- 1 - A POLARI ZATI ON DI VERSI TY GRATI NG COUPLER COWVPRI SI NG A TWO DI MENSI ONAL
GRATI NG TECHNI CAL FI ELD The present disclosure is directed, in general, to
5 opti calwoeviwmssoand nore specifically, optical coupl ersTafs2epboal

devi ces, and nethods using and of manufacturing thereof. BACKGROUND 10This
section introduces aspects that may be helpful to facilitating a better
under st andi ng of the inventions. Accordingly, the statenents of this
section are to be read in this light-1The statenents of this section are
not to be understood as adm ssions about what is in the 15 prior art or
what 2| BEOLARIZATAON MEVPR$TY GRATING COUPLER SOMERESIOPIA CE0 IMERSEsRNt¢RATUS®d t O
make optical diplexer and triplexer optical devices for comruni cations
applications, such as fiber-to-the-honme applications. For

i nstance, di pl exers and triplexers are often 20 assenbl ed pi ece-by-pi ece and
i nvol ve several alignnment pro $EcADSF£PYH Ncr easi ngt heexpenseof

manuf acturing such devices. SUWRARY 250ne enbodi nent is an optica

devi ce. The devihce compenisesliacdovbsireatiss hdviagtadpl dmargsusface and havi ng

5 optical devices and more specifically, optical couplers
of optical devices, and methods using and of

manufacturing thereof.

BACKGROUND

10 This sgection introduces aspects that may be helpful
to facilitating a better understanding of the inventions.
Accordingly, the statements of this section are to be
read in this light. The statements of this section are
not to be understood as admissions about what is in the

15 prior art or what is not in the prior art.

Discrete optics are presently used to make optical
diplexer and triplexer optical devices for communications
applications, such as fiber-to-the-home applications.
For instance, diplexers and triplexers are often

20 assembled piece-by-piece and involve several alignment
procedures, thereby increasing the expense of

manufacturing such devices.

SUMMARY
25 One embodiment is an optical device. The device
comprises a substrate having a planar surface and having
an optical core thereon. The device also comprises a two-
dimensional grating 1located in the optical core, said
two-dimensional grating being formed by a regular two-
30 dimensional pattern of light-refractive structures, one
of said light-refractive structures being located at each
node of a regular 2D lattice located in a laterally

bounded region. The device also comprises first and



an optical core thereon. The device also conprises a two- di nensional
grating located in the optical core, said two-di nensional grating being
formed bywe 20vgusem two- 30 di nensional pattern of |i ghtcrafSe@onsoes
structures, one of said light-refractive structures being |ocated at each
node of a regular 2D lattice located in a |aterally bounded region. The
devi ce al so conprises first and 2 - second optical wavegui des being on
t he pl anar substrate and having ends end2coupled to the two-di mensional
grating, the first optical wavegui de being such that a direction of
propagation near the end thereof is 5 substantially along a primtive

lattice vectQr.9fq sghdi 2P| afblei dehe 1secand aptiical , yayeguisde shei,pg such
that a direction of propagation near the end thereof is not-parallel to a

primtive | a&nd cehyecror eofidsai ¢ndegvanlezD Itatti the 10Anotheenenbodilnent

of an optical_device npri.ses the above descri.bed substrate, optical core
and two-dimﬁﬁﬁcﬁ%ﬁ’ggg?i%irﬁ%eoggﬁ?%g ﬂ%&?%ﬁ%ﬁ%ig%ﬁn%ngWﬁh r%FoSticm

wavegui des heimg-torbrt heopl apaiopsubsticat e ek havheg ends engecoupl edsto the
t wo- di nensional grating. 15 The one or nore optical wavegui de are such that
a direct?on%ﬁb%ﬁ%ﬁﬁﬁﬁﬁanﬁ#ﬁ%ﬁ AP Bhe Yhetebt TS ¥apstanPfaFPydakbng a

non-primti ‘ﬁ%ft!taitéé Ce:NECLAL Sdgd 'Jaelg“x!&{z]e&?i&ﬁt gieQ?lg Anpthery epbadi ment

is a method of using an optical 20 device. The net hod conprises transmtting

a |ight thralighean opt pcal pcovgpdaetridr ansa@irt t thg iered utdbsrdpfects ngosai d

| ght tOmar%i}fgffg%fq&???%égﬂggtgégiiggtige vector of said regular 2D
lattice.

10 Another embodiment of an optical device comprises
the above described substrate, optical core and two-
dimensional grating. The device also comprises one or
more optical waveguides being on the planar substrate and
having ends end-coupled to the two-dimensional grating.

15 The one or more optical waveguide are such that a
direction of ©propagation near said end thereof is
substantially along a non-primitive lattice wvector of
said regular 2D lattice.

Another embodiment is a method of using an optical

20 device. The method comprises transmitting a light
through an optical coupler. Transmitting includes
directing said light towards a two-dimensional grating in
a optical core layer, said 1light being directed at an
angle that is substantially normal to a planar substrate

25 that said optical core layer is located on, said two-
dimensional grating being formed by a regular two-
dimensional pattern of light-refractive structures, one
of said light-refractive structures being located at each
node of a regular 2D lattice located in a laterally

30 bounded region. Transmitting includes diffracting said
light 1in said two-dimensional grating such that said

light exits said two-dimensional grating into first and



a optical core layer, said light being directed at an angle that is
substantially normal to a planar substrate 25 that said optical core |ayer

i s | ocat estoani/®adod t wo- di mensi onal grating bei ng forneechysaomwegubar

t wo- di nensi onal pattern of light-refractive structures, one of said
light-refractive structures being |located at each node of a regular 2D

| attice located in a laterally 30 bounded region. Transmtting includes
diffracting said light in said tw-di mensdional grating such that said |ight
exits said two-dinmensional grating into first and -3 second opti cal
wavegui des bei ng on the planar substrate and having ends end-coupled to the

t wo- di mensi anal, Gy abbPgeal NG Nidosl RRE 116 nyavaguide belng, suchthat ca

direction of propagation near the end thereof is 5 substantially along a
primtive | &ntd cehaechor efidsai eérzDdcattlicck, tdhe skeondwoptiicehswavegui de

bei ng such that .a direction of propagation _near. the end thereof s

not - par al | el95F- Dbt | BRET ekt { PRb - Dabt ST WAl PebiT ar 56 | HHTF cé.
10Anot her endiadideeidn | soa nmetrhedgef imanufaeir i Rgean opt i cahe eyt ceithe
met hod conprises fabricating an optical coupler on a planar

subst r at 8. FaBfi<iat gt e dptitat RbUpletve nerbibesef vertag af said 2D
two- di mensi ol Al £ge 1RELUAeS fOrdl NG, 2, 00158l peoLG laysl pR.sakd 15

substrate. icating the optic coupl er 1 es patterning said optical
core |ayer tdirdfaartmean pelfi ooif coagaangemert rof the glnd efhactbde st r wettur es,
one of said light-refractive, structures, being | ocated at each node a
ogubar 2D IHATHCE | ocarb P T AT 5t oF 81 F§boURHGHE 26¢ r BGn L CEASFEC4P: ng
the optical coupler. i ncludes patterning said optical core layer to form
first and second optical waveguides on the planar substrate and having ends
end- coupPed to t Heatkei pehsfonant grisgt imgnethedf iafstmapefeatunayegainde

bei ng such t - dir iaon 25 pr iQ I e t her. i
substanti al | a]1%aanlg éj%gillc%i'ti vee %ttﬁ%@g%ct%br 0 Sséaglﬁd f%%qfllacftlﬁeﬁlglg ?F?e
second opti calt waegubdel bei bg suchliéhat audisteetieon ofalprodpagatyonheear

the end thereof, is not-parallel to a primtive lattice vector of sai
regul ar 2D|%ﬁﬁﬁ§ﬂ; agoupler includes forming a two-dimensiona

grating, includes forming a optical core layer on said
15 substrate. Fabricating the optical coupler includes
patterning said optical core layer to form a periodic
arrangement of light-refractive structures, one of said
light-refractive structures being located at each node of
a regular 2D lattice 1located in a laterally bounded
20 region. Fabricating the optical coupler includes
patterning said optical core layer to form first and
second optical waveguides on the planar substrate and
having ends end-coupled to the two-dimensional grating,
the first optical waveguide being such that a direction
25 of propagation near the end thereof 1is substantially
along a primitive lattice vector of said 2D lattice, the
second optical waveguide being such that a direction of
propagation near the end thereof is not-parallel to a
primitive lattice vector of said regular 2D lattice.

30

BRIEF DESCRIPTION OF THE DRAWINGS




BRI EF DESCRI PTI ON OF THE DRAW NGS 4 - The enbodi nents of the

di scl osure are best understood fromthe follow ng detail ed description,
when readweizbh/tob®iacconpanyi ng FI GUREs. Correspondi ng @CTHUSk@oosasber s or
characters indicate corresponding or like 5 structures. Various features
may not be drawn to scale and nmay be arbitrarily increased or reduced in
size for clarity of discussion. Reference is now nmade to the foll ow ng
descriptions taken in conjunction with the acconmpanyi ng draw ngs, in which:
10FIG 1 presents a perspective view of an exanple optical device;

FIG 2 presents a detailed plan view of a portion of the exanple device

ShOW_n in FIG 1; The embodilrzn,le%‘ts3 p[)?S,emz}%ea CcﬂpsSéIéseL%é Onaa!re\/i eWe%ft a
portion 15 of the exanple device shown in FIG 1, FIG 4 presents a
fl ow di agr amrgie raat caxcnpt en nehhod odfl cusinyy &t optécatledevipeiosuchhas t he

devi ces depicted in FIGs, 1-3; . F presents a fl ow di agram of
an exanpl e r%:eetaﬁgdWiﬁﬁo%%ntﬁdaccqmtﬁair}ygl% E&Gpggls'devirézoe{ress@c%qlﬁbq dévi ces
as depi ct ed ik lfgubdr3;or chardt&rd sheWsadesebematpenfepgesentakieon
light diffraction in an exanple grating, such as the gratings depicted in
FIGS. 1-3, istuud st al Veréquendypadordisn; @6 nEEGPe7 &l thescale

fi ber ~Lo-Ti befq (rapsplssiillarfia theofarelq fbber-dpddie grabipg fber in
the 1577 nm wavel ength region for "an exanpl e devi ce, such as the devices
depicted i n AHES.tyl- 8f wilthcPsegual toRabeutn2edeyy eesw 30&UE B shbws t he

fiber-to-fiber transm scfivit.y fromthe facet, fiber to the grat.igg fihber in
the 1577 nm "Bt h 9651 o Fd San | ¢ deviold WS¢y Tas e he

accompanying drawings, in which:

10 FIG. 1 presents a perspective view of an example
optical device;

FIG. 2 presents a detailed plan view of a portion of
the example device shown in FIG. 1;

FIG. 3 presents a cross-sectional view of a portion

15 of the example device shown in FIG. 1;

FIG. 4 presents a flow diagram of an example method
of using an optical device, such as the devices depicted
in FIGs. 1-3;

FIG. 5 presents a flow diagram of an example method

20 of manufacturing an optical device, such the devices as
depicted in FIGs. 1-3;

FIG. 6 shows a schematic representation light
diffraction in an example grating, such as the gratings
depicted in FIGS. 1-3, in the spatial frequency domain;

25 FIG. 7 shows the fiber-to-fiber transmissivity from
the facet fiber to the grating fiber in the 1577 nm
wavelength region for an example device, such as the
devices depicted in FIGS. 1-3, with 6 equal to about 2
degrees;

30 FIG. 8 shows the fiber-to-fiber transmissivity from
the facet fiber to the grating fiber in the 1577 nm

wavelength region for an example device, such as the



devices depicted in FIGS. 1-3, with ? equal to about 5 degrees; FI G
9 shows the net responsivity fromthe grating to the photodiode in the 1270
nm wavel emngtzniwegioon, for 5 an exanpl e device, such as trhe/usemiomssiozlepi ct ed
in FIGS. 1-3, with ? equal to about 2 degrees; FIG 10 shows the net
responsivity of the photodiode fromthe facet to the photodiode in the 1577
nm wavel ength regi on for an exanpl e device, such as the 10 devi ces depicted
in FIGS. 1-3, with ? equal to about 2 degrees; FIG 11A presents a
perspective view of an exanple optical device, simlar to the optical
device depicted in FIGS. 1-3; and 15FI G 11B shows a neasured bit-error
rate versus 4w decelysdoophi cal pover iostnefibes bush beforgoseaching
the grating, for device depicted in FIG 11A DETAILED DESCRI PTION 20It can
be nore spacwgrmubi;cost-efficient if diplexers and triplexers are

manuf act ured as of the planar photonic integrated circuits (Pl.Cs). For
exanpl e, a st and%?fég'op%i Al Fi %C < V\ﬁ%gergﬁgoirfl g&\)’e JL‘?nnoén SE}??agég&fmtghe Pl C
and ori ent edsubsé aphbablby caer mal ¢ t he7Pl G625y caul shgendrogibegeirve

optical signals to and fromthe PIC. Two-di nensjonal grati ng gougl ers can
al | ow anoptdTta#*3Tbe? €ovVbecsoSe6lpled e LPIicen ¢hpughc@aniBptilesl- fi ber

of ' 30 PG Tt rey be diTi out 1o sl {ansons y coupl o fwo widely
di fferent wavel erigfiths Iof $hght tloethet saaepgnativhgycotiplkee. pRotodistiance,
to SinU|tan%%%§Ay gggplgaéggo @g] the photodiocde in the 1577 nm
wavelength region for an example device, such as the
10 devices depicted in FIGS. 1-3, with 6 equal to about 2
degrees;
FIG. 11A presents a perspective view of an example
optical device, similar to the optical device depicted in
FIGS. 1-3; and
15 FIG. 11B shows a measured bit-error rate versus the

received optical power in the fiber just before reaching

the grating, for device depicted in FIG. 11A.

DETAILED DESCRIPTION

20 It can be more space- and cost-efficient if
diplexers and triplexers are manufactured as part of the
planar photonic integrated circuits (PICs). For example,
a standard optical fiber whose end is above the surface
of the PIC and oriented substantially normal to the PIC

25 could send or receive optical signals to and from the
PIC. Two-dimensional grating couplers can allow an
optical fiber to be so-coupled to a PIC.

Although an optical fiber can be about wvertically
coupled to a grating coupler located on the surface of a

30 PIC, it may be difficult to simultaneously couple two

widely different wavelengths of light to the same grating

coupler. For instance, to simultaneously couple 1300 nm



6 - and 1500 nm wavel engths of light, wth phase matching for both

wavel engths, the optical fiber usually has to be tilted a |arge incident
angl e awayo(2e1ignos49mor e t han about 15 degrees) from an amgirastéat3d4e3 nor mal
to the PICs 5 surface. This, in turn, can result in highly

pol ari zati on-dependent | osses, and, result in |ogistical problens, such as
mai ntai ning the optical fiber at the desired tilt angle. Various optical
coupl ers di scl osed herein provide a 10 tgwo-di mensional (2D) grating and
opti cal wavegui des which are arranged to permt a light to be transmtted
substantially vertically into the 2D grating (e.g., via an end of an

optical fibef)y andd hen &&&ei&?g%}ﬁghéfti’l?ﬁtt &zb‘éh%%b@gmb%ﬁlﬁgd%o@

optical wavegui des that 15 are substantially non-parallel (e.g., “diagonal)
to the prlnﬂkﬁve Wavtilesgveest orishof ophie c2D | atb¢ce ushesld notles dne ke

| ocati ons of { <J€%h% refractl e struc%ures of the grating, é ge
enbodi nent s, sUcH & %ﬁ?%a}n% T er 23An° ba"#ur { fieP - coliPF guiréd t 6874851 e t he
20 si mul tanerom degestbpn febora secendldi fifrerent s wavehengtdy ofhéi ghtt'isnt o

the 2D grating from another waveguide aligned in a direction that is
subst ant Pal IS 1 el toliher pl afe ofU¥he | iGHt - r 8PFEEET vellst r BdOlides of

the 2D grat idia The SCRANAL I AN 080 5Ll theoor atd g 25 ¥eibbgablive e, o

al ong about ‘the sane trajectory, e.g., nearly normally to the Pl that the
first Iight;maﬂﬂpmupagaheu &an@alﬁSaanleguﬁﬂKEa0§tngéb dptoegal attotipkeer can

couple in-co 0 signals on one carrier wavel ength of Iight and
out - goi ng oﬁpﬁé%(gtﬁﬁ% Q§1%130 very different second carrier wavel ength
of light, withoutyhawyg seciédt thepoei-entatdan i thercouphingiapt ixcal
fiber far away fromthe normal to a surface of 7 - the PIC. One

enbodi méAt WIS sur e(3) ardptiCakndevPEécak| Bavegpiesentigigh
perspective view of an &anpge gggg&gip%pvup%gﬁg +ln game.e gghqgghs t he

optical 5 déVice is Con i gured I"'exer as a triplexor
FIG 2 presem&&tﬁqﬂfﬁlbyementlaabbthmtaﬁtmm éEamMatmmw|Ce gsuchlas t he

exanpl e device shown in FIG 1, co ondi n view 2 shown, jn FIG 1.
FIG 3 preséﬂlseﬁgcfﬂ%sageSPF&ﬁéﬁ'v{ﬁ%£5k ﬁngoﬁg} %%r o0 EXEpl &°
devi ce, sucfbx%@t thﬁeewll%gdevu%osm I BrFldat ibalal PRgeyh eMe s i RG3- 3
shown in FIG 2. shown in FIG 1, the exanple optical device 100

conpri sd$ aﬁﬂéptﬁ@éﬁtéoﬁgaéﬂY10®OQEp@Falb$hndﬁ -Gpti cdiagonpler)te ocaeed on

a pl anar SUb%F téaééﬂléthCé e%@%r% of the 2D lattice whose nodes

are the locations of the light-refractive structures of
the grating. In some embodiments, such an optical
coupler <can be further configured to enable the
20 simultaneous direction of a second different wavelength
of 1light 1into the 2D grating from another waveguide
aligned in a direction that is substantially parallel to
the plane of the light-refractive structures of the 2D
grating. The second 1light c¢an exit the grating
25 wvertically, e.g., along about the same trajectory, e.g.,
nearly normally to the PIC, that the first light was
propagated along. As a result, a single optical coupler
can couple 1in-coming optical signals on one carrier
wavelength of light and out-going optical signals on a
30 very different second carrier wavelength of 1light,
without having to tilt the orientation of the coupling

optical fiber far away from the normal to a surface of



15 planar surface 111 of a substrate 110). The optical coupler includes a
t wo- di nensi onal grating 115 and one or nore wavegui des 120, 122. Both the
t wo- di nerwoanal005491 nore wavegui des 120, 122 are opti calPCtarseoilvayan3 125 on
the planar The termoptical core layer as used to a crystalline,
polycrystalline, or a higher refractive index than its For instance, in
sone enbodi nents shown in FIG 1, a silicon optical core layer 125 25 can
be adjacent to upper or |ower cladding !|ayers 130, 132 of silicon oxide
(for clarity, the upper cladding layer 132 is only partially depicted).
Herein, a two-dinmensional grating is a planar structure fornmed by a
distributionf sigmlarly shaped 30 diffractive structures at nodes of a
regular 2D lattice. One of the diffractive structures is |ocated at each
node of the regulGre 2Bnatdingenti f dthe thede disdlocatred s aan  optical

device. FIG. 1 presents a perspective view of an example
optical device 100. In some embodiments the optical

5 device is configured as a diplexer PIC or as a triplexor
PIC. FIG. 2 presents a plan view of a portion of an
example device, such as the example device shown in FIG.
1, corresponding to view 2 shown in FIG. 1. FIG. 3
presents a cross-sectional view of a portion of an

10 example device, such as the example device shown in FIG.
1, along view line 3—3 shown in FIG. 2.

As shown in FIG. 1, the example optical device 100
comprises an optical coupler 105 (e.g., planar optical
coupler) located on a planar substrate 110 (e.g., along a

15 planar surface 111 of a substrate 110). The optical
coupler includes a two-dimensional grating 115 and one or
more waveguides 120, 122. Both the two-dimensional
grating 115 and one or more waveguides 120, 122 are
located in an optical core layer 125 on the planar

20 substrate 110. The term optical core layer as used
herein refers to a crystalline, ©polycrystalline, or
amorphous layer having a higher refractive index than its
surrounding material. For instance, 1in some embodiments
such as shown in FIG. 1, a silicon optical core layer 125

25 can be adjacent to upper or lower cladding layers 130,
132 of silicon oxide (for clarity, the upper cladding
layer 132 is only partially depicted).

Herein, a two-dimensional grating 1s a planar
structure formed by a distribution of similarly shaped

30 diffractive structures at nodes of a regular 2D lattice.
One of the diffractive structures is located at each node

of the regular 2D lattice if the node is 1located in a



8 - selected laterally bounded region. The regular 2D lattice may be

unchi rped so that its nodes have about equal spacings, or the regular 2D

| atti ce s 2ba/Bionped so that the spacings of its nodegcaris2aiiosgesl al one
one 5 direction, e.g., to growlinearly along the direction. The regular 2D
| atti ce may have various |ocal symetry types, e.g., a 2D square lattice, a
2D rectangular lattice, a 2D parallelogramlattice or a linearly chirped
variation of any of these specific lattiges. 10ln the case of equally
spaced nodes, the location vector, L, for each node of a regular 2D lattice
may be witten as: L = NA + MB where N and Mare integers and A and B are

non-paral | elsprdadd ve d @l td £, Vaet o §oq HeF &4 Non fOr sugh a,2hyhattice, the
primtive lattice 15 vectors dre two shortest lattice vectors that can be

used to defilrgttine | vest ilonsuofththpedodes ohathel tat hiodes Forvexabplég, the

primtive lattice vectors of a square |atti re orthogonal . further
Bhown i n R G G T righo f OHar S50 G at hal 415 6 Sght Piurad b6
receive or tyanswit (ae kethireceiye apd thoaasMdre achighid 13bohbabnkr avel s
in adirection that is at an angle 140 that is substantially normal to the
pl anar stbstHdtectios, | fi-Sone casesOthel HirRpel 14619095 Heyr 6égecOienend 145

of the one of J1op yavegui 120 2nkscopti.cally € ed toeth
t wo- di nensi ona{mgggta?%g 115. ﬁ%%ﬁe’mg ses%1 ?hgfta(]):t %élrsyop%%%%tgyen(?ElgG of
each of the wmmexr more waveguildesdl20e 122tits cept | cal Y coepltedotidaa

hot odi ode 150 .i nt egr at int evice 100..1n sone cases, .the_devi ce 30
oo P et e £ e A LB PEYLET {REhi SonABar farerrdvaragped
filters) thatsars opt icaldlyy coupliedd adhe maveguide 420, 132, e.g., the

filters 155 can be include 9 - in the light-guiding path of the one or
nore waV8gui des 120, thg2 case of Aewigdviy | APFFES. NPdgsd 3the hé ogBtgrat i ng

115 incl udes, pat t erp,.of bst iakly simihar ljght-. 5 refractiye
structures 20%1"20%1% of tﬁg Ieiagllz:‘t-rﬁ% a%lti%e S ru%trures ltZE?J%LSllgégl o%gt I'g\éat
each node ofwmitregulas: 2D +ait Ace 20B whidrech N sahhdciat edei mnaebater alhky

bounded region 208, e.9., a square faqr the illustrated 2D grating. The term
[ ght - ref r adti Vet Ructinfe 208 geraddal primitive’ Tarfiol AheiTort]

Herein, for such a 2D lattice, the primitive lattice

15 wvectors are two shortest lattice vectors that can be used

to define the locations of the nodes of the lattice. For

example, the primitive lattice wvectors of a sqguare
lattice are orthogonal.

As further shown in FIG. 1, the two-dimensional

20 grating 115 is configured to receive or transmit (or both

receive and transmit) a light 135 that travels 1in a

direction that 1is at an angle 140 that is substantially

normal to the planar substrate 105. In some cases the

angle 140 90415 degrees. One end 145 of the one or more

25 waveguides 120, 122 is optically coupled to the two-

dimensional grating 115. In some cases, the other

opposite end 146 of each of the one or more waveguides

120, 122 is optically coupled to a photodiode 150

integrated in the device 100. In some cases, the device

30 100 includes optical filters 155 (e.g., Mach-Zehnder

interferometer filters) that are optically coupled to the

waveguide 120, 132, e.g., the filters 155 can be included



10 herein refers to openings in, or raised features on, a portion the
optical core layer 125 that the light 135 (FIG 1) is directed to.

Due to thwonroliooadsiion at the nodes of a regul ar 2D | att iPC&/USR18/039403
light-refractive structures 205 formcolums 15 210 and rows 212, wherein
the columms 210 are oriented to be parallel to a first primtive lattice
vector, and the row are are oriented to be parallel to a second primtive
lattice vector that is not parallel to the first primtive lattice vector
In the illustrated enbodi nent, 20 the 2D grating 115 is a square-shaped

| ateral region of a square lattice that includes refractive structures 205
at 20 |attice nodesabongqbhe;dhr eeldon of crachR I4f Lhyee | hligaiweelor of
the square lattice. The light-refractive structures 205 can be aligned 25
with eachrﬁﬂ&ﬂ,rhﬂ%alunns 210 and rows 212, e.g., a repeating nunbers of
colums and rows one enbodi t he ting 115 co rrses a by- 20
square lattice o#“teﬁ%ﬁ@?rvén $E§$Ure% fﬁ%p ? gh 1 ﬁgeach
of the one omdmideavegebdes :20:in 122 i suBdreptigally scltmptaed ugghrte

t wo- di mensi onal grating 115 such that a direction 147 of the light's 135

pr opagat Pon RHrGUGH hes Wavelurdes 2020, 192ewsd] dthe ddbstameifapcyivelo -
non- paral | el 4,0, 1 J04803Nd £0} YaDEe210: 242n lnce eneafﬂé%@ta 0 bhe
primtive lattice vectors for the regular attice underlyi

| ocati ons oﬂaﬂuamffﬁadtrvehsthucnurd$dafEdﬁihheaZquenakky1b5unﬁédr t he
pur poses of the rese di scl osure, the condition f thﬁ drrec% g %ﬁ? of

| i ght propadat sd%s?antr%lIﬁqh%hepaFSFIeF fo théUpFFA-Efve“Pattice
vectors (e. g;ﬁaﬂlmgsorrerr@@seénthel@@t\sraﬁﬁaeﬂﬂveowﬂaétaia Qleel gtedskn FI G
2) is met when there is an angle of 10 intersection 215 of about 10 degrees
or greatlér Berwiden sefarghttd ieksnbtodi iect ivhsra2ecthicadhnctre %@rnﬁtrve

lattice vec (& 9 i n,.s0 ca t 0 C

st rai ght ggﬁb %hnggt?)nSQEﬁ'I?gﬁt g&%%aga€%§n1%%%: %%%nnﬁ gh the one
or nore meve@ﬂmﬂeg_lakﬂahjk%&ed to. As illustrated in FIG 3, in sone
enbodi nents the @ tical ggﬁgler can further i ncl ude a reerctrveastructure

310 (e.g., a plandtc refl Ve TSRICEEr AT | bRat BAYGAIE thef €0 aF néHsi onal

grating 115, 1athe 20 refd ectdve- 8dfHCE UG CaPrLBPLPYE tzbe ebi-hcieneynef
|l ight transm ssion through the grating 115, e.g., by reflecting light 135

transm tlfed a1 cugh 1des g2 b i n@hqneltl hetle\/\eelldm@@ heéti sseberiiesteduéot o
o SSat LG ML LL P N HDStALe A RE {00 4D BLALE NS SO

cases, 25 re Ve Structure can be a ne ayer, such as’ a

silver Iayeumwrhﬁﬁr&ﬁeC@seentéhetme%éeparae1etructureeaéadC@mlhetave

di stributed brag reflector (e. pl.anar distributed brag reerctor) In
some cases, SUdh-4s sHeowWP¥n Fﬁ@% isandor, parallel to first

primitive lattice wvector. In the illustrated embodiment,

20 the 2D grating 115 is a square-shaped lateral region of a

square lattice that includes refractive structures 205

at 20 lattice nodes along the direction of each primitive
lattice wvector of the square lattice.

The light-refractive structures 205 can be aligned

25 with each other in columns 210 and rows 212, e.g., a

repeating numbers of columns and Trows. In some

embodiments, the grating 115 comprises a 20-by-20 sqgquare

lattice of refractive structures 205. The end 145 (FIG.

1) of each of the one or more waveguides 120, 122 1is

30 optically coupled to the two-dimensional grating 115 such

that a direction 147 of the 1light's 135 propagation

through the waveqguides 120, 122 would be substantially



30 enbodi mrents of the device 100 two wavegui des 120, 122 are both optically
coupl ed to two-di nensional grating 115 such that the directions 147 of the
| i ght's 186 2priapadyat i ont hr ough t he wavegui des120, 122ar e PsThst@oosabs y
non-parallel with directions of the primtive lattice vectors of the 2D
grating 115 (e.g., corresponding to the rows or colums 210, 212), and, the
5 directions 147 along the lines 222, 224 through the two wavegui des 120,
122 (e.g., centers of the wavegui des) ari®-substantially orthogonal (e.g.,
9010 degrees) to each other. In the exanple illustrated in FIG 2, the
angl e of intersection 215 can be about 45 degrees with respect 10 to both
the rows and,Goldyms 1240, <?L§maﬁ%%%iQﬂdtPGlﬁﬁﬁéeﬁiod'§§b05Hr% ,however,

one skilled in the art woul d understand how 2D Tattice of "nodes upon which
adj acent I|gﬁuaﬁﬁakuﬂ@v@h@tpucmumeseZDstaxeelmeatedscéutdtbe aepuskeed to
achi eve different | es_of intersection.215, .15 if de

adjustnentszﬁguﬂﬁ %Fud%nd%rgyln%héﬁﬁ%s |ﬁaFﬁ8n§|z%9 TjF?gﬁF§F§FFé8Flve

structures 205-andisepared ion det eeryadjacent1di ght-refractive structures
205. In sonme enbodi nents, one of the wavegui des 120 20 carries a first

pol ari zed porti orf O ﬁ#@ IP@H?O§S§ afid ahdt hetr o1 fof Hﬁ§¥ﬂ§%§§hldé§9122
carries a different, %ﬁéé@gorﬁ)oﬂ OBfOE %h@hﬁa géga'tﬁoﬁo%lﬁ
ar|ze e fes

the first and secon portions throug tive waveg des
120, 122 arSthﬂBHUEHENﬁrSBOQSp@t@blelC mndeSﬂ&JE)pnimihEVélghatiaﬁe or

bot h transverse nm tic nodes of the light 1 t he
ot hogonns | S B T ot e e hePsebotr t Bkacn B ABR chlgrRuRd 2las

can be separgiglatdi regt edrdy each ongeef vﬂi’@qt\ﬂ@e\ﬁ@veﬂéﬂ des é‘-r?@le 122 to
different ends of 30 the ghotodlode 150 of the device 100. Optical signals
carri ed 1By thHednsftiiss 4Fe ebneeptéd 4P (IR 0df 08ECA50Tt HeEMeetr oni ¢

i gnal s, Thealashione.shonal s 890cbeonsl2 2o el lgel aot g ommopent s

(not shown) devi ce trans- |npe ance “anpl i rs an
electronlc|Huﬁxﬂ@ﬁedectbcslteagig famIsdmﬁecéaebhaﬂupr@oassuﬁgjobnﬁhe

el ectrical signals. further illustrated in Fl 1, the optic evi ce
100 can furt 1”WH%I2A2 t PERf L PR ber 1166 I%Eaggﬂeéﬁd@gst : %éﬁ

substrate 115}dffa<ﬂatlcﬁp05§2thg2m ang QfgH hensubstr @) mot 8 %k;—%@uldes
embodi ments, however, the light 135 can be transmitted via other Iight

sour ces,|5sucditas 4% | asers or lens, to the gratlng 135. In some cases, the

opt i cal fi ber 160, cay, be-cpnfigured tocpass the Light A36.40,00 froglor

both to and fron)iihe |nen3|ona gratii'ng n sone cases
axi s 165 of ddweiddlber cd6@1es ordemt edvattHehre amngu&éO substrartliealiyenor mal
to structure 310 (e.g., a planar reflective structure)
located wunder the two-dimensional grating 115. The
20 reflective structure can improve the efficiency of light
transmission through the grating 115, e.g., by reflecting
light 135 transmitted through the grating 115 that would
otherwise be lost due to 1light scattering into the
substrate 110, back into the grating 115. In some cases,
25 reflective structure can be a metal layer, such as a gold
or silver layer. In other cases, the reflective
structure 310 can be a distributed brag reflector (e.g.,
planar distributed brag reflector).
In some cases, such as shown in FIGs. 1 and 2,
30 embodiments of the device 100 two waveguides 120, 122 are

both optically coupled to two-dimensional grating 115
such that the directions 147 of the light’s 135



15 the substrate 110. E.g., the long axis 165 can be aligned to within
about 15 degrees with the normal vector to the planar surface of the planar
subst r at ew02011/doss930e enbodi nents, the optical fiber 1@0TiGs2a10l08%|d3 by a
non-zero incident angle 167 off a nornmal angle 140 to the 20 pl anar
substrate 110. For instance, having an incident tilt angle 167 in the range
of about 2 to 10 degrees off the normal angle 140 can advantageously reduce
| osses of the light 135 due to light reflllection. As further expl ained

bel ow, the non-zero incident tilt angle 167 off 25 the normal angle 140 can
al so be adjusted to facilitate two particul ar wavel engths of different

light to be passed thrpughthegrating 115, w6t haphase smt ching at jbath
wavel engt hs.” The particul ar center-to-center distance 230 between 30

adj acent | i ghtbatefrtaictlive stwonctared 1205 offithe giatémglidids carf be tadj ust ed

to accommodat e cquplin .a particul ar vel engt h of I.i ght t he
substantiﬂl%fﬁﬂ#%lvq gggglﬁgrQWQQoﬁﬁrgffﬁgﬁ% %@ Gt gt "5t opagat'Fod *222,
224 in the aie@sgBHE nRvEegutEesrdze, ok2201Rkeind nst@ncel2y gf enel ngnko the
exanpl e grating 115 based on _a square lattice, shown in FIG 1 and 2, a
mavelenggh (BEeTfiate 541 ghtng3sh@an Bl 2about? 2dnef Iy Wherév g is a
centerto-ce |+ C 3 t ween adj ones I ~ketractive
structures g%)a?elgﬁdl?egsrv%n@'cg[?my\%%'()W&%gg%lg?o};gtghgqulgie {ﬁtgargég rS(]::t%i ve
structures 200 srthtneffly soanhebbeetli vée ref r adtlihid | ddexeof) t wos dieaehsi ona

10 grating 115. E.g., a.is the lattice spaci for the square |attice of
the i L1 ustr Qi 2D gFat i Serie ChHTFBE TRl R dric wott d GRAgrSiand. how
to cal cul atest henhefdec®idh . 2Dy BHABLCAHNL SO ¥i B8gtbEs Evgenmedepeef: t he
grating's 115 lattice structure to calculate the 15 propagati on constant

and t herlBby tcal Batht elfef tovAccotdi RgLYINE0 2¥BnsAlE -a pBesiedul e the
| engt h | | h i i ¢ , i
wavel eng (é%?]e)se% d%ﬁl teg],a[r?@ﬁée‘v@e 8&&'&9&19%&12?% 100 aEfeew%H;%' ng

115 can be structed suc val ue of a safi les the condition:
81\ 12/ nef f (endpystaars 8heV/ 2Z/netf}tids arf 20céxanploen caonsildendihernthe

optical core |ayer 125 conprises crystalli silicon, and, the grating 115
t herein has Tﬁﬁafetlr &F r adti 4 Y hdex 2gﬁef " “of q?.c@.teﬁo EPHAsm Pea 1. 27

m cron wavel gpgidhr dBLl)o ofchi Ot d3breBePF elggablyoequalsrabeut oQ. 625,

m crons. 25l n sone cases, the center-to-center distance 230 (e.g., the
| attice l8paciihg,deditedt he sawehfoprdakstveénthe FPyhe-r éhravtieve st-Buct ures

205 that are,aligned.in the sa ro 1 | Q cases he s
center-to-céﬁ?%%ggis%gnégﬂisglgg ﬁ?%géﬁéh%e?ﬁgég%g fécé% E%%%%ﬁ Z?Oé.g.,
30 the cent einrd 0- ceaperadishance®d3Rdrs t hedsarenbet weeghadjracenttive
light-refractive struct%ﬁss 205 in the sanme colum 210. In other cases,

however, thetfeud s £0°-

In some embodiments, one of the waveguides 120

20 carries a first polarized portion of the light 135 and
another one of the waveguides 122 carries a different
second polarized portion of light 135. In some cases,

the first and second polarized portions through the
respective waveguides 120, 122 are both transverse

25 electric modes (TE) of the light 135, or both transverse
magnetic modes (TM) of the light 135, and, they are in
orthogonal ©polarization states with respect to each
other. The light 135 can be separately directed by each

one of the two waveguides 120, 122 to different ends of

30 the photodiode 150 of the device 100. Optical signals
carried by the light 135 are converted in the photodiode

150 to electronic signals. The electronic signals can be



- 14 - successiveconti nuouschangei ncenter-to-center distances between
light-refractive structures 205 in adjacent rows 212. E g., the continuous
change i nwoentigs49to- cent er di stance 230 bet ween rows 2P2Tampoibme3des i ned by
5 apodi zati onfunctions(e.g.,linearlychirpedO otherw se) well known to
those skilled in the art. As also illustrated, in FIG 1, in sone
enbodi nents, the two-dinensional grating 115 can be further configured to
transmt or receive a second |ight 170.- 1Phe 10 transm ssion or receipt of
the second light 170 through the grating 115 can occur sinmultaneous with
transm ssion or receipt of the first light 135, such as described above.

The second 14t 120 CAR-be; or oRagabed (Lr pigh Lhang! NeE waxegukdeL75 in
the optical core layer 125. An end 176 of the other waveguide 175 is

optically cddpl.ed ¢ @ the twordi mepsionat geapingidels. kndcoertleastrondct he
above-descri.bed wavequi des 120, 122, the .ather vegui de 175 is.optically
Coupl ed Lo HE T hener Sar® br 50} G 90 PSS ot et BTARPeci [on 177 of
t he second ldrghte1sdiAd riopaigatdion, t hrough t he ot her wavegui de 175, or,

near the end 176 of the waveguide 175, is substantially parallel wth
prinmitive |atticésvelctoret hatleeiiaerd | beationslof thedestisrlt HEVEFat i ng

115 (e.g., quJe%%E_2§u99ﬁe9f f WS QF Sgkgggﬁ 2%%%@%;%jﬂf.ﬁg%f$$dof t he

light-refractive structures 205). e condition of irection
second | i ghtdksovirOtlpr opagatr onubetngtsulidttantd .al .,y Pparat | ehet plohe odws or
col ums 210Wﬂ%gzs&gsQ?étgy?nl%h%kﬁekséﬂ%odiments, however, the light
135 can be transmitted wvia other light sources, such as
10 lasers or lens, to the grating 135. In some cases, the
optical fiber 160 can be configured to pass the light 135
to or from (or both to and from) the two-dimensional
grating 115. In some cases, a long axis 165 of the fiber
160 is oriented at the angle 140 substantially normal to
15 the substrate 110. E.g., the 1long axis 165 can be
aligned to within about *+15 degrees with the normal
vector to the planar surface of the planar substrate 110.
In some embodiments, the optical fiber 160 is tilted by a
non-zero incident angle 167 off a normal angle 140 to the
20 planar substrate 110. For instance, having an incident
tilt angle 167 in the range of about 2 to 10 degrees off
the normal angle 140 can advantageously reduce losses of
the 1light 135 due to light reflection. As further
explained below, the non-zero incident tilt angle 167 off
25 the normal angle 140 can also be adjusted to facilitate
two particular wavelengths of different light to be
passed through the grating 115, with phase matching at
both wavelengths.
The particular center-to-center distance 230 between
30 adjacent light-refractive structures 205 of the grating
115 can be adjusted to accommodate coupling of a

particular wavelength of light at the substantially non-



30 angle 235 of intersection equal to of |ess than about 10 degrees between
straight lines 220 through at |east one of the colums or rows 210, 212 and
a strai ghwol2oneo0s49115 - direction 240 of |ight propagat ipom/uskeiowgdsos he

ot her wavegui de 175, or, near the end 176 of the wavegui de 175.

Simlar to that discussed above for the first light 135, the
center-to-center distance 230 between adjacent 5 |ight-refractive
structures 205 can be adjusted to accomigdate a particul ar wavel ength (82)
of the second light 170. For instance, consider the square-lattice spacing
for the grating 115 depicted in FIGS. 1 and 2. The wavel ength (82) of the

light 170 equals @bout; Aspefdns 19f“@§5%ta IS dRe 1aeM efx 4 0-sent ep distance
230 between ‘adj acent ones of the light-refractive structures 205 in a gi ven

col um or romm?l@r"2m2reandanegﬁldssa tefract?¥e i ndex dfort hensltaddeng

| ayer or |ayers 130, 132 acent to the optic o} yer 125, including
Lh tvo. 18 SRR hal Do R e TS ® ASTAN R et o PEGHE) 30 ahEH-ORE
opti cal COf%AE%EHe31%%0&&”993@@60f1S%£kPQ? dagaan1 effectiye, r@Er%%%'Ve

i ndex (neff) of d. To transmt a 1.577 mi'cron wavel ength (82) of the

second I6ghtlﬂjﬁttlﬁinmwmthqugﬁaabngtlkﬁne&Jpﬁefeﬂ&hky equal 8 aboukr. 54 20
m crons. odi nent t he second | 0 can exi.t

grat 1 ng’ 115 S U g B0 That 1 SCHSERR | AP RSBl ES ¢ Fé plife of
the substratie ghkO.r forad istanserudherds ghv 5135, hayingh acdinst wavebength,
can be 25 transmtted to the two-di nmensional gratlng-115 t hr ough the

optical fi be3r101/6021%CQtfed:%oifégltlher%féﬁ@Fl‘é@lb§ﬁilﬂféﬂc ureg, 4dhd #he Second
light 170, having a difieren S?&?PQ payel egﬂ%% b%wfor@%%h%&%‘f{a@“ of

t he two-di nensi onal grating at the angl into the same optica
30 fiber0l6Grdmirspme léases, gthe &1 rist Ithghtlaﬁﬁ;cpasspmglm@rGMQh tthe one

or nore wavegui des 120, 122 al so. pass through gptical filters 155 of the
opt1 ol doviGHG0 SAAEISCIE: CHE 11T LbrbIabedar caRFEgUPed Lo have

maxi mum t r angaisisdonief £hei grey watu1ttheddd it wrvelangth apdcon Bk BURLe

transm ssion efficiency at the second wavel ength of the second Iight 170.
Nerr, ©.9., by numerically solving the Eigenmodes of the
grating’s 115 lattice structure to calculate the

15 propagation constant and thereby calculate Nefs.

Accordingly, to transmit a particular wavelength (81) of
light 135 through the optical device 100, the grating 115
can be constructed such that the value of a satisfies the
condition: 81-V2/nesr (e.g., a = 81:V2/nees). As an

20 example, consider when the optical core layer 125
comprises crystalline silicon, and, the grating 115
therein has an effective refractive index (nerr) o0f 2.9.
To transmit a 1.27 micron wavelength (81) of light 135, a
preferably equals about 0.62 microns.

25 In some cases, the center-to-center distance 230
(e.g., the lattice spacing, a) is the same for all of the
light-refractive structures 205 that are aligned in the
same row 212. In some cases, the same center-to-center
distance 230 1is present between adjacent rows 212. E.g.,

30 the center-to-center distance 230 1is the same between
adjacent light-refractive structures 205 in the same

column 210. In other cases, however, there can be a



S5Al ternatively, in other enbodinents, both the first |ight 135 and the
second light 170 can enter the grating 115 at the angle 140 that is

subst ant iabI2g1os4val to the plane of the substrate 110, pamaiS2aioe3d4ns st
light 135 can exit the grating 115 into the one or nore wavegui des 120, 10
122, while the second light can exit the grating 115 into the other
wavegui de 175. One skilled in the art would understand based on the present
di scl osure how the lights 135, 170 coul-d4be transmtted to and fromthe
grating 115, in still other enbodi nents of the device 100. 15 In

enbodi ments of the device 100 using lights 135, 170 of two different

wavel engt hs, o jd-Lan-he adyant aggoys to &1%91@%' abl y, adj %%ht@%ttﬂot%nter
center-to-center distance 230 (e.g., the lattice spacing, a) and

substant|quAsnﬁnnﬂseﬂnﬁtwaﬂm t biglcconpbdateivewo partctulbas Zeoﬁavehengths

f the | ht 135 th | ht 170. For i t th
Cent o o At B e e 550 et Phot Bt or e S ke ERh REShob T oS oRiisE -

si mul t aneousdor st st ydtdheaned a@wrks@w@en KroXKi p1X 8bkA Bet+ddfZned WRere
Kin, x = 2Tcn01/ (82) and kout,x = a 252Tcneff/ (82) , and 122z-2 12R-

k2ouon ad}a ABABFEIHPN WHEFEKIOE = 2ForDl/ (81yeandy koghimred —or
2Tcneff/(81)tﬁgy%:ﬁﬂeR%ﬂgﬁﬁﬁ%Jﬁlé; sdvavelengt b of ithe Light 135, 82 is
el engt

t he second wav e secon t 170, and O is the incident angle
167 away As also illustrated, 1n FIG. 1, in some embodiments,

the two-dimensional grating 115 can be further configured
to transmit or receive a second 1light 170. The

10 transmission or receipt of the second light 170 through
the grating 115 can occur simultaneous with transmission
or receipt of the first 1light 135, such as described
above.

The second 1light 170 <can be propagated through

15 another waveguide 175 in the optical core layer 125. An
end 176 of the other waveguide 175 is optically coupled
to the two-dimensional grating 115. In contrast to the
above-described wavegquides 120, 122, the other waveguide
175 1is optically coupled to the two-dimensional grating

20 115 such that a direction 177 of the second light's 170
propagation through the other wavequide 175, or, near
the end 176 of the waveguide 175, is substantially
parallel with primitive lattice wvectors that defines
locations of nodes for the grating 115 (e.g., at least

25 one of the rows or columns 210, 212 of the light-
refractive structures 205).

The condition of the direction 177 of the second
light's 170 propagation being substantially parallel to
the rows or columns 210, 212 is met when there 1s an

30 angle 235 of intersection equal to of less than about 10
degrees between straight lines 220 through at least one

of the columns or rows 210, 212 and a straight 1line



30 fromthe angle 140 that is substantially normal to the - 17 - planar
substrate 110. Continuing with the sanme exanpl es, consider the case when

t he opti ocab 20veesdoayer 125 and cl addi ng | ayers 130, 132parascanpssies of
silicon and silicon oxide, respectively, and 81 and 82 are equal to 5 about
1.27 and 1.577 mcrons, respectively. In such cases, preferably, a equals
about 0.59 mcrons and 0 equal s about 8.7 degrees (e.g., the angle 140
equal s about 91.3 degrees). In sone enbddi-nents, such as depicted in FIG

3, the 10 light refractive structures 205 can include, or be, holes 315
(e.g., shaped and sized holes) in the optical core |ayer 125. Adjacent ones

of the hol es;3ln-din R Same Lew ?%%h‘éag?%&gétz?&'{m G T Qreenbgher

separation distance 230. In sone enbodi nents, at |east one | ateral

di nensi on 158325ywifde He/ holes 3R el eral vii th iortHengtteafide slgibar e
hol e) equal s abouyt. one-half of the.separation distance 230._.E.g.,. n the
center-to-centerq%%%ga i on g?%%aﬁéscg§5egq@§qgea out 0% E%Eﬁgné}g?%e
lateral di mersg,ontB25 equalsabednt@d3 #1i6fonse B 0sope: wabediaagatentt he
each 20 of the holes 315 has a sane depth 330 of about 0.090 m crons.

Al t er nat Pveldyightr tiHeacteifsodi feRtstutde | PRt e adts veadiRakERAr e$0205

can 1l e - BGRERLS (ot houn).fof IR, LCom ey apL el cor LByl 125

The posts cah have NS Si ove-dé€scribe 5.

I'n some enbadigrent s 70f, t herdeviige thB@esuchonsi 88PWEHN EbGSrel1amr@di2e the
optical device 100 conprises a substrate 110 having a %Ianar surface 111

and havi ng #Papticafctoré@e125rahigreonl STHerdéVicce 10054FSe conpriisés a 30
tvo- di mons ONG GF Gt 1P 118 (21 natT & fed By e T QuF &7 hosaPHEné Bnt
patterniof lijmghMerefraeti ¥Be center-to-center distance 230 between
adjacent ones of the light-refractive structures 205 in a
given column or row 210, 212, and nerr 1s a refractive
index of the cladding layer or layers 130, 132 adjacent
to the optical core layer 125, including the two-
15 dimensional grating 115. As an example, consider when
the optical core layer 125, composed of silicon, has an

effective refractive index (nerr) of 2.9. To transmit a

1.577 micron wavelength (82) of the second 1light 170
through the grating 115, a preferably equals about 0.54
20 microns.

In some embodiments, the second light 170 can exit
the grating 115 at the angle 140 that is substantially
normal to the plane of the substrate 110. For instance,
the 1light 135, having a first wavelength, can be

25 transmitted to the two-dimensional grating 115 through
the optical fiber 160 located above the planar substrate
110, and the second light 170, having a different second
wavelength, can be transmitted out of the two-dimensional
grating 115 at the angle 140 and into the same optical

30 fiber 160. In some cases, the first light 135, passing
through the one or more waveguides 120, 122 also passes

through optical filters 155 of the optical device 100 and



- 18 - structures 205, one of said light-refractive structures 205 being

| ocated at each node of a regular 2D lattice 207 located in a laterally
bounded rwgi2on/@881 The device 100 al so conprises first pamwss@onsdodpt i cal
5 wavegui des 170, 120 being on the planar substrate and having ends 176,
145 end-coupled to the two-di nensional grating, the first optical waveguide
170 being such that a direction 177 of propagation near the end 176 thereof
is substantially along a primtive |attilge vector (e.g., 10 colums 210,
rows 212) of said 2D lattice, the second optical wavegui de 120 bei ng such
that a direction 147 of propagation near the end 145 thereof is

not - paral | el 40 a spnicgi i ver bat tiLe Veckori(8rga CobUMS, 20, 1hous,212) of
the regular 2D lattice 207. 15In sone enbodinments of the device 100 such as
shown in Fl Gearlsmaimb in t hef bptiealy devi cet190 €onpri sesvalsubstrakedll10
havi ng a pl anar, surface 111 and havi.ng.an optical, core 125 therean. The
devi co 100 416 Slhpr TERETECTUSY dF RS GHAY Gratitg 11871 3c4Ped (FAothe
optical coreR20n2%esaid twpridiimnsi onal grating 115 being fornmed by a
regul ar two-di nensi onal pattern of light-refractive structures 205, one of

sai d | i gft-refracdtitesttrinetufest 2053tBer ngMscdied tar &t nblde dfirat

regul ar 2D lsatt,ce 7 C d.d | at. |1 0 e i 2 25
devi ce also]%é%%figég %%g gﬁgngsgoggtﬁé'Fﬂhé%ggﬁgggsgﬁé§? g% %gﬁﬁgggn t he
pl anar substlrldt eatllbhandnbaei Aglends:tl4s endscoupt edl 1w themdwotdi meersi onal

grating 115. The ong or nore tical veguj de 120,, 122 are su that a
direction ofP s tpayat Fon iﬁ%sggﬁ eséﬂﬁeeﬁ%mg4§hﬂu§%%ﬁti@i%%tsﬁgétgﬁpiaIIy
al ong a non-quiivndiyestattiger vect f o ofnt hentegul abrdDubatbicee207 20l n sone
enbodi nents, e.g., the direction 147 of the light's 135 propagation through
the - 190. Jre.orvinpre Weretbeed 1DOht 192n| sxshbshangirakipgpatal Letoto a
non-primtiy arty .of t reg r e 7 ( .
substantialH%K%aégk%gl%ﬁg%gﬁéggnahﬁa'aI#g%%dg%%%ﬁgérgﬁrggF?vgrgtyﬁgggres
205 from adjuackns threblhagesd 240 ore rowss@d?, dosclosnxrpahalil ehet @ ihe sr ows

and the colums 2 212).. I n some enbodi nents of the device 100 such
as shown inﬁg§3.%goaﬁ? At Re dRALEUOF Conpr i &R °Bpt Tl 9€ahpPEr 105

| ocated on ap} anal subst rate 1 i chendkd Opid cale cRupler 10h, includes a

t wo- di nensi onal grating 115 and one or nore wavegui des 120, 122 both in an
optical léore | ayem 1980onintetpl adartisubdevate 1£0. UFHera woldhrensidonal
grating 115 .in¢l ude eri-gdic. arrange t of light-refractiv tructures
205, the 15:Y?§H$§r§ ?agfféggg FugFﬁggéggggl efﬁb g ?g%%d%%fPﬁ%gégﬁu%ther
in colums ad cowseZdB]y2EAuEte bHuwohdithenstonad r gt atdagrddSdisteanki gur ed
to receive or_transmt a light 135 at an angle 140 that is substantially
normal to tﬁ%ﬂbl&%a¥°su5§?rg?étifﬁ.5%%%”6%@ 1205 dfdehlh SHPERENGRELSY 20

more waveguifdesh20, JlgAd s apfd caldy couplegddhe twe- di pensienal,
grating 115 such that a direction of the light's 135 propagation 147
t hr ough 20he wonee lomgtdre wavedei desgl2013022wbutldebeesulyst aht glat | 70 .

non-parallaFgf)Eggtéggg,a@%étg%ﬁ%gfﬁqgtégékegléistance 230 and the

angle 140 can have values that simultaneously satisfy the

relationships:

. 2
mn9+~¥z, where kin,x = 2mnc/ (82) and k. =
” :

ko.x =k

out, X in, X

25 27tneff/ (82) , and

2 2
2 2 :
kiqu[—zJ +[;Z_ mMsnwﬂ , where k,, = 27mn./(81) and
a a

kouwt,m = 2mness/ (81), and, where 81 is the first wavelength

of the 1light 135, 82 1is the second wavelength of the
second light 170, and 6 1is the incident angle 167 away
30 from the angle 140 that is substantially normal to the



25Anot her enbodi nent is a nmethod of using the above- described optical
devices.FIG 4 presents a flow di agram show ng sel ected steps of an exanple
met hod 4000ab1wuws4yg an exanpl e optical device such as tireTaskel0ABI4dRVI Ces
100 discussed in the context of FIGS. 1-3. 30 As shown in FIG 4, wth
continuing reference to FIGS 1-3, the nethod 400 conprises a step 405 of
transmtting a light 135 through an optical coupler 105. -20- Transmtting
the light 135 in step 405 can include a igt-ep 410 of directing the Iight 135
towards a two-di mensional grating 115 in an optical core |ayer 125. The
light 135 is directed in step 410 at an angle 140 that is 5 substantially

normal to aplany substrate 1410 that,the,optigalncone Layer 123018l ocat ed
on. E.g., light is transmtted along a direction at an angle 140 that is

subst anti al lgonrorded the plagrar wbabstilat eopt@cadt epod 0 learri ncd udend
adjusting the angle 140 by an.iRnci tilt 10 angle 167 to facilitate the
transni ssi oncelo &%é}gti i&lyz?%Sm%%ﬁéng][e% 69 Sﬁ{npfgg,g 170, U 4l séﬁgseq
above. In sane GagesSyxihe, | kghbo133ea) bedd agsnihleqdovia an.gphical, fiber
160, where at |east a portion of the fiber 160 has its |long axis 165

al i gned Wit lliche: adglkd 140d 16. %X atilerorls,ghtespactésesych asid asecs or

I di t the light 130 i di ti t .t | e 140.
i Scussed bt E TG GPHEnsi Bndl Tt 1 7 4. PePudbe”Sobat (Erh 6

li ght-ref racddue st buehur es. 20dpeaded @t o.he !aadesm%l@ latcer akjuy 1bounded
portion of a regular 2D 20 lattice. E.g., the light-refractive structures
205 can be ldtattedls0® @83 SOr-m col ums and rows 210, 212 of

|ight -refracti ve St rugtarag, 205,045, al so.di scugssdcthe £averal0s 213 can be

al i gned in non-paral ections to the primtive lattice vectors of the
gratingd0115.i28 defarsmite ngttbhethrght2A35can $hepudds canbenchudesa step

415 of diffr ing the light 135 in the two-di nensional grating 115 such
that the |1 Ghe 198-8xi t S TRES viRi FeREFordl -5 at FRg FES Tt b Bhe “gFermor e
wavegui des 120, 224 n t hegpptdgal o €08 eckaype A2DesO3esend 143.0L 3Qweach
of the wavegui des 120, 122 is optically coupled to the two-dinensional

grating 115 &uchcahahadedior ectticoncad7e ot teheen tght S6PA8BLtppopadaticansi n or
hrough Lhe GRn VS IR a0 A2E, LiChudLng Reas e panequlds.s ends
stanti a T'er op e.dg., In

147, is sub y hon- par a rrmtive [attice vectors
sone cadés, ¥1 hef tHe Howss ol Eolanms, 240ywid4R) orSiangehecenhodigmemts, the

propagation direction of the light 135 is reversed.E. g., light 135 enters

t he two- di melsionafgrati mMPaus Premehé dhe SPemotEWerettif d8s 51265122,

2281 the |ighiy 135 exitsytbe ghatbpgrdidratthecsubshanti-abhy snarmml.cangl e
. 230 equals about 0.6 microns, the lateral dimension 325

equals about 0.3 microns. In some embodiments, the each
20 of the holes 315 has a same depth 330 of about 0.090
microns. Alternatively, in other embodiments, the light
refractive structures 205 can include or be posts (not
shown) formed from the optical core layer 125. The posts
can have dimensions similar to the above-described holes

25 315,
In some embodiments of the device 100 such as shown
in FIGS. 1 and 2, the optical device 100 comprises a
substrate 110 having a planar surface 111 and having an
optical core 125 thereon. The device 100 also comprises a
30 two-dimensional grating 115 located in the optical core
125, said two-dimensional grating 115 being formed by a

regular two-dimensional pattern of light-refractive



10l n sone enbodi nents, the nethod 400 further conprises a step 420 of
transmtting a second light 170 through the optical coupler 105, wherein

t he secomlol2oghos70 has a different wavel ength than theciriushe10H3%&03 I n sone
enbodi ments, transmtting the second light 15 170 in step 420 can include a
step 425 of directing the second light 170 to the two-di nensional grating
115 by passing the second light 170 through anot her waveguide 175 in the
optical core layer 125. An end 175 of t-he-other waveguide 175 is optically
coupled to grating 115 20 at an angle 235 such that a direction 177 of the
second light's 170 propagation in or through the other wavegui de 175,

i ncl udi ng negr. the, mavegpide' s ends 16,5 d s1 sybst At i 2kl yoparall.elh pith the
primtive lattice vectors (e.g., In sone cases, at |east one of the rows or
colums 25 ZI, R42yrg Toansmicd tathgethk secendefi ghtreltOam sbepat42@cean

al so includ step 430 of diffracting the, second light 170,in the_grating
12 sueh thalt naRati trgt | T i s R TR FERePBnatOfr s Faeat [ e
subst ant i al lgewviatdral1 @ngl £1 440. cHeprifist ancerst heasacondc30dl i gt 140 can

exit the grating 115 out and above the plane of the substrate, along the
angl e 140 i ntaySgiisig cai’0%i bet0 166108t Peast e PorPRSEN BIPTHIZIS Ras its

- 22 - long 15,16 ong gt 1 yhs hakl o} | angle - hn
ot her enbodﬁ%%ﬁté% %?gésnifﬁindhfhé ge%ggg %Pgﬁfﬁléggiﬁ gtgpmig ‘can
al ternati velgratmiolaidetlze sEeps435pofi cdilr ectvieng itdee ISECapeihg ghtich7@hba t he

two-di nensional .5 gratin 15,_the second light 170 bein irected at the
Dstancl ol 13 whraer Camala T H ST Rt e 0t e Rt Fahe h8G <R be
directed downy theosea®:optigakibhben 160 dia the prating Jdsctbhatethe first

light 135 is directed down. Transmitting the second light 170 in step 420
can 10 dPso qncinde 818t eprdud 8f2di f9f ackilAg 2the LaétdRE | i gt FEOOPA t he

grating 115 ﬁuﬁ- t-h o] | i.ght 1 Xi.ts .t - di si gnal
grating throug QFHEQ%%%ggq%%gc??%eggg%ﬁe%gﬁgVégﬁvﬂg§1@%9?%£gg§i;thPSn t hat
is at an angle@3mttihat nesamsulist amtdaldy pacsatbél isonbhepdbapiei tove

| attice vectors of the lattice defining the | ocation f the n of the
grating 115f?€35¢PWﬁ1%ﬁﬁﬁ%?ﬁﬁﬁ%ﬁt%ﬁrégi%i'tﬁo ?m?%agﬁgonéoﬁﬁ gﬂ§§c8ﬁunns

or rows 210,+1212-0f,1dghtp refdiectd veystructures 205). In sonme enbodi nents
t he met hod 400 can further 20 include the step 450 of reflecting a portion

of the dPffracted igme (engodinpetsi ght tdier ettedd nl &t epudllOpst karvins
poalicred oo puskie onL1 il oOL S RSk ZE Lo A, A bR SLIdELu 8 310
sonme enbodi mams; rami hodo 46Qviugt kerpiacdtidesrdace 111 and having an
optical core 125 thereon. The device 100 also comprises a
two-dimensional grating 115 located in the optical core
20 125, said two-dimensional grating 115 being formed by a
regular two-dimensional pattern of light-refractive
structures 205, one of said light-refractive structures
205 being located at each node of a regular 2D lattice
207 located in a laterally bounded region 208. The
25 device also comprises one or more optical waveguides 120,
122 being on the planar substrate 110 and having ends 145
end-coupled to the two-dimensional grating 115. The one
or more optical waveguide 120, 122 are such that a
direction of propagation 147 near said end 145 thereof is
30 substantially along a non-primitive lattice vector of the
regular 2D lattice 207. In some embodiments, e.g., the

direction 147 of the 1light's 135 propagation through the



step 460 of filtering the light 135 directed into the one or nore
wavegui des 120, 122. For instance the light 135 can be passed t hrough one
or nore opODI20H/00F49t ers 155 havi ng a maxi num t ransm ssi eaTafsbeioioaney for a
wavel ength 30 of the light 130 and a mninmumtransm ssion efficiency for a
di fferent wavel ength of the second light 170. In sonme enbodi nents the

nmet hod 400 can include a - 23 - step 470 of converting an optical signal
carried by the light 130 into an electril®al signal. For instance, the
conversion step 470 can be facilitated by passing the light 130 fromthe
wavegui des 120, 122 to a photodi ode 5 150 optically coupled to the

wavegui des 120, 12Z.re wavéﬁ@f@%iné@e PE?SQQtsgbéghﬁ%Héﬁiyoﬁ%r%ﬁhbhed in
the art would understand, as further illustrated in that the second

i ght 170 cduidaalg@nb@rnmﬁKQNEedlatthtereﬁeahdrconﬁeﬁﬂed inecadear damce to

steps 450, 46Q .10 an r espect . In enbodi.nment s

net hod 400 éﬁ%ﬂ?lsesngaﬁéﬁﬁ%V|n§ %SF?éEfaiéé Fﬁ?ﬁﬁgﬁﬁant%pglggpng$&5ler
105 (step 40B)ignHa@nsnidrid-ng dhedight sk3mddureugh dove eptohcabdgaupher 105
(step 405) includes directing the 15 light 135 towards the above-descri bed
t wo- di meAsi sitaluyratd Y AL5T S ahl Opt PEal "eBrearayerlips {8€epC#E0RNAThe
l'ight 140 is.diregt t e 140 that is substantially normal to a

pl anar substratéggf%gFﬁé?ﬂ?he g%tlcal core layer 125 is | ocated on.
Transmitting the 20 dorght ehi36diheotighofheheptdesalcecaufd esudi5abstsepwsd05)

al so includes diffractin step 415) the lig 135 in.the two-di nensional
grating 115J§hchE%ﬁat]thg %'éﬁt §4% é&??ﬁxihgéQwﬁoﬂpﬁéﬁ§loﬁ%@ GP&LAg 115
into the onedqprar e wavegubdesal2dn 22phhat rareupptiraakl y1 coupl ednto the
25 two-di nensi onal grating 115 as descri bed above, such that a direction of

the |ighf" s o35 grlopagapilen t e Dudh alivslesnea ortaoTdi nenaimiiales 9126, 0822 i s
substanti al |y, nonparal| el %ﬁogé.é%bemnuf QYR OF 15'@9 Cgbb”méo 0,212,

Another enbo ment 1s a ne cturlng the 30 optica evice. FIG
5 presents wpﬂxnmkﬁeqmanish@mnmQSSehe¢RedpﬁaﬂHr(ﬁubﬁtfﬂﬁﬂplbOﬂEtﬁhé 500

of manuf acture gﬂt opti.cal deV|ce such as {Qe OE d deV|ces 100 dbscussed
- 24 - in t Y Sigagd g 932 3ing F8aes periodic

arrangement of light-refractive structures 205, the

15 light-refractive structures 205 being aligned with each
other in columns and rows 210, 212. The two-dimensional
grating 115 is configured to receive or transmit a light
135 at an angle 140 that is substantially normal to the
planar substrate 110. One end 145 of each of the one or

20 more waveguides 120, 122 is optically coupled to the two-
dimensional grating 115 such that a direction of the
light's 135 propagation 147 through the one or more
waveguides 120, 122 would be substantially non-parallel
to the rows and the columns 210, 212.

25 Another embodiment is a method of using the above-
described optical devices. FIG. 4 presents a flow
diagram showing selected steps of an example method 400
of using an example optical device such as the optical
devices 100 discussed in the context of FIGS. 1-3.

30 As shown 1in FIG. 4, with continuing reference to
FIGS 1-3, the method 400 comprises a step 405 of

transmitting a light 135 through an optical coupler 105.



Wth continuing reference to FIGS. 1-3, the nethod 500 conprises a step 505
of fabricating an optical coupler 105 on a planar substrate 110.

Fabri cat iwQ 20hw@oS490pt i cal coupl er 105 in step 505 can i rcirudeoia/ostep 510 of
form ng a two-di mensional grating 115. Form ng a two-di nensional grating
115 in step 510, in turn, can include a step 515 form ng an optical core

| ayer 125 on the substrate 110. For instance, in sone enbodinents, a 10
crystalline material |ayer such as nmono-20r-ystalline silicon can be bonded
to the substrate 110 in step 515. In sone cases, prior to formng the
optical core layer 125 in step 515, a reflective structure 310 is forned on
the substrabe b Stepmdnidis pais of slep 195504n €n01udd ERLaL aver
can be bonded to the substrate 110 or |ayers of materials having dlfPerent
refractive i4ldexes dancbeibhogndéd, lgobwn Ioi5 deposidedaonvwoheisgbsticape 110
to forma distribute rag reflector . In so cases, prior, to.form t he
opti cal coréﬂfﬁnf5§efl§2%giﬁn598 lgf%,cgrﬁgaépmgiZHﬁfhg ﬁ%@e}l?é6 ?gSforned
on the substiat edldd-ddv step 548pE. 910 iAcsose casgsea subi cenaexi de

cl adding layer 130 is thermally grown on the silicon substrate 110, or, in

sone cases, IS tardddi g | a9EP213¢:0f 6 nRHAERF ety tER tehel ef et Fée
25structure ﬁﬁg. 1 org a| bwo-.di nepsi | grating 115 {n,step 510

al so include a é?%p %36gofqgattern?ﬁdgihegg%??%afgéore Iééér 12% %o form an
ar rangenment twofarddmghttadef pdchpven stiluetties 205 @e. anglke r édgal arh2D is
arrangenent). For 30 instance, standar hot ol i t hogr aphy, and ch
procedures cAFPHET ot eraoggaf)a. eofﬂ@g@ﬁ %Stt&%ft& gﬁr@ se IE?Baggroes
(e.9., posts)arPrihelesei AatN8LORYI Gle -akble CODE YR 128i&entormthe
light-refractive structures 205 that are aligned with each other to form
col ums 1910 agrtdl & 0w 7210 of ache Lkipght -tled r 4eenvaiseiget WwiesP2gbicrdagone

cases, ther | at | yel on-par al t o o] 21 For
i nstance, t ﬁgav\v/rs)ealtt tﬁfl{sﬁgégt g%élggoxggh ilﬁ?I’uéeL%eht ccﬁllsﬁcg&%%%s&g%éi n '?He
optical coredmayerak2s., Eabh ofiglve Hdafes c3aih5 ban tcommpmmSteteddiwiaduah ones

of the light-refractjve st tures 215. Adjacent ones, of the holes 315 in
The. sane PoWHTE tart e, bt Ganiheocsabardiion HiStan" 396, tHRd 4P Foast

one |ateral digrepgkon 3251 6fgt e ihol esscan ke eaurl t 1 o takoutn one- halyf, of
the separation distance 320. Fabricating the optical coupler 105 in
step 5085carPm@al sethrel ubdeshta st B25 sficpata®er diangishecvptlicrsdecorenls

2o 125 SLLAD ol O I e YRVeRUL 0, 420,127, ERedLcissatoatol one
t wo- di mensi anadcugysadd ngo &b, (ehg. twendiaoupi edd 1 syehtihat 1asdinhectides of
light 130 p%?pggggégg B@(qiéﬁgf?%%&éé?i&fvggghgﬁirégoé05 located at

the nodes of a laterally bounded portion of a regular 2D

20 lattice. E.g., the light-refractive structures 205 can
be located so as to form columns and rows 210, 212 of
light-refractive structures 205. As also discussed the
rows 210, 212 can be aligned in non-parallel directions
to the primitive lattice wvectors of the gratings 115.

25 Transmitting the light 135 in step 405 can include a
step 415 of diffracting the 1light 135 in the two-
dimensional grating 115 such that the light 135 exits the
two-dimensional grating 115 into one or more waveguides
120, 122 in the optical core layer 125. One end 145 of

30 each of the waveguides 120, 122 is optically coupled to

the two-dimensional grating 115 such that a direction 147

of the 1light's 135 ©propagation in or through the



20 122, including near the wavegui des ends 145, would be substantially
non-parallel with primtive lattice vectors defining the lattice of the 2D
grating M6 208/05491i n sone cases the either the rows or Pcolusaois/ 029403 212) .
For instance, standar dphot ol i t hographyandet chi ng 25 procedures can be
conducted as part of step 520 to formridge wavegui des 120, 122 fromthe
optical core layer 125. In sone enbodi nents, fabricating the optica
coupler 105 in step 505 can al so includela step 530 of patterning 30 the
optical core layer 125 to form anot her wavegui de 175 that is optically
coupled to the two-di mensional grating 115 (e.g., end-coupled). The

wavegui de 175 jsqooupl et g0 126- the 196ationg,cLbhd sueh,Lhatyagd ceghisan 177
of a second |ight's 170 propagafion through the of her wavegui de 175,
i ncl udi ng neld’ t heswewéguicdds. sgnd 1763 -paraubst ano apt ymparat | ébtitdcene of

the primtive Hgtticr vectors of the 5 2D %%ﬂ%%gg 15 ée.g. in sone cases,
at | east one Of t'te rows or'Cofulins G16° 2 i gHt - TeY T alfi V8 & Fdct ur es
205) . For inst@nce,2)standard photolithography and etching procedures can be

conducted as part of step 530 to forma ridge wavegui de 175 fromthe
optical €ore |ayem 16995, embodingnispme tgseBroppgasafe stifriarin of

phot ol i t hogriaphy; and: et;ghi ng. proced s arg condycted t ceppplishythe
patterning of the grgtiﬁg 1%%, ?hg g%@'or nﬁ?é’mavgggiJg§@1§0?@1%2? %nd t he
ot her waveguivde diffsndiorecicor daatengi t R 1B5st Bpsn 520he525raend 680, more

respectively.ln sone cases, ps 520, 525 and 5§ are.conducted | .

si mul tganeoué”fa;}’.egul?es %@arfbfﬂ The OJblF? cal9%bu gér%lfgﬁbg#{@aﬁr&ﬁ%@t ep
505), in sone enodineH s @dierapef frormidg stgrs 1520, 525 and 530, an
upper cladding layer 132 is forned on the 20 grating 115 in step 555, the

one or rBre wavedul desomgo, apodEmnthe otther wavegafde 475, Evgthetrhe
o TaLer! AR O0esaEs Seteser | DRUAPONEL o SIMATE, | ptet Shedino
cl addi ng | aygrrdi3ih ofhesidpicorel coupler 105, wherein the second light
170 has a different wavelength than the light 135.
In some embodiments, transmitting the second light
15 170 in step 420 can include a step 425 of directing the
second 1light 170 to the two-dimensional grating 115 by
passing the second light 170 through another waveguide
175 in the optical core layer 125, An end 175 of the
other waveguide 175 is optically coupled to grating 115
20 at an angle 235 such that a direction 177 of the second
light's 170 propagation in or through the other waveguide
175, including near the waveguide's end 176, is
substantially parallel with the primitive lattice wvectors
(e.g., in some cases, at least one of the rows or columns
25 210, 212). Transmitting the second light 170 in step 420
can also include a step 430 of diffracting the second
light 170 in the grating 115 such that the second light
170 exits the two-dimensional grating at the
substantially normal angle 140. For instance, the second
30 light 170 can exit the grating 115 out and above the
plane of the substrate, along the angle 140 1into an

optical fiber 160, at least a portion of which, has its



250xi de. In sone enbodi nents, manufacturing the optical device 100 further

i ncludes a step 560 of situating an optical fiber 160 above the planar
substr at ew0@011200649at an angl e 140 that is substantial |l ypoorusadionsssvhe

pl anar 30 substrate 160, such that the optical fiber 160 is optically
coupled to the two-di nensional grating 115. E.g., a long axis 165 of at

| east a portion of the fiber -27- 160 is aligned with the angle 140.1n sone
cases, of situating an optical fiber 16®2i-n step 560 can include tilting
the fiber away fromthe normal angle by an incident angle 167, e.g., to
facilitate the transm ssion 5 of particul ar wavel engt hs of Iight 135, 170,

such as di soyssed, aboviess AS fHoussed ahpyea dihe, tmp-dinpnsionale grating

115 is configured to transmt or receive the |ight 130 propaga ed t hr ough
t he opti cal f|beHRRG@thébnembnﬂ@deneﬁtstabﬂmhatﬁethbdﬂﬁﬂoseonpdlé@ghzo
fabricating tic o er_105.0n_a lan r sub trate 110 S 505) .
Fabr | cat i ng & 1te Ebt FoaP° cobpiaar 18500 cRabt O8] THETUHBS o of g as oF

t wo- di mensi Qﬂaiecgirlatg Ngnhtl5sésbep 2LYnt whiroh tacludes tferaiingnan capli cal
core Iayer 125 (step 515) on the substrate 110 and patternlng the 15

opti cal or@ﬂ%ﬁkﬂglég5(sﬁéﬁ E?GPWQJk%ﬁQﬁalﬁgrp@ﬁqg Aregeenttofthe

ol {gned wi {h Gar ot her bq e To Torr col tims. aad Foud 216, D12 sf Tho -
| i ght -refracitigre s]tTQch:em gse 2@5recF*aetnii gavnngh¢heaonpt ppalical fiber 160
to the grating 115 that the first light 135 is directed
down. Transmitting the second light 170 in step 420 can
10 also include a step 440 of diffracting the second light
170 in the grating 115 such that the second 1light 170
exits the two-dimensional grating through the above-
described other waveguide 175 in a direction that is at
an angle 235 that 1s substantially parallel to the
15 primitive lattice wvectors of the lattice defining the
locations of the nodes of the grating 115 (e.g., in some
cases, parallel to at least one of the columns or rows
210, 212 of light reflective structures 205).
In some embodiments, the method 400 can further
20 include the step 450 of reflecting a portion of the
diffracted light (e.g., the light directed in step 410)
that is scattered below the optical core layer 125 using
a reflective structure 310 located on the ©planar
substrate 110 and below optical core layer 125.
25 In some embodiments, method 400 further includes a
step 460 of filtering the light 135 directed into the one
or more waveguides 120, 122. For instance the light 135
can be passed through one or more optical filters 155
having a maximum transmission efficiency for a wavelength
30 of the light 130 and a minimum transmission efficiency
for a different wavelength of the second light 170.

In some embodiments the method 400 can include a



20 coupler (step 505) also includes patterning the optical core |ayer 125
to formthe above-descri bed one or nore wavegui des 120, 122 (step 525),
such t hatwoneilignss9145 of each of the wavegui des 120, 12PCTits2apiswal |y
coupled to the two-di nensional grating 115 and a direction of light 25 135
propagati on through the one or nore wavegui des 120, 122 woul d be
substantially non-parallel with either the rows or the colums 210, 212.
One skilled in the art would be fam liarn3w th additional steps that may be
need to conplete the 30 manufacture of the optical device 100. For

i nstance, conventional procedures can be followed to formthe photodi ode

150 can be fordpedsof bhe PIAREN SUPSIL abBekPa1- A8ma1SteR- Py g?p%%%nents
Furt her aspects of the enbodi nents of the disclosure 5 are illustrated by
the fol | ow ng @xpelBdreatso an eldptoptditabideuilce 100, coafagoeedtas a

di pl exer PIC, was |.aid out su anti al | depicted, in FIG 1. Te

devi ces 100§ﬂﬂ%§§%ﬂﬁQC§E88 o€§%n%§qr8% aEWEﬁﬁﬁaE§%x) rQﬁ%ﬁlQ%u%th. The
wavegui des 12Qht12230 1% onerend Owabeytnid28 nmdhi ck2sidd conphivdgeiode
wavegui des on a siliconon-insulator (SO) substrate 110. The phot odi ode 150

was ger mani ur QrBvin G et 4G Red He silg covsmvei ded 126:2122 with
n-doping on top gﬂnkﬂf &@rEﬁQ'g?&@%ﬂtpzﬂ%Qh%%uQ%,thﬁu?'gﬁfligdtﬁﬁ %hélcon,
e 1 ef. 1. Th

simlar to that scribed I'n e germani um region was 8x100x0.5
m crons3. Thedavkutdr nenerefanhle phot Odrdder 150 lwas rabedt iT00FhA. aéd,about

1 Volt. The phot odi,ode 150 bandwi dth wi_.th an about .50 | oad s about 5
G, ALSTTnEy ol SiTgt RCB2I GHLESbe g 20 Eranardrde. SFectrfaCter
pol ari zed, was wdrect gdat @dhe gt i ng e fiman edgetacets{mot 4ghown in
FIG 1). In other enbodi ments of the device 100, the light 170 could come

froma H8serandl reecd/ yrefmesdhistt o t he wavegui de 175. The light 170 exited

vertically into the optical fi - 60 rou gr atHng .nto this
same grating 115:2112€%$%n1%ébgﬁgﬁégﬁ%(81§ﬁfig%&ﬂ%ggjmagbgirgéﬁgé}sgﬁe t wo
ort hogonal potaardnziattiions §batthhTE-Ipdl athzedyhi ant heptfideer d60pierel105
separated and sen two wavequi des 120, 122. Each polarizati on conponent

t t
passed throuﬁﬁxﬁ)wég%)°30 ZERAUEM FREBPT eF Bfet B9 IMZIY  F i (e vEds, i ch
had a null apdiddn n@o@gge@ peak atsdd/04nmy Theclight thendqrioceeded to

t he sinqle phot odi ode 1 one pol ari zation . . .

5 light 135 towards the above-described two-dimensional
grating 115 in an optical core layer 125 (step 410). The
light 140 1is directed at an angle 140 that 1is
substantially normal to a planar substrate 110 that the
optical core layer 125 1is located on. Transmitting the

20 light 135 through the optical coupler 105 (step 405) also
includes diffracting (step 415) the light 135 in the two-
dimensional grating 115 such that the light 115 exits the
two-dimensional grating 115 into the one or more
waveguides 120, 122 that are optically coupled to the

25 two-dimensional grating 115 as described above, such that
a direction of the light's 135 propagation through the
one or more waveguides 120, 122 41is substantially non-
parallel to either the rows or the columns 210, 212.

Another embodiment is a method of manufacturing the

30 optical device. FIG. 5 presents a flow diagram showing

selected steps of an example method 500 of manufacture an

optical device such as the optical devices 100 discussed



WO 2011/ 005491PCT/ US2010/ 039403 -29- conponent i npinging on each end of the
phot odi ode 150, simlar to that described in Ref. 2 and shown in FIG 1.

In contraso200/9setii ngs that use only the X directions eCTiuseo19qmssne

| attice of the light refractive 5 structures 205, the disclosed grating 115
uses both the X and Mdirections. Using both directions allows a reduction
in the fiber tilt angle 167, as further illustrated bel ow.

FI G 6showsaschemati crepresentationlight-240 diffraction in an exanple
grating (such as the grating 115 in FIG 1) in the spatial frequency
domain. From FIG 6, the phase-matching conditions are: 27z- + k out

, Xx= k111lsin @, dpl context of FIGS. 1-3.

With continuing reference to FIGS. 1-3, the method
500 comprises a step 505 of fabricating an optical
coupler 105 on a planar substrate 110. Fabricating the

5 optical coupler 105 in step 505 can include a step 510 of
forming a two-dimensional grating 115. Forming a two-
dimensional grating 115 in step 510, in turn, can include
a step 515 forming an optical core layer 125 on the
substrate 110. For instance, in some embodiments, a

10 crystalline material layer such as mono-crystalline
silicon can be bonded to the substrate 110 in step 515.

In some cases, prior to forming the optical core
layer 125 in step 515, a reflective structure 310 1is
formed on the substrate 110 in step 517. As part of step

15 517, e.g., a metal layer can be bonded to the substrate
110 or layers of materials having different refractive
indexes can be bonded, grown or deposited on the
substrate 110 to form a distributed brag reflector

In some cases, prior to forming the optical core

20 layer 125 in step 515, a lower cladding layer 130 1is
formed on the substrate 110 in step 518. E.g., 1in some
cases a silicon oxide cladding layer 130 is thermally
grown on the silicon substrate 110, or, in some cases,
the cladding layer 130 formed directly on the reflective

25 structure 310.

Forming a two-dimensional grating 115 in step 510
also include a step 520 of patterning the optical core
layer 125 to form an arrangement of light-refractive
structures 205 (e.g., a regular 2D arrangement). For

30 instance, standard photolithography and etching
procedures can be conducted as part of step 520 to form

raised features (e.g., posts) or holes in the optical
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core layer 125 to form the light-refractive structures
205 that are aligned with each other to form columns 210
and rows 212 of the light-refractive structures 205. In
some cases, the rows 212 are relatively non-parallel to
the columns 210. For instance, the patterning step 520
can include etching holes 315 in the optical core layer
125. Each of the holes 315 can comprise individual ones
of the light-refractive structures 215. Adjacent ones of
the holes 315 in the same vrow 212 can have a same
separation distance 320, and at least one lateral
dimension 325 of the holes can be equal to about one-half
of the separation distance 320.

Fabricating the optical coupler 105 in step 505 can
also includes a step 525 of patterning the optical core
layer 125 to form one or more waveguides 120, 122. As
discussed above, one end 145 of each of the waveguides
120, 122 1is optically coupled to the two-dimensional
grating 115 (e.g., end coupled) such that a direction of
light 130 propagation in or through the waveguides 120,
122, including near the waveguides ends 145, would be
substantially non-parallel with primitive lattice wvectors
defining the lattice of the 2D grating 115 (e.g., in some
cases the either the rows or columns 210, 212). For
instance, standard photolithography and etching
procedures can be conducted as part of step 520 to form
ridge waveguides 120, 122 from the optical core layer
125.

In some embodiments, fabricating the optical coupler
105 in step 505 can also include a step 530 of patterning
the optical core layer 125 to form another waveguide 175
that is optically coupled to the two-dimensional grating

115 (e.g., end-coupled). The waveguide 175 is coupled to
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the grating 115 such that a direction 177 of a second
light's 170 propagation through the other waveguide 175,
including near the waveguides end 176) is substantially
parallel to one of the primitive lattice wvectors of the
2D grating 115 (e.g., in some cases, at least one of the
rows or columns 210, 212 of light-refractive structures
205) . For 1instance, standard photolithography and
etching procedures can be conducted as part of step 530
to form a ridge waveguide 175 from the optical core layer
125.

In some cases, the same standard photolithography
and etching procedures are conducted to accomplish the
patterning of the grating 115, the one or more waveguides
120, 122, and the other waveguide 175, in accordance with
steps 520, 525 and 530, respectively. In some cases,
steps 520, 525 and 530 are conducted simultaneously.

As part of the optical coupler’s fabrication (step
505), 1in some embodiments, after performing steps 520,
525 and 530, an upper cladding layer 132 is formed on the
grating 115 in step 555, the one or more waveguides 120,
122, and the other waveguide 175. E.g., the same
materials and processes as described above to form the
lower cladding layer 130 in step 518 can also be used in
step 555 to form the upper cladding layer 132 of silicon
oxide.

In some embodiments, manufacturing the optical
device 100 further includes a step 560 of situating an
optical fiber 160 above the planar substrate 160 and at
an angle 140 that is substantially normal to the planar
substrate 160, such that the optical fiber 160 is
optically coupled to the two-dimensional grating 115.
E.g., a long axis 165 of at least a portion of the fiber



in the material,and O is the tilt angle 167 of the fiber from

t henor mal al ong theXdirection. Eq. (1)isfor the 1577 nm wavel ength

| i ght 170, wodoHpos®)i sfort he 20 1270nmnvavel engt hl i ght 135 PEorusz@nppbeoki n, X
27cn01/ 82and koutm = 27uneff/81. A positiveO correspondsto tilting

t hefi ber 160 toward t he phot odi odel50.n01 1. 45, andneff=2.9
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160 is aligned with the angle 140. In some cases, of
situating an optical fiber 160 in step 560 can include
tilting the fiber away from the normal angle by an
incident angle 167, e.g., to facilitate the transmission
5 of particular wavelengths of 1light 135, 170, such as
discussed above. As discussed above, the two-dimensional
grating 115 1is configured to transmit or receive the
light 130 propagated through the optical fiber 160.
Some embodiments of the method 500 comprises
10 fabricating an optical coupler 105 on a planar substrate
110 (step 505). Fabricating the optical coupler 105
(step 505) includes forming a two-dimensional grating 115
(step 210), which includes forming an optical core layer
125 (step 515) on the substrate 110 and patterning the
15 optical core layer 125 (step 520) to form a periodic
arrangement of light-refractive structures 205. The
light-refractive structures 205 are aligned with each
other so as to form columns and rows 210, 212 of the
light-refractive structures 205. Fabricating the optical
20 coupler (step 505) also includes patterning the optical
core layer 125 to form the above-described one or more
waveguides 120, 122 (step 525), such that one end 145 of
each of the waveguides 120, 122, is optically coupled to
the two-dimensional grating 115 and a direction of light
25 135 propagation through the one or more waveguides 120,
122 would be substantially non-parallel with either the
rows or the columns 210, 212.
One skilled in the art would be familiar with
additional steps that may be need to complete the
30 manufacture of the optical device 100. For instance,
conventional procedures can be followed to form the

photodiode 150 can be formed on the planar substrate in
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step 570.

Experiments

Further aspects of the embodiments of the disclosure
are illustrated by the following experiments.

An optical device 100, configured as a diplexer PIC,
was laid out substantially as depicted in FIG. 1. Test
devices 100 were fabricated on an 8 inch wafer at a
commercial foundry. The waveguides 120, 122, 175 were
about 220 nm thick silicon ridge waveguides on a silicon-
on-insulator (SOI) substrate 110. The photodiode 150 was
germanium grown directly on the silicon waveguides 120,
122 with n-doping on top in the germanium and p-doping on
the sides 1in the silicon, similar to that described in
Ref. 1. The germanium region was 8x100x0.5 microns®. The
dark current of the photodiode 150 was about 100 nA at
about 1 Volt. The photodiode 150 bandwidth with an about

50 Q load was about 5 GHz.

A 1577 nm wavelength (82) light 170 being
transverse-electric (TE) polarized, was directed to the
grating 115 from an edge facet (not shown in FIG. 1). 1In
other embodiments of the device 100, the light 170 could
come from a laser directly attached to the waveguide 175.
The light 170 exited wvertically into the optical fiber
160 through the grating 115. Into this same grating 115
a 1270 nm wavelength (81) light 135 was directed. The
two orthogonal polarizations (both TE-polarized) in the
fiber 160 were separated and sent to two waveguides 120,
122. Each polarization component passed through a Mach-
Zehnder interferometer (MZI) filter 155, which had a null
at 1577 nm and a peak at 1270 nm. The 1light then

proceeded to the single photodiode 150, one polarization



the 1270 nmlight 135 signals should be rotated away from 30 each other, as
di scussed in Ref 3(VI).This rotation was - 30 - not incorporated into the
experi menweal2oopsal devi ces 100 presented here and thugcamsaddiosdsona
insertion | oss was experienced. The advantage of using both the X and M
directions 5 is that one can obtain phase matching for light signals with a
| ar ge wavel ength difference without requiring a large 0.1n conparison for a
design using only X directions for both2gavel engths and pol ari zati ons, such
as proposed in Ref. 3, one would need a = 0.49 microns 10 and 0 = 17.7. Such
a large tilt angle 167, however, would result in unacceptably | arge

pol ari zati onsdependant 11'n9§§ 1ﬁ§e%ne Gach Re%: of’ Pk &@é@focﬁ’é‘el% the
two orthogonal “|ight polarlzatlons in such a tilted fiber

similar to that described in Ref. 2 and shown in FIG. 1.
In contrast to gratings that use only the X
directions of the square lattice of the 1light refractive
5 structures 205, the disclosed grating 115 uses both the X
and M directions. Using both directions allows a
reduction 1in the fiber tilt angle 167, as further

illustrated below.

FIG. 6 shows a schematic representation light
10 diffraction in an example grating (such as the grating
115 in FIG. 1) in the spatial frequency domain. From

FIG. 6, the phase-matching conditions are:

Koux = kinx SING+ 2z (1)

a
kiqu[zzyz+[gﬁ;—hmwﬁn9jz @)

a a

15

where k 1s the propagation constant for TE polarization
in the material, and €@ is the tilt angle 167 of the fiber
from the normal along the X direction. Eg. (1) is for
the 1577 nm wavelength light 170, and Eg. (2) is for the
20 1270 nm wavelength light 135. For example, kinx =
21n.1 /82 and keur,m = 2Mnes:/81. A positive 6 corresponds to
tilting the fiber 160 toward the photodiode 150. Nep =
1.45, and nerr = 2.9 for silicon dioxide and silicon,

respectively. Solving Egs. (1) and (2), gives a = 0.59
25 um, and € = 8.7°
As apparent from FIG. 6, the light 135 exiting the
grating 115 in the M directions is slightly tilted from
the I'-M lines. Thus, the output waveguides 120, 122 for
the 1270 nm light 135 signals should be rotated away from

30 each other, as discussed in Ref 3(VI). This rotation was



(e.g.,thepolarizationwithits 15 oscillating in the plane of the tilt
reduced TE conponent as conpared pol arization. We used a cl eaved
fi ber verwDeallops49e the grating 115 to 20 |ight 135 andpcoluseaw/ os4se3
upstream |l ight index-matching oil between the fiber facet and grating
115. For one test device 100, a equal ed about 0.57 mcrons, which is
different fromthe ideal a of 0.59 mcrons nentioned earlier, and thus
there was no 0 that 25satisfies Eqs. (1)30and (2) simultaneously.A 0 of
about 2 degrees was used as a conpronise. For the 1577 nm wavel ength
downstream | ight 175 we used a |l ensed fiber (not shown in FIG 1) wth a

spot si ze Onmﬂpoghc%r?oghgégnsiﬂ@bCQNEJee&B@rhﬁQﬁEai7inhgxﬁh@ facet-cport.

30 FIG 7 shows the fiber-to-fiber transmssivity fromthe facet fiber to
t he grating ¥lberreswased edera thd 1577 mm wavel enghdl r egeentibor lags

exanpl e device 100 with -31 - e equal to about 2 degrees.FIG 7 shows the
transm ssi vi'ti%es For' WOt TE and transverse magnetic (TM pol ari zati ons.

Because the par aneiersdase: Hgd- ept ivBimg thecpeakel X notd atr L5 FécRAonBY
adj usti ng O to be about 5 5 degrees the peak was at about 1577, resulting
in the tPansii sEi%tt PREUSAEs PoFatthi BRaFEeMIainEdexiatipl 1deli 6691605 as

Th PG 8 conpared (oG T3 kel y due T e the tber 160 et 1 Fred
large 6. In comparison for a design using only X
directions for both wavelengths and polarizations, such
as proposed in Ref. 3, one would need a = 0.49 microns

10 and 6 = 17.7°. Such a large tilt angle 167, however,
would result in unacceptably large polarization-dependent
loss, (see e.g., Refs., 4, 5), because one of the two
orthogonal light polarizations in such a tilted fiber 160
(e.qg., the polarization with its electric field

15 oscillating in the plane of the tilt angle 160) has a
reduced TE component as compared to the other
polarization.

We used a cleaved fiber 160 to couple 1light
vertically to the grating 115 to deliver the downstream

20 light 135 and collect the wupstream light 175, with an
index-matching o0il between the fiber facet and grating
115. For one test device 100, a equaled about 0.57

microns, which 1s different from the ideal a of 0.59
microns mentioned earlier, and thus there was no & that

25 satisfies Egs. (1) and (2) simultaneously. A @ of about
2 degrees was used as a compromise. For the 1577 nm
wavelength downstream light 175 we used a lensed fiber
(not shown in FIG. 1) with a spot size of about 2.5
microns to couple the light 175 to the facet port.

30 FIG. 7 shows the fiber-to-fiber transmissivity from
the facet fiber to the grating fiber, measured in the

1577 nm wavelength region, for an example device 100 with



10 further fromthe normal,

resulting in less coupling of scattered |ight

fromthe ends of the grating 115, where phase-matching plays less of a role

and |i ghtwop=ogenewal |y scattered in the nornal
responsivity fromthe grating 15 115 to t he phot odi ode 150,
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upstream signal fromthe downstrea naI G. 10,shows th asured net
r esponsi vi ty 61 THe P ot Dt 1507 ¢F 1 wh@ PR RE°BROEOGTSAET i n
the 1577 nm100, as shown in FIG. . improved polarization

extinction ratio in curve shown in FIG. 8 compared to

FIG. 7 is 1likely due to the fiber 160 being

tilted

10 further from the normal, resulting in less coupling of

scattered light from the ends of the grating 115,

where

phase-matching plays 1less of a role and 1light 1is

generally scattered in the normal direction.

FIG. 9 shows the net responsivity from the grating

15 115 to the photodiode 150, in the 1270 nm wavelength

region, for an example device 100 with 6 equal to about 2

degrees. The net responsivity includes the

fiber's 160 coupling. The peak responsivity

optical
equaled

about 0.1 A/W at about 1270 nm, which corresponds to an

20 excess loss of ~10 dB, considering that the

ideal

responsivity would be about 1.0 A/W. An estimated loss

25

30

break down is as follows: 5.5 dB from the grating 115,
3.0 dB from the MZI filter 155, and 1.5 dB from the
photodiode 150 responsivity. The test grating's 115
losses were comparable to losses using the X direction
only and shows that the disclosed method of using the M
direction of a grating 115 is successful.

The photodiode 150 response in the downstream fiber-
to-fiber transmission case was observed by launching 1577
nm wavelength light 175 from the lensed fiber through the
waveguide 170 and collecting it with the vertical fiber

160. This quantifies the on-device optical isolation of



wavel ength region for an exanple device 100. An 5 isolation of about 20 dB
was observed. Part of the |leakage is |likely due to scattered |ight at the
facet frowotha/ds4der coupling, as determ ned by noting trhe/yshavosuns ent
when the |l ensed fiber is decoupled, and part of the | eakage is due to
scattering by the grating 10coupl er. Anot her experinment was perfornmed
usi ng an exanpl e device 100 configuration as showmn in FIG 11A wth e equal
to about 2 degrees. FIG 11B shows, for-3he device depicted in FIG 11A a
measured bit-error rate versus 15 the received optical power in the fiber
just before reaching the grating, and, the inset diagrans present exanples

of optical f%ﬁéﬁmag né?ak?oﬁf thQ0 Psfflihedn) Ghig 3D, havkAg ao

wavel ength of 1270 nm was 20 |aunched froma distributed feedback | aser
1110, d|recmhpWﬂxnh@um¢B$@I§ﬁ n@ﬁpseﬂggmanw@hybof sbquehcesdiPRBS1 56f

231-1 at a d snls ion r f 3 |nt the gratin 5. The
| aser Ilght assed t ro&&ﬁ G%Q%ﬁ p&larF%gtlgR%ichWbler
1115 and a wv@tﬁrﬁ;t% opidLah atbenuahor ekba@lbaef dsre ering. t he device

100. The optlcal fiber's 160 position was adjusted laterally with respect
to the gPatilfPlBIE Ao PifndebAet| ottt F6n BFS mASRAMLH ar i Zatt orkdepéfident

loss. Thi's lneatian vas annroxi aately, 3.d8.Laver |11 diospopsivid y sgaupar ed

to the 30 Iocatlon wi th opti coupl i ng one pol ari zation hi's
addi ti onal |fossn cabled bebeedmmmplmn@podM2|dgtehmlgedtnmg B, ir(seehe. g.,
Ref. 3)(VlI). FIG 11B sho bi t erro rate (PER) versus
t he recelveﬁqﬂﬁQQﬁﬁr?ﬂﬁma ?qrﬁﬁﬁmi%?%%Q g%%erjbgtdﬁg?BP egheaB&apﬁﬁ 115)

wi t hout and du t hifche 1palkagiezat songser apbl eécé]t]tlesritrgj ned, O&heTh%rlaeza@ Wit h
the pol arization scranbler on equaled 5 about 1.3 dB at 10-9 PER Th|s | ow

| oss shdfls tdratrkede di scl osed pol arization diversity schene is effective.
The foll ow ng feE§¥%ﬂ%§? %&@e&@ 8EQ°fﬁ%§GgQ§&§hﬂlfg Lhehy et tebiple

1. J. Wang, et al vanescent - coupl e

phot odet ect aissanSi - waveguodeit hSEGeard shown in FIG. 11A with 6
equal to about 2 degrees. FIG. 11B shows, for the device
depicted in FIG. 11A, a measured bit-error rate versus
15 the received optical power 1in the fiber Jjust before
reaching the grating, and, the inset diagrams present
examples of optical power output at a scale of 100

ps/div.
Light 135 having a wavelength of 1270 nm was
20 launched from a distributed feedback laser 1110, directly
modulated (e.g., a pseudorandom bit sequences, PRBS, of
2°'-1 at a data transmission rate of 3 Gb/s), into the
grating 115. The laser light 135 signal passed through a
mechanical polarization scrambler 1115 and a variable
25 optical attenuator 1120 before entering the device 100.
The optical fiber's 160 position was adjusted laterally
with respect to the grating 115 to find the location of
minimum polarization-dependent loss. This location was
approximately 3 dB lower in responsivity compared to the
30 location with optimized coupling for one polarization.
This additional 1loss could be reduced by apodizing the
grating 115, (see e.g., Ref. 3)(VI). FIG. 11B shows the
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Although the embodiments have been described in



a substrate having a planar surface and having an optical core thereon; a

t wo- di nensi onal grating located in the optical 5 core, said two-dinensional
grati ng beongifossmed by a regul ar two-di mensi onal pattePoTafs2010/039403
light-refractive structures, one of said light-refractive structures being
| ocated at each node of a regular 2D lattice located in a laterally bounded
region, and 10first and second optical wavegui des bei ng on the pl anar
substrate and havi ng ends end-coupl ed t-@4t-he two-di mensi onal grating, the
first optical wavegui de being such that a direction of propagation near the
end thereof is substantially along a primtive lattice vector of said 15 2D
lattice, thesecond optdigcal yavegude, bei ngisuch that 1gcdi Lecti apoghig
propagation near the end thereof is not-parallel to a primtive lattice
vector of sairdlamgndrat 2Dhbéat titleey 2020THel demike ofvatiaium 1, chanvker
conpri si ng: ..a . third optjcal wavegui de being on the planar substrate
and havi ng. @R SH EBUpPEd + BLEREAEABDH HasT el GP St g CCPRE CERPY d
optical waveguirde-Hei SpsUCY tiat @ direatdeon of propagation near the end
thereof 25 is substantially along a different primtive lattice vector of
said 2D lattice. 3.The device of claim2, wherein one of said one O
nore wavegui des carries a first polarized portion of 30 said |light and

anot her of said one or nore wavegui des 36 carries a different second

pol ari zed portion of said light. 4. The device of claim3, wherein said

pol arized 5 portions of said |ight are separately directed by each one of
said two wavegui des to different ends of a photodiode integrated in said
optical device. 5. The device of claim1, further including an 10 opti cal
fiber oriented to direct lIight towards said planar surface of the planar
substrate such that said directed |ight passes into the two-di nmensional
grating.
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IN THE CLAIMS:

1) An optical device, comprising:

a substrate having a planar surface and having an optical core thereon;

a two-dimensional grating located in the optical core, said two-dimensional grating being
formed by a regular two-dimensional pattern of light-refractive structures, one of said light-refractive
structures being located at each node of a regular 2D lattice located in a laterally bounded region, and

first and second optical waveguides located in different portions of the optical core and in a
same plane as the optical core, and having ends end-coupled to the two-dimensional grating, the first
optical waveguide being such that a direction of propagation through the laterally bounded region is
parallel with the planar surface and near the end thereof is substantially along one of two primitive
lattice vectors of said 2D lattice, the second optical waveguide being such that a direction of
propagation through the laterally bounded region is parallel with the planar surface and near the end
thereof is not-parallel to said primitive lattice vectors of said regular 2D lattice; and

a third optical waveguide being on the planar substrate and having an end end-coupled to the
two-dimensional grating, the third optical waveguide being such that a direction of propagation near

the end thereof is substantially not parallel to said primitive lattice vectors of said 2D lattice.

2) The device of claim 1, wherein the third optical waveguide is located in different portions

of the optical core and in a same plane as the optical core on the planar substrate.

3) The device of claim 1, wherein one of said one or more waveguides carries a first polarized
portion of light and another of said one or more waveguides carries a different second polarized

portion of said light.

4) The device of claim 3, wherein said polarized portions of said light are separately directed

by two different ones of said waveguides to different ends of a photodiode integrated in said optical

device.
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5) The device of claim 1, further including an optical fiber oriented to direct light towards said

planar surface of the planar substrate such that said directed light passes into the two-dimensional

grating.

6) The device of claim 5, wherein an axis of an end-portion of said optical fiber is tilted by an

angle of about 2 to 10 degrees with respect to a normal vector to said planar surface

7) An optical device, comprising:

a substrate having a planar surface and having an optical core thereon;

a two-dimensional grating located in the optical core, said two-dimensional grating being
formed by a regular two-dimensional pattern of light-refractive structures, one of said light-refractive
structures being located at each node of a regular 2D lattice located in a laterally bounded
region, and

first and second optical waveguides being on the planar substrate and having ends end-
coupled to the two-dimensional grating, the first optical waveguide being such that a direction of
propagation near the end thereof is substantially along a primitive lattice vector of said 2D lattice, the
second optical waveguide being such that a direction of propagation near the end thereof is not-
parallel to a primitive lattice vector of said regular 2D lattice, and wherein the two-dimensional
grating is configured to couple light of a first wavelength from the optical fiber to one of the optical
waveguides and to couple light of a second wavelength to the optical fiber from the other of the
optical waveguides and a wavelength of said light is equal to about :anes/V2, where a is a center-to-
center distance between adjacent ones of said light refractive structures and nef is an effective

refractive index of said two-dimensional grating.

8) The device of claim 1, wherein said regular 2D lattice has

either said primitive lattice vectors of different lengths or said primitive lattice vectors that are

neither parallel nor perpendicular.
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9) The device of claim 1, wherein the two-dimensional grating is
configured to couple light of a first wavelength from an optical fiber to one of the optical waveguides
and to couple light of a second wavelength to the optical fiber from the other of the optical

waveguides.

10) An optical device, comprising:

a substrate having a planar surface and having an optical core thereon;

a two-dimensional grating located in the optical core, said two-dimensional grating being
formed by a regular two-dimensional pattern of light-refractive structures, one of said light-refractive
structures being located at each node of a regular 2D lattice located in a laterally bounded
region, and

first and second optical waveguides being on the planar substrate and having ends end-
coupled to the two-dimensional grating, the first optical waveguide being such that a direction of
propagation near the end thereof is substantially along a primitive lattice vector of said 2ID lattice, the
second optical waveguide being such that a direction of propagation near the end thereof is not-
parallel to a primitive lattice vector of said regular 2D lattice, and wherein the two-dimensional
grating is configured to couple light of a first wavelength from the optical fiber to one of the optical
waveguides and to couple light of a second wavelength to the optical fiber from the other of the
optical waveguides and a wavelength of said second light is equal to about .@'Itesr, where a is equal to
a periodic center-to-center distance between adjacent ones of said light-refractive structures in a

given primitive lattice vector and n.g an effective refractive index of said two-dimensional grating,

11) The device of claim 10, wherein said light, having a first wavelength, is
transmitted to said two-dimensional grating through an optical fiber located above said planar
substrate, and said second light, having a different second wavelength, is transmitted out of said two-

dimensional grating at said angle and into said optical fiber.

12) The device of claim 11, wherein said a and said angle have values that

simultaneously satisfy the relationships:
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koux =Ky SING + 2z » Where &y, x = 2nng/(A2) and k_,, = 2mn/(A2), and
: . - :

2 2
2 2z .
Ko = [_aﬁ] +["-;" =~ ki pg S 9] , where &, = 2mn/(M) and ko = 2mne/(A1), and,
where A1 is said first wavelength, A2 is said second wavelength, and @ is an incident angle of said

angle away from a normal angle to said planar substrate.

13) An optical device, comprising:

a substrate having a planar surface and having an optical core thereon;

a two-dimensional grating located in the optical core, said two-dimensional grating being
formed by a regular two-dimensional pattern of light-refractive structures, one of said light-refractive
structures being located at each node of a regular 2D lattice located in a laterally bounded
region, and

two or more optical waveguides located in different portions of the optical core and in a same
plane as the optical core and having ends end-coupled to the two-dimensional grating, such that for
at least one of the optical waveguides, a direction of propagation near said end thereof and through
said laterally bounded region is substantially along a non-primitive lattice vector of said regular 2D

lattice.

14) A method of using an optical device, comprising:

transmitting a light through an optical coupler, including:

directing said light towards a two-dimensional grating in a optical core layer, said light being
directed at an angle that is substantially normal to a planar substrate that said optical core layer is
located on, wherein said two-dimensional grating being formed by a regular two-dimensional pattern
of light-refractive structures, one of said light-refractive structures being located at each node of a
regular 2D lattice located in a laterally bounded region; and

diffracting said light in said two-dimensional grating such that said light exits from said
laterally bounded region to said two-dimensional grating into first, second and third optical
waveguides being on the planar substrate and in a same plane as the optical core layer and having

ends end-coupled to different portions of the two-dimensional grating,
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the first optical waveguide being such that a direction of propagation there-through is
parallel with the planar surface and near the end thereof is substantially along one of two primitive
lattice vectors of said 2D lattice,

the second optical waveguide being such that a direction of propagation there-through
is parallel with the planar surface and near the end thereof is not-parallel to said primitive lattice
vectors of said regular 2D lattice, and

the third optical waveguide being such that a direction of propagation there-through is
parallel with the planar surface and near the end thereof is not-parallel to said primitive lattice

vectors of said 2D lattice.

15) The method of claim 14, wherein said propagation direction of said light is

reversed,

16) The method of claim 14, further including transmitting a
second light through said optical coupler, wherein said second light has a different wavelength than
said light, said transmitting including:

directing said second light to said two-dimensional grating by passing said second

light through said third optical waveguide.

17) The method of claim 14, further including, transmitting a
second light through said optical coupler, wherein said second light has a different wavelength than
said light, said transmitting including:

directing said second light to said two-dimensional grating, said second light being
directed at said angle; and

defracting said second light in said two-dimensional grating such that said second

light exits said two-dimensional grating through said a third optical waveguide.

18) A method of manufacturing an optical device, comprising:
fabricating an optical coupler on a planar substrate, including;
forming a two-dimensional grating, including:

forming a optical core layer on said substrate;
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patterning said optical core layer to form a periodic arrangement of light-
refractive structures, one of said light-refractive structures being located at each node of a regular 2D
lattice located in a laterally bounded region; and
patterning said optical core layer to form first, second and third optical
waveguides on the planar substrate and in different portions of the optical core layer and having ends
end-coupled to the two-dimensional grating,
the first optical waveguide being such that a direction of propagation near the end
thereof and through the laterally bounded region is substantially along one of two primitive lattice
vectors of said 2D lattice,
the second optical waveguide being such that a direction of propagation near the end
thereof and through the laterally bounded region is not-parallel to said primitive lattice vectors of
said regular 2D lattice, and
the third optical waveguide being such that a direction of propagation there-through is
parallel with the planar surface and near the end thereof is not-parallel to said primitive lattice

vectors of said 2D lattice.

19) The method of claim 18, wherein patterning of said optical core layer to
form said periodic arrangement of light-refractive structures further includes etching holes in said
optical core layer, each of said holes comprising individual ones of said light-refractive structures,
and wherein adjacent ones of said holes in a same row have a same center-to-center separation

distance, and at least one lateral dimension of said holes equals about one-half of said separation

distance.





