFESHﬁ Bt ch™protesseyare 15
within the skibbtatédonaposki hi@say nbéthecar triof , fecg S consiuct Dipypl asma

et chi ng. In a step 850 the |ateral extents of the passive wavegui de

layer in the 88§E|&@ugeEFFoﬁﬁﬁldxﬁﬁvﬂbeaﬁeﬁ1 ned 2<AS d 5§ bEUS A ousl y,
various featueeg20pdi nensi ae afidshepsphiet ber s§dletthe Nyhyigsegldds 150 and
t he wavegui des 221, 226, 227 and 231 nmay be forned using |-line |ithography
to precisely Fépfbdice ﬁ%%??%dmyéﬁﬁe§mmfhéxﬁﬁéﬁ68roﬁegstéﬁﬁt%ﬁﬂ?%nﬂf have

been renoved aheeadyti ndpecpassive sect koAnddOchact haershep 846, @derw se
t he 25 phot odi ode stack 325 may be renoved in the step 850 using contact

i thography t &688Fi fizV e Pt <§r1§§| 8pd| By . 2 vihertt I?éltﬁ’ﬁFcﬁPH@}%r dohttact

| ayer 530 is exposed, gl hend ab:aralicext eptstef dheispliidther nd8feed henybri ds
140, 150 and the wavegui des 221, 226 227 and 231 ma be defined using |-

30 line |ithogiaphy20si AGCaRd apBEBPT i BPEE | SPPRESTes| Sie Thest ay @530, 520

and 510 may b@oﬁﬁﬂ@N%QﬂQy@uﬁsg1sanH§ét 82 éiﬁ%@%en@rngk@epéa§@@b&$Ch -
23 - In a step 860, the diode junctions exposed in the step 830 are

passi vat ed. PﬁééF@%ﬁ?oﬁaﬁhyDeei@ymﬁéﬁﬁsﬁﬂFéﬁ Bfane Qfi sypPetavel ectric | ayer

such as silicon nitgigdesdeposbbednbyq! angi eBueper gyp&VDobechpb gy ,such as
| CP- 5CVD. In a step870the PI Cl110is planarized.

are formed that extend from the first waveguide slab. The

third and fourth input port couplers have a second input
15 coupler pair axis, e.g. the axis 760, located about

midway between the third and fourth input couplers and

offset at the first distance from the first plane of

symmetry such that the first plane of symmetry is about

midway between the first and second input coupler pair
20 axes.

In a step 925 third and fourth output port couplers
are formed that extend from the first waveguide slab and
have a second output coupler pair axis, e.g. the axis
740, located about midway between the third and fourth

25 output port couplers and offset at the second distance
from the first plane of symmetry such that the first
plane of symmetry is about midway between the first and
second output coupler pair axes.

The method 900 continues in FIG. 9B, in which a step

30 930 1includes forming a second waveguide slab, e.g. a
second instance of the slab 705, that is located over the
planar optical substrate and has a second plane of

symmetry



Pl anari zation may include coating wwth a spin-on resin such as polyimde or
bi s(benzocycl obutene) (BCE), In a step 880 via openings over the diode

p- cont actwoOR2012zmsk6m contacts are patterned in the planaPCTalSean/ok@ger by
conventional |ithography and etch. The openings are conventionally filled
to formnetal vias. In a step 890 netal features, e.g. the contacts
250, 255, 260 and interconnections, are conventionally forned 15 over the
pl anari zation |ayer to provide power to the photodi odes 160, 170 and
receive the electrical signals produced, thereby. In a step 895 the
substrate 200 nmay be thinned and cl eaved to formthe separate PIC 110. The
exposed facets 20 of the node converters 220, 225, 230 nmay be coated with a
conventi onal antl eflective R) co Turning to FIG_ 9A, a

ot hod 900 0f for nFngE o ST tal GG S5PE5Bnt BHOE THRE T of PR T

descri ption mayer ebefiedM tihautedtientit atbonth® deaindr esveravdeusl yb 2nd
described in FIGs. 1-7. Furthernore, the steps of the nethod 900 may be
performed in 5eUP T 7 eF TRID I tt FAHPL AR ??%%s??é?eﬁ Grdére #Ha gﬂép 905, a
first wavegui decstad, apo@: Aididstoénisdancendfchhel sdab 7O td sid@rdred over
a pl anar ogtlcal 30 substrate. The slab 705 has a plane of symetry 710. In
a step 910° fFPEYPLanY second input port couplers, e.g. instances of the
port coupler 745, aferfardpdachal extendl fsomdhe fiorst wavegpide sl ab. The
i nput port couplers - 24 - have a first input coupler pair axis, e. . the
axis 755, Iocéggd éﬁoﬁ?r%ﬁ%W%Vﬂbéﬁﬁbéﬁnfﬁ@lfﬁP@FtﬁﬁﬁaséEbnﬂ Friput® %%

couplers and af ksettabpai nanzes i@ dhitf sts dcshaReBd €0 JondBef f 104N thest i rst
pl ane of symetry. In a step 915 5 first and second out put port couplers,

e.g. instance8"ef THEPbr ttIEHhpl €PVTLE S -ar é7f of neth-tthat” °8xt endS¥F Uit t he

first wavegui dg1steb- apdcpave i figste QWPULo COUBl &Ff PRLE @XiiSa €t the
axis 765, |ocated about nldma{ between the first and second out put port
€

coupl ers. ThefPPFsk BIRPutCorBLebapl er pair axis is offset at a different

nonzero second di stange,st@pg.osP4fefargmihe fikst phane 98- SYROBL Y s I'n
a step 920 third and fourtﬁ |npuHK§ort couplers are formed that extend from

the first wavegai derst@bthahestHincd ‘&ed froer thrisAptitvperidcoupter sithave a
second i nput a step 960 seventh and eighth input port couplers are

15 formed that extend from the second waveguide slab. In a
step 965 a polarization beam splitter, e.g. the PBS 120,
is configured to separate first and second polarizations
of a modulated optical signal. In a step 970 the first
polarization 1is coupled to one of the fifth and sixth

20 input optical couplers. In a step 975 the second
polarization is coupled to one o0of the seventh and eighth
input optical couplers.

Those skilled in the art to which this application
relates will appreciate that other and further additions,

25 deletions, substitutions and modifications may be made to

the described embodiments.



15 coupler pair axis, e.g. the axis 760, |ocated about m dway between the
third and fourth input couplers and offset at the first distance fromthe
first pl aveofz/rymwnetry such that the first plane of symrugtusgoiz®2@bnut

m dway between the first and second input coupler pair 20axes. In a
step 925 third and fourth output port couplers are forned that extend from
the first wavegui de slab and have a second output coupler pair axis, e.g.
the axis 740, |ocated about m dway2detween the third and fourth 25 out put
port couplers and offset at the second distance fromthe first plane of
symmetry such that the first plane of symetry is about m dway between the
first and second out put coupler pair axes. The nethod 900 continues in FIG
9B, in whichyiastep G Ba&d ined udes form ng a second wavegui de slab, e.g. a
second instance of the slab 705, that is |ocated over the planar optical

substrate and has, a sec f qgg% - In a step 935,
it &;{P’}? bl re %%/lrrseldq%hat ext end

third and fourth input port coup ers a fromthe second
wavegui de sl ab arad hawet avseepnide npldb coupheedpaiverari plaeag. optecaxi s
760, | ocated about nldma bet ween the third and {ourth |n ut Scoupl ers.

In a step 940 t%&ﬁ?cﬁ} JH Y Ere Eftt9ﬁ§Qﬁﬂq t%%mmﬁﬁf is formed over

the optical substfite: dRgasstepd94apat igsdt spbiblers odkpUhdi 8gCconpect ed
to one of the first and second input couplers. In a step 950 a second 10

splitter outjutdi sfigoithedtast: 30 Fhe dfalt hentchi Mg Vamy f@urtfhr‘sﬁputln@@@pl ers.
In a step 995 fifih gﬁé‘% 5595{% 1?8&'&805&0@%“8&8&% E% ﬁatfl%tte”d
ul de elg

fromthe first wave step seveh i nput” port
coupl ers arenmﬁ torord timatutexpend toomlthe SﬁﬁbndfﬂﬁéeguﬁﬂeaSh@hzekb a
step 965 a pol ari zation beam s I|tt the PBS 120, is confjgured to

separate first™SndsEcticf pol qoﬁfst%g palarﬂ?dLﬂ%t%ﬁm%?ptﬁ%'ala%q gnal. In a

step 97Qothe f'fsﬁlﬁgﬂEﬁﬁ&aéé@ﬁnﬁso@@ﬁﬁteﬁokg enepetrthexfhbhnang sixth 20
i nput optical couplers. In a step 975 the second polarization is coupled to

one of the s&veht Fiasd eivgielyvilnisut sépbi cahdcouprers. @ firsthosetskitl | ed
Ln the art noiiah LIS SppLi cabl oDy ehales bl aBaracLal 8 Lhat otfer and

further addi et1ons St rons an Ircati-ons 'may be
made to thezﬂﬁ$csebedde%h®@mmeqk&t cobler WHAR Al S fASAIVEDR | & nonzero
second distance from said first plane of symmetry,
15 wherein the nonzero second distance is different from the
nonzero first distance.
2. The optical device of Claim 1, further
comprising:
third and fourth input port couplers extending from
20 said first waveguide slab and having a second input
coupler pair axis located about midway between said third
and fourth input couplers and offset at said first
distance from said first plane of symmetry such that said
first plane of symmetry 1is about midway between said
25 first and second input coupler pair axes; and
third and fourth output port couplers extending from
said first waveguide slab and having a second output
coupler pair axis located about midway between said third
and fourth output port couplers and offset at said second
30 distance from said first plane of symmetry such that said
first plane of symmetry 1is about midway between said

first and second output coupler pair axes.



1. An optical device, conprising: a first wavegui de slab | ocated over
a planar optical substrate and having a first plane of symretry; 5first and
second i nwotoeors2ecoupl ers extending fromsaid first waregaisde2eba@b2 and
having a first input coupler pair axis |ocated about m dway between said
first and second input port couplers and offset at a nonzero first distance
fromsaid first plane of symetry; and 10 first and second out put port
couplers extending fromsaid first2wavegui de sl ab and having a first output
coupler pair axis | ocated about m dway between said first and second out put
port couplers and offset at a nonzero second distance fromsaid first plane

of symetry, 15 wppre@@etheoﬁgﬂégio Qﬁggﬂgadi%%ancglg§mdiffpre@hrgh%qlthe
nonzero first distance. 2. The optical device of Claim1l,further

conpri sing: adipdisin fourth i nput port couplers extending from 20 said

first wavegui de sla%e%%%_havggg 31§8CQQP ine%%a%%%plgrepahing islg%%%ted
about m dway bet ween saig'tﬁlr Yan four%9|input coupl ers and offset "at

said first distadce Sumsaid did Haplrane ofe HaERirahsuch dhatetsard first
pl ane of symmetry is about nidma% between said 25 first and second i nput
coupl er pair axestRird and LopkiRd lamdt ittt Sutpbtr pofktedtprer $rom

extendi ng fromsaid st ,waugauide siab anth hauingqa secand, gut puf coupl er
pair axis |ocated about m dway between said third and fourth output port
coupl ers andcofdlset @mtisaidisetondt8® dbstanvédvrynbsaivdehi ssti dpltane dof

symretry such that said first plane of s pnetry i s about m dway between
said first aftf set {bcﬁHQﬁﬁ %% e pdl't axes. - 27 - 3. The

optical devi ce of A ai aptitunt hespiciamyd Si Agimed  ovdrsecondd waveguicde sl ab
| ocat ed over said planar optical substrate and having a second pl ane of
symet ry9 5 SHisr R Fodirtdvinpul poFetcobplEFsreRtEREINGORFEMESEI dCsecond

wavegui de sl ah, and QQ%&”%i?sge%%%d'éH3ﬁd‘i €l pabie AXI sphogated about

m dway between said third an ourth 1 nput couplers; and an optical

splitter forsed ower saidiboptimadcted to one of said third and fourth
input couplers.

4, The optical device of Claim 3, further

15 comprising:

fifth and sixth input port couplers extending from
said first waveguide slab;

seventh and eighth input port couplers extending
from said second waveguide slab; and

20 a polarization beam splitter configured to:
separate first and second polarizations of a
modulated optical signal; and
couple said first polarization to one of said
fifth and sixth input optical couplers, and couple
25 said second polarization to one of said seventh and
eighth input optical couplers.

5. The optical device of Claim 3, wherein said
optical splitter is formed in a single mode passive
waveguide stack located over a dilute waveguide stack,

30 and said optical splitter 1is configured to receive a
local oscillator signal via a mode coupler formed in said

dilute waveguide stack.



10 substrate and having a first splitter output connected to one of said
first and second i nput couplers and a second splitter output connected to

one of sawdtwmreeand fourth i nput couplers. PCA/US2612/026262

opti cal device of Caim3,further 15 conpri sing: fifth and sixth input
port couplers extending fromsaid first wavegui de sl ab; seventh and
ei ghth input port couplers extending fromsaid second wavegui de sl ab; and
20a pol ari zation beamsplitter cornfd gured to: separate first and
second pol ari zations of a nodul ated optical signal; and couple said first
pol ari zation to one of said fifth and sixth input optical
couplers, and coupl ey Zpsaish secand-pol.ari zation to one of said seventh and
ei ghth i nput optical couplers. . The optical device of CdaimS3,

wherein said optiftainigpliateirss feovapdida alsbngbeatedeopassivelwavegui de

stack | ocated over, asuqolsl;tut e11 vayeguyi de stack,. 3 anld sai d opt caclr splitter

is configur eocp%locar eceive a 1oca osac"lrjlrfgdtaorflsrisgn Via oaf m)yd%necm}/p'l er

fornmed in said difdatreinv@vegtirde stack. secdB8d- GnpAhtrethett cemppilsireg:
formng a first wavegui de sl ab | ocated over a planar. optical substrate and
havi ng a>f i rettPramed of '8t t+y,; Féish ngaFPEst dand Isdt oAb niptit 1 or £
couplers 5 ext.andi ng,fromsaid £irstyavegui de shabrand hauipg &6t

i nput coupler palr axis | ocated about m dway between said first and Second
i nput port doupiers aaddof fsest atanal neazend fimstt dpstanceodw bam saiaddf i r st

pl ane of syngﬁ r%_' éampl 101z)orm' ng_ff.i rst and second output part _cou Iaers
ext endi ng f romai o i FstORavEGuitde 31 acgl arfd" Havi hg" a ‘?ﬁjs? 5ﬁﬂ%pﬁ coupl er
pair axis | ocatedumabout; dway between said first and second output port
e F A A L
extending from said first waveguide slab and having a
first output coupler pair axis located about midway
between said first and second output port couplers and
offset at a nonzero second distance from said first plane
15 of symmetry wherein the nonzero second distance 1s
different from the nonzero first distance.
7. The method of Claim 6, further comprising:
forming third and fourth input port couplers
extending from said first waveguide slab and having a
20 second input coupler pair axis located about midway
between said third and fourth input couplers and offset
at said first distance from said first plane of symmetry
such that said first plane of symmetry is about midway
between said first and second input coupler pair axes;
25 and
forming third and fourth output port couplers
extending from said first waveguide slab and having a
second output coupler pair axis located about midway
between said third and fourth output port couplers and
30 offset at said second distance from said first plane of
symmetry such that said first plane of symmetry is about
midway between said first and second output coupler pair

axes.



15 of symmetry wherein the nonzero second distance is different fromthe
nonzero first distance. 7. The nethod of daim®6, further conprising:

form ng twordizznseéourt h i nput port coupl ers extendi ng fPromss@ao2d2z st
wavegui de sl ab and having a 20 second i nput coupler pair axis |ocated about
m dway between said third and fourth input couplers and offset at said
first distance fromsaid first plane of symretry such that said first plane
of symmetry is about mdway betweerp said first and second input coupler
pair axes; 25 and forming third and fourth output port couplers
extending fromsaid first wavegui de slab and having a second output coupler
pair axis |ocated; aboute M duay,betyeencsaid third,andefgurth;out pyt-cport
couplers and 30 of fset at said second distance fromsaid first plane of
symet ry sucretdmticai sl &b r seaptlanapoft $ypmretequpseaboand ndndy obigween
sald first and second putput coupler pair,axes. = 29.- . -4, 8. The

met hod of O 6, “Wherein said fifs maveguiae §rraB; “sai'd |np€t port

coupl ers andvsedgli ol putc apor t 16edpker sowade for geduts avsidgleidnde apassi ve
wavegui de stack | ocated over a dilute wavegui de stack 5 | ocated between
sai d opt Pcal lXIHRF R sBF 4 wakkegtR eSsPabrate and galghyaysondd cof
Caim8, whergiyh one of said first and second input port couplers is
connected to a first node converter formed in said dilute wavegui de stack
and 10 one of sai% thiednandofloorft Klienputs,poritecoupl @rs 0§ cemdedtiedtt o an
optical splitter Ioca&ed ovg&aéaig subsﬁrate.. 19. TBf netgod gf
daim9, whet'st nS§5P8% i S wa @i §&U8IL&5° <Hi d°PRPGEEBupi%ers dndSai d
out put 15 cauplersoyereonf fguied 10 separateuts- phasguand guadrat unhe
channel s of a received phase-shift-keyed optical signal received via said
first npde Uivertler S@itth RolHfeat®t tiead tabodPPBtofPPhas&E B G DvaE an

optical signal,yauelength range,gof; about 1930 o t o abeuly 201270 nm; 4
substrate.

10. The method of Claim 9, wherein said first

waveguide slab, said input couplers and said output

15 couplers are configured to separate in-phase and

quadrature channels of a received phase-shift-keyed

optical signal received via said first mode converter

with no greater than about *5° of phase error over an

optical signal wavelength range of about 1530 nm to about

20 1570 nm.



