COUPLING BETWEEN FREE SPACE AND OPTICAL WAVEGUIDE USING ETCHED COUPLING
SURFACES 5 Cross-Reference to Related Applications This application claims the benefit of US
Provisional WEhHHIASEH. 61/007,394 filed December 12, 2007 and US PRAKISRAIEMSREAtIon No.
61/062,923 filed January 30, 2008. 10Technical Field The present invention relates to an arrangement
for coupling GOUANCING BEIWVIPEDAFREESSRAISEAAN DOPT PaA YeAY EG tHD BIUSENGH of etched
coupling facets along an optical W RNEHEBCNIIIINGSBREAFI M of the Invention  Coupling light
into (and/or out of) an optical waveguide is a key requirement for any optical or opto-electronic
integrated circuit arrangement. Several approaches commonly used in the art include, for example,

gratlngscow},g@_m,rfg,@},@@up@@@gQ neakitas couplers (i.e., coupling into an optical facet along an
endface of an optjcal ZOsubstra ). End-fire ¢ up [ examp |nto anar ture formed
on an optical subStFBPBHEIL %ﬁgé b S|'rtnpllrﬂ% lf,)rovdseol')] g‘tl)\P di S oper §I%r§?%§(potentlally)
polarizatiorﬁlmlj@pMMldpéﬁ@ﬂmdSﬁerls&mhﬁlmlmtmmléle.@m@%\?afﬂ@dalpeua‘m compact mode
conversion; Py aheR. Almeida et al., appearing in Optics Letters, Vol. 28, No. 15, August 1, 2003.
250ne remaining difficulty with end-fire coupling, however, is the need for facet preparation of the

waveguide at the endface of the optical substrate. In order to maximize coupling efficiency between a
free sppce ﬁ}gﬁﬁ,!c@nﬂ',m waveguide, the endface facet of the waveguide substrate should be as

smooth as possm# (i.e., "optically smooth' g]so as to I|m|tt effects of, scatt%rlréi afgd reflections. In

most conventiona e gv%ﬁ?&re&ﬁg ifgle] %ﬁ%ﬁ%?‘%?é‘év?ﬁé%‘;? P§tl'8§1° e Us8ub create the

waveguideogridihea fegetcFadetrpodi phitigyladyy e ére igilizathm obesietingyplacegsdtsat is not

consldereda 19, (? %%ﬂﬁk’l o] pyle! q@éeexw c[;;ow -cost, wafer-scale production. The cleaving process has
n

" its own limitations, primarily aSsociated with cleaving a crystalline material with the crystal cleavage
planes required for the input/output coupling locations.

15 Background of the Invention
Coupling light into (and/or out of) an optical waveguide is a key requirement for
any optical or opto-electronic integrated circuit arrangement. Several approaches
commonly used in the art include, for example, grating couplers, prism couplers and
“end-fire” couplers (i.e., coupling into an optical facet along an endface of an optical

20  substrate). End-fire coupling, for example, into a nanotaper structure formed on an
optical substrate offers advantages of simplicity, wide bandwidth of operation and
(potentially) polarization independent operatioﬁ. See, for example, an article entitled
“Nanotaper for compact mode conversion” by V. R. Almeida et al., appearing in Optics
Letters, Vol. 28, No. 15, August 1, 2003.

25 One remaining difficulty with end-fire coupling, however, is the need for facet
preparation of the waveguide at the endface of the optical substrate. In order to
maximize coupling efficiency between a free space signal and the waveguide, the
endface facet of the waveguide substrate should be as smooth as possible (i.e., “optically
smooth”) so as to limit the effects of scattering and reflections. In most conventional

30 systems, optical polishing and/or cleaving operations are used to create the waveguide
endface facet. Facet polishing, however, is a time consuming process that is not
considered to be readily compatible with low-cost, wafer-scale production. The cleaving
process has its own limitations, primarily associated with cleaving a crystalline material

with the crystal cleavage planes required for the input/output coupling locations.



Thus, a need remains in the art for providing optically smooth coupling facets in a manner that is
compatible with low-cost, wafer-scale production. 5 Summary of the Invention The need remaining
in the prior OSWAWESEE by the present invention which relates to an arrBRgaHsMBeGSupling into
and out of an optical waveguide and, more particularly, to the utilization of etched coupling facets
along an optical wweguitedredfams. il 0in at tordrvaEngitiptina Ipremesthinveplimgfagepiasma-based

etching proggss /iR ured{esReairallFhans she eadiacaiobibguerdical substrate supporting the optical

waveguide into a contoured facet which will improve coupling efficiency. The ability to use standard
photolithographic techniques to pattern and etch the optical endface facet allows for virtually any
desired facet geometry to be formed - and replicated across the 15surface of a wafer for the entire

group (gf asggmblieséaggglfabricated. In one embodiment, a precisely curved contour is etched

into the sub2tf&teEh lﬁ'é’l‘ﬁ"g"g\"properly-defined photolithographic mask so as to create a "lens"

coupling feature, Withnged fgmimommmimsem@gwwmmmm theeprvarwbielrs of the optical
waveguide g the HIRFFAINGITRE SRATH SIARAINBYfEkG AbHSINA AR afgichRdhased fabrication

process, multiple "lens" elements may be formed and used in ‘a compound configuration. Alternatively,
an angled RREEWAY D TBFHaLFalonP tsebstbeaue!ingifiactie Aorger anilsenttss@idiect
reflected/scatiered signals away from the optical axis. Advantageously, the use of an etch process to

form the angled facet (as,compared to Prior art polishin {cleav'nggdprowdes improved control and
accordanc th the present lr%v tion ar% as ?ﬁ a ching pro efss 'ﬁ use o
accuracy of the 25angle created with respect to the plane or the endface.“Specifically, the limitations

associatedtwmci’éavlMg@@@t@ﬂlﬂfa@léddfﬁ@uimysthmgmmwmage@ismihﬂinated by using an etch
process in ecoEdRRGRYVARIB RESEN: RYENIRN! imprdtd:BELAHYRARRGSS hRUGSRNJnvention that

the use of an etching technique to prepare the coupling facet allows for a plurality of Coupling facets to
be simultartsdSeRAaskBhoelthasap f 5 brians i pitleL e iehdhsirptical grdfate &sfface. Indeed, the
patterning anewatesingtpaasessek dianrios peoaisaalighemhkiciwae rephchtedavrgsitie endface and

its as%gdatseucrlfg&ugfl g‘%g e o;?hte):eer%?rke“gyoeu%' of assemblies being fabricated.

In one embodiment, a precisely curved contour is etched into the substrate
endface using a properly-defined photolithographic mask so as to create a “lens”
coupling feature, with the focal point of the lens selected with respect to the parameters
of the optical waveguide and the propagating free space signal. By virtue of using an

20  etched-based fabrication process, multiple “lens” elements may be formed and used in a
compound configuration. Alternatively, an angled facet may be formed along the
endface, with the angle sufficient to re-direct reflected/scattered signals away from the
optical axis. Advantageously, the use of an etch process to form the angled facet (as
compared to prior art polishing/cleaving) provides improved control and accuracy of the

25  angle created with respect to the plane of the endface. Specifically, the limitations
associated with cleaving along only well-defined crystallographic planes is eliminated by
using an etch process in accordance with the present invention.

It is an advantage of the present invention that the use of an etching technique to
prepare the coupling facet allows for a plurality of coupling facets to be simultaneously

30 formed for an array of waveguides formed along a substrate surface. Indeed, the
patterning and etching processes allow for precise alignment between each waveguide
endface and its associated coupling facet to be achieved.

It is an aspect of the present invention that the use of plasma etching in facet

preparation allows for wafer-scale processing to be used. That is, the entire wafer (or a



It is an aspect of the present invention that the use of plasma etching in facet preparation allows for
wafer-scale processing to be used. That is, the entire wafer (or a portion thereof) may be patterned
and etched WMQAOEPSES form a specific endface contour for each optical RSEMBIYfMIested across
the wafer. These facets will be essentially uniform, an improvement over using the polishing/cleaving
processes pétiven phive clitnidlobe pactertied andatidwmdintbee spiical foouping ddftetadfathe wafer level allows

sfor wafer-ieyelPRINAdp i PO ALIFRUGAAGAN AU GRIMPIRXIY jieD, arppared with prior ar

processes requiring facet preparation and testing at the individual component level. In a preferred
embodimeRESTREAHBHEAIS b &t ABePrS e B SRS Bt RebTinaEiRmy ingipsoeesstsfttBgstem, such as

an Si/Si02 pyistem. -Nisereie R teatibiher it aptitarsb b ased aplical sistrme (e wbbreviation
"SQol" r?fer(‘jnqvtofsiicon-on:insul tor). thic?gtrefgrre embo&imen , it is further considered preferred
to have the 8ntiFace DFHE IR g ?c?gré%r 1 BLISR S h S h A ORI B BEFR AP TRAE e, particularly if
the waveguitld jsiformgudressemregtapeg (enpetparafioatas] sistoe reftizctivividdek discontinuity between
the silicon §H‘Q§g§égt@5§:5) and the surrounding ambient (air, 15n=1) is greater than the discontinuity
between silicon (n=3.5) and silicon dioxide (n=1.5), a larger portion of an incoming free space

propagating signdM Wil BE ISt ByLediternti anpfire st the soBwregeniefentigice is exposed to the
ambient. It igfigehe: undisr stpadsthgueresutimadsthe Sisiedassd fagetdrsaRraratianneraceass of the

present inventian is equally applicable to other. silicon-based optical systems, such as those 20utilizing
siliconpé)xyr?l r|§(§ep' ?Sselﬁc?@ﬁ%ﬁiﬁg%t%]aqé ﬁ%’ﬁ?@ﬁ'%t}?gngégrﬁerﬁ?gfrgﬁet%?éc 2PRARBESE?-configuration is
cops_ideredlwlbe_mﬂ&‘emmm hmdhael’lh_étchpﬂc‘&lmi@ml iprideged amblafuerthe leimhtfane\szﬁSMOupling
efficiency %O&L@éig@%ﬂk@@@%%%ﬁaﬁ?oﬂ%%%ﬂlﬂ%é?l&’%ﬁ’&‘,’%hi%ﬁlh‘ﬁ Pl nanotaper is

considered to be optional and not required for utilization of the etc acet preparation process of the
25present MOEEHHS, is formed in a nanotaper geometry. That is, since refractive index

discontinuity between the silicon substrate (n=3.5) and the surrounding ambient (air,
15 n=I) is greater than the discontinuity between silicon (n=3.5) and silicon dioxide
(n=1.5), a larger portion of an incoming free space propagating signal will be lost by
scattering and reflecting if the waveguide endface is exposed to the ambient. It is to be
understood, however, that the etched-based facet preparation process of the present
invention is equally applicable to other silicon-based optical systems, such as those
20  utilizing silicon oxynitride or silicon nitride waveguiding arrangements.

The use of a nanotaper configuration is considered to be preferable in that the
optical mode size is larger and further improves coupling efficiency and alignment
tolerance with the optical mode. However, the use of a nanotaper is considered to be
optional and not required for utilization of the etched facet preparation process of the

25  present invention.

Other and further advantages and embodiments of the present invention will

become apparent during the course of the following discussion and by reference to the

accompanying drawings.

30
Brief Description of the Drawings
Referring now to the drawings,
FIG. 1 is a top view of a conventional prior art “end-fire” nanotaper waveguide

coupling arrangement;



Other and further advantages and embodiments of the present invention will become apparent during
the course of the following discussion and by reference to the accompanying drawings. 30 Brief
Description WXRE8pWENH¥gs Referring now to the drawings, FIG. 1 is a B§FHEWN W I6hventional
prior art "end-fire" nanotaper waveguide coupling arrangement; FIG. 2 is a top view of an exemplary
“nanotaper waveghlte Zouplopy avenyeneeai platy dingtape e telneg wdepling fecatrdoperechin accordance
with the pr i ion: | lj ' f ; ich may be
processed?ﬁ%@é}%gg%%gﬁgkgy thlg%gégfgag(}%@%ﬁ%%%ng%ﬂ?gfﬁo%gFggllgsﬂ%ﬂﬂﬁggﬁgﬁnbed therein; 5FIG. 4
is a graph illustrafitig-thés insrsveinehy ipncolpline emerirsieethisbinmeds e Easet@ngement of FIG.

1 and the inyent\susiigtore:@iddfeets on ablra g ontpnsastaR viRwBfrRel e ative embodiment of
the preient invenE n, in this case for use with a standard opticallé?l/ga\%?éguide endface (that is, not a

nanotaper couplef) And 'S3rABRYHY S5 HRRIOKHBRAY FAEP S 3RS T rocess:
10FIG. 6 ispaiside viewgshantalfdittativendnigdddviacatarractgeno€ RMIGf 2he present invention, in this case

with the angle cregyiacinde plane o ihe SUNSIRIR ENEASEsm FIGr SRR MiswREyet another

embodiment of the present invention, Illustrating the formation of an etc curvature along the
substrate etidfiteass fornraMdhsetandarsiog iratatveguide endface (that is, not a nanotaper

coupler) and comprising a front-to-back angled facet, created with a etching process;

10 FIG. 6 is a side view of an alternative angled facet arrangement of the present
invention, in this case with the angle created in the plane of the substrate endface;

FIG. 7 is a top view of yet another embodiment of the present invention,
illustrating the formation of an etched curvature along the substrate endface to form a
lensed coupling facet;

15 F1G. 8 illustrates a compound lensed coupling facet formed using a pre-defined
pattern and subsequent etch process to create each desired contour along the optical axis
between the waveguide and substrate endface;

FIG. 9 is a top view of an array embodiment of the present invention, in this case
with a plurality of curved facets formed with an etch process in a manner where each

20  facet is aligned with a separate waveguide within a waveguide array;

FIG. 10 is a top view of a prior art optical system including an off-chip laser
transmitter and focusing element as used in conjunction with a nanotaper waveguide
formed on an optical substrate, indicating problems associated with reflections that will
be re-directed back into the laser component;

25 FIG. 11 is a top view of an arrangement of an optical system formed in

~ accordance with present invention where the endface facet of the optical substrate is
contoured by an etch process to de-focus any reflected signal and direct it away from the
active region of the laser transmitter;

FIG. 12 is a top view of an alternative optical system of the present invention,

30  formed to include an angled facet formed using an etch process to direct a reflected beam
away from the optical axis; and

FIG. 13 illustrates an alternative embodiment of the configuration of FIG. 11, in

this case where the nanotaper is angularly disposed to improve coupling efficiency.



15FIG. 8 illustrates a compound lensed coupling facet formed using a pre-defined pattern and
subsequent etch process to create each desired contour along the optical axis between the waveguide
and substralEHWHEES88 F|G. 9 is a top view of an array embodiment of tReTp¥e3d# indashtion, in this
case with a plurality of curved facets formed with an etch process in a manner where each 20facet is
aligned with a separate waveguide within a waveguide array; FIG. 10 is a top view of a prior art optical
system inc%g}(;}geg%gvff;g}}g laser transmitter and focusing element as used in conjunction with a
nanotaper waveguide fofmed on an optical substrate, indicating problems associated with reflections
that will be re-dirddfed! baakdpto eheofzseereotnlsonepticasmbsirated Hadiaineiidn drrangement of an

optical systgmcarmeein RCEVFRAGR VIR IRIES e ALY aAMNIBIE-BR eNHare fassthpdthe optical
substrate is,contoured by an etch process to de-focus any reflected signal and direct it away from the

active regidiP S48 fadb iSRRG fOETRS PLOPRSES Rf RGBSR LA STHEHORRA" SPLERl system of the
present invenkioate I0koanmsdi toastd sdes amangteslifaged basmiageu sifgl@nretabt phosesa to direct a

reflected begm awaxom dhe oRfieal i ELPad R llysiiales analismalve smpogient of the
configuration o G, 11, in'this"case where the nanotaper is angularly disposed to improve coupling

efficiency. DaiREDAsEiBION layer B5iGn the ey gt apinslempial BiviedsrensBitkte | formed to
include an gptisakiyavemydec MY chraiea BEides @yeapptaper transition region 3 and a nanotaper

10 Using conventional CMOS processing technology, optical waveguide 2 (as well
as adjoining regions 3 and 4) are formed within SOI layer 6. The remainder of the
exposed surface in this top view is, therefore, BOX layer 5. As mentioned above, one

_ prior art technique for preparing nanotaper tip region 4 to receive an optical signal is to
polish the endface of the optical substrate. In the arrangement of FIG. 1, this would

15 require polishing endface 7 of substrate 1. Inasmuch as conventional polishing
techniques (such as, for example, chemical-mechanical polishing systems) cannot control
the endpoint of the polishing process to submicron dimensions, nanotaper tip region 4
needs to be formed of a predetermined length L to accommodate for this polishing
inaccuracy. While needing to provide this additional tip region, the prior art polishing

20 method also suffers from the scattering and reflection problems discussed above.
Formation of the endface facet using a prior art cleaving process also suffers from
drawbacks, particularly related to locating and defining the crystalline plane used to
create the cleave.

It is to be understood that the prior art illustration of FIG. 1, as well as the

25  remaining drawings illustréting the present invention, do not illustrate every feature of
the final structure (for the sake of clarity). In particﬁlar, a dielectric layer is usually »
included as a top, covering layer (referred to as an “interlevel dielectric layer” or “ILD”
in the art), but is not illustrated so that waveguide 2 is visible in a top view.
Additionally, it is to be understood that while the prior art arrangement of FIG. 1 and the

30 following drawings describe the use of an “SOI structure” and/or “SOI layer”, the etched
coupling facets of the present invention may be used with other material systems within
which optical waveguides are formed including, but not limited to, silicon oxynitride

optical waveguides or silicon nitride optical waveguides.



5tip region 4. It is presumed for the purposes of the present discussion that optical substrate | is an
SOl-based substrate comprising a base layer of silicon (not shown in this top view), an overlying
dielectric (s@REIIKITRSEP layer 5 (also referred to as "buried oxide layer 5" BETAGXOMHKMEE®Sin the
following) and a single crystal, sub-micron thick silicon surface layer 6 (also referred to as 501 layer 6).
10Using conventibial Te@& isrouesksirg tecttrfotowy, io pticaddamecyiiiddEptaseniativestiadjoining regions
3 and 4) are, (aemRd WP SR EPod NG ISIVRIAE AldR%EXERRRbSHIACEIM NG oP view is,

therefore, BOX layer 5. As mentioned above, one prior art tec nlgue for preparing nanotaper tip region

4 to receiveRiifHptRYAesigRdOiss e punas fREMsHdraeSSiliie St dubSrkasedraisdrangement of
FIG. |, this yyaulethahe guitieHnlsiisg £4ilidas ® abécob et stadRobninasab e Brextional polishing

techniques, (such as, for .example, chemical-mechanical poli ain systems) cannat control the endpoint
ot the porehiie Dbo SR G are PR ABIDe] U 1L I be formed of

predeterminatblapeythahsic aresgombolatb der ahiispadistialgpiratdourscyf Whitetapeading to provide this
additional tip region 'iﬁ@%m&‘iﬁ%@@l{%‘ﬂg%hm%ezgﬂﬂﬁgl‘%@éss‘?z%ﬁﬁ{é&igB?iﬂEQQQﬂﬁt&r'ﬁE‘g and reflection

problems discussed above. Formation of the endface facet using a prior art cleaving process also
suffers frorﬁedFQ\ﬂ/backs, particularly related to locating and defining the crystalline plane used to create
the cleave. It is tolbecdodrrstoaiithné theserionaritibhsiiatiefuehbl chdwasnyeth as the 25remaining

drawings illustrating the present invention, go.not.illustrate every feature.of the final structure (for the
ke O ciat S o A B e R R LB OL B o (rterred to
as an "inteéveirdigleater HetyergrordibBpdntthesisic), logiois odrtl idatedcsodleat fasa@Quide 2 is visible

in a top view, SAAINQAZNYY BdRitth & PRETSIORICHRLWE S REIQT.ALLATiaRAMALT Of FIG. 1 and the
30following drawings describe the use of an "501 structure"‘and/or "SOI layer", the etched
material — including both BOX layer 14 and the overlying ILD layer (not shown) — are

removed by the etching process. The remainder of this discussion will thus refer to the

15 removal of the “waveguide cladding material”, which is understood to include both BOX
layer 14 and any overlying ILD cladding layer which may be presented. Again, as
mentioned above, the etched coupling facet of the present invention may be used with
other types of optical waveguides, such as silicon nitride waveguides or silicon
oxynitride waveguides.

20 A conventional patterning technique is used to define the boundaries of shaded
portion S, so that a like area may be removed from each optical assembly formed across
an entire wafer (see FIG. 3 for a wafer-level illustration, showing a plurality of patterned
areas to be removed to form coupling facets). Indeed, and as will be discussed in detail
hereinbelow, the specific geometry (variously referred to also as “contour”) of the region

25  removed by etching is at the discretion of the user. For example, it is possible to remove

* an entire width of the waveguide cladding material from endface 20 (shown by the
dotted line “W” in FIG. 2), creating an etched facet endface 22 across the entire width of
the optical substrate.

In the particular embodiment of the present invention as shown in FIG. 2,

30  nanotaper transition region 16 is formed to include an endpoint termination 18
(hereinafter referred to as “tip 18”) which is disposed at a location which is pulled back
from etched facet 22 formed in the manner described above.

Several advantages have been discovered when using this pulled back placement

of tip 18 of nanotaper transition region 16. First, when tip 18 is located at the coupling



coupling facets of the present invention may be used with other material systems within which optical
waveguides are formed including, but not limited to, silicon oxynitride optical waveguides or silicon
nitride optic3 WRAAENIREES . FIG. 2 illustrates an etched facet formed in BEdOYE2H8L e the
present invention to provide coupling between an optical waveguide and a free space optical signal.
An optical vmaeejuidi Beigpsbralnm @s fatile danadovaOrt fiayard iddxahas Bicatadrogtical arrangement

(which inclugles alican §asfaYE 1R 0N0, 00 AQYSINIA BIOK Rdawleliyin this particular

example, optical waveguide 10 is formed to include a nanotaper transition regi , Where as
discussed algB¥eiothesaateridahimdfapienisicratzfeticinsauingsiftsinc y reeeReal mode size at

the couplingsintatiaeeds slesiiesk isaseeidancewibdhparesent pivratinciardasfwither shown in FIG.
2,an 1§)etched coupling facet 22 is sh%wn as being formed by removingnah%ortion of BOX layer 14

from the arB3BaRFEEN D &t Bed 1GiBn ShaPafd Ees LansrdrBei ko8 3B & hown as shaded
portion S irp&i€nia} Mo kechpecpicadbsethe Wanegitides dleddirgneaiesiahidneliid fogizoth BOX layer 14
and the overlying.| r -.are remavedby the etchi ..The.remainder of this
discussion?\/Ifl%ﬁ%%s&@e@?{goetﬁ‘g%l%#%m\%ﬁg%ﬂ%g "v@a%%%icrleemc %@ﬁ%%éﬁ?% 'J,a %var‘]?%] is understood
to include BpRfsEOYeYaYEtipd &itchlsayee ghisphaudidhegriaies Rupsers nehyipesprdbented. Again, as

mentioned @RRYSioRS LIROBEHGOVRINGVIRCET BetBRHRe SRRt dVaRRPhERYCRi 6 H4th other types of
es, such as silicon nitride waveguides or silicon oxynitride waveguides. 20A

optical Wav§ uid
conve]nqion T%b%fé‘rning technique is used to define the boundaries of shaded portion S, so that a like
area may be remavsgnifirinebate Hpdif tleas saipohe doofrhd presessiaveatidiréswiafier peaenk|G. 3 for a

wafer-level Jlysiatian, hgmggnaogl ?ﬁ%&%@ﬁ% IRRd ??:rﬁﬁﬁ\ ‘}:rll%ea#%ﬂé?t"c?fdsé O caupling facets).

Indeed, and as will be discussed i tail hereinbelow, the specific geometry (variotsly referred to also
as "contouMFBieRedreltivh sresnefeddigieteisiayisragrfhec diseraiivm gesibeusspitpbiieseimple, it is

possible togamere aniesticenvidtivetdbervavsamide ciasicingpmatariahfrem eniagepdd(shown by the
dotted Jine "W" in FIG. 2), creating an efched facet,endtgce 22 acrosrs%he entire width of the optical

substrate. A I SR S SHIBBOHRBRL &1t pHEUBAETIVEMTLH A< 8FRWRY i RERSSSS,

FIG. 4 is a graph of insertion loss as a function of nanotaper tip width (measured
in nm). Curve A is associated with the prior art arrangement of FIG. 1 (where the
nanotaper tip is exposed at a polished endface of the SOI structure). The minimum
insertion loss, on the order of 6 dB is associated with a nanotaper tip width of 200 nm.

20 As the width either increases or decreases, the loss is seen to increase, reaching values of
12 dB or more. Curve B is associated with the structure of the present invention as
illustrated in FIG. 2. As shown, the insertion loss plot is flatter than that of the prior art
and again exhibits the minimum loss at a tip width of about 200 nm, in this case having a
value of about 4 dB — a 2dB improvement over the prior art. As the tip width either

25 increases or decreases, the loss increases at a slower rate than the prior art and, in any
case, does not exceed a value greater than about 7 dB. ‘ '

There are many instances where there is a need to redirect any remaining
reflected signals from re-entering the incoming signal path. As will be discussed in
detail below in association with FIGs. 10-13, any arrangement which incorporates a laser

30 source would benefit from redirecting reflected signals away from the laser cavity. In
accordance with the present invention, therefore, a plasma etching process may be used
to particularly angle the coupling facet to re-direct any reflected signals away from the

active region of the laser source.



30nanotaper transition region 16 is formed to include an endpoint termination 18 (hereinafter referred
to as "tip 18") which is disposed at a location which is pulled back from etched facet 22 formed in the
manner desHEhWUBETES Several advantages have been discovered whem/LiSg8t306dlled back
placement of tip 18 of nanotaper transition region 16. First, when tip 18 is located at the coupling
facet, it will be expt3edl ittustateshacieteapiipwmbodinastive indprethranBOXdaydridd. This difference in

refractive inglgRYsHTe: R EHeAREQ0FIAN Aidhenamina i gphignalig e poattered a tip 18

significantly reducing coupling efficiency into nanotaper 16. Moreover, as will be discussed in detall
hereinbeloW!USiEtnaIte BN iRgativhapticrwgnaiipir aendfaarollsoforntiea kaeeesids B shaped, using

standard phetelitbrgeaphisinotesping iand Ielehinghiy peeRsRs. dadolimyar @us faeet geometries which
will furtsher Ln reasequllﬁj)&lirrlsg&eg[iciency. hs,thickness "X" of the. remaining waveguide cladding

material beyona to R84 B AR BWHSJPAY R BHogES. BB918BEly, the dimensions of
the portion tremiviveddgyorh etatehding eroves i#resat)thasiberetian afgled dQdemigfieet 30 isA significant

benefit of (e, AUPARRITET O LR AESERLINENION AL 3 AIBpIR FbingpaRsy forms an opticall

smooth surface, limiting the amount of scattering. As mentio ove, the use of a "dielectric/air"
interface aRthfitigni et issispnnmies optica tenab(sna rdmeetion. Niordavbis eafiBlton coating

process maybedusest inéepasit AbaRantxatiective Mris Rl Rlantkfasetriopdaimaestormed as a
wafer-:fveltﬁ‘?rocess. F Cila 4 is a graph of insertion loss as a function of nanotaper tip width
1

I ) A
(meaddred! I AR5rEnENA iHusteatsdianelf ith e isAde BeeafispsfiRans wrerte! tewhere the nanotaper
tip is exposefleated pighshed ignojagaoithy H6h atigletuse)plifemabipoumhinsestiondass, on the order of

6 dB is asspciated with a nanagtaper tip.width of 200 nm. 20As.t iq@ either increases or decreases,
the loss is ﬁéné?%nl%tpr?ccrglé%%r:‘grgi%fﬁéflb tlﬁ)eeg @%i%%é) or more. &elljla’s:{/e Y85 e&'l‘?ké?ﬁ\?vith the
structure of'$hefregledcimrdingdpcasiflasivatbal irrEschencad oranpty, aharnigeftestiios4 Plot is flatter than

that of the pigmartend agRINEXRIPES R BRRIBHMRSH AL ERswidth of about 200 nm, in this case
havin? a value of about 4 dB - a 2dB improvement over the prior art. As the tip width either

25incldases or dethER8s st By Hepdssiormadhin bR L Tige HaRieTe 3o dilein any

embodiment of FIG. 6. In this case, a downwardly angled facet 32 is formed using an
etching process in accordance with the present invention. As shown, an incident ray [
will be directed thrpugh the waveguide cladding material and couple into endface 11 of
optical waveguide 10. Reflected ray R is shown as directed upward at an angle, away
20 from the incoming optical axis. In the particular embodiment shown in FIG. 6, angled
facet 32 is formed at an angle y, controlled by the fabricator for the intended purpose of
the device.
A significant benefit of using etched coupling facets in accordance with the
present invention is that the contour of the facet may be photolithographically controlted
25 tocreate any desired geometry. FIG. 7 is a top view of an exemplary embodiment of the
present invention illustrating this advantage, where a focusing lens 35 is formed By
etching a properly-contoured curvature along the endface of the optical substrate. As
indicated by the arrows, an incoming collimated signal will be focused by lens 35 into
the center portion of optical waveguide 10 at endface 11. The reciprocal nature of this
30 arrangement — as well as every other embodiment of the present invention - will allow
an outgoing signal propagating along waveguide 10 to be transformed into a collimated

signal as it exits the optical substrate.



case, does not exceed a value greater than about 7 dB. There are many instances where there is a
need to redirect any remaining reflected signals from re-entering the incoming signal path. As will be
discussed iVER2EANUERSEBIN association with FIGs. 10-13, any arrangementRURATES 1A binetes a laser
30 source would benefit from redirecting reflected signals away from the laser cavity. In accordance

with the present ilvantieh ddhatatapes a plasesavaiithiogh procatMabba peediichpgditidarly angle the

coupling facel 0. e diree! amyreflected signals away om the aciueredion,of f1e Jaser source.
FIG. 5 illustrates an exemplary embodiment of the present invention whic provm?es reflected signal

re-direction . SFIGlIR igeetdpetvemancinthetsalbottieaeide dtdstiatingprhe apisplisigref aflép@dal signal into an

endface 11,qbopicabravagiion.OnBRiRBRYERAT trpRiliPRiegiRniamMElzed it thigparticular
embodiment (it is to be Sunderstood, however, that any embodiment may or may not include a

nanotaper f4HSHIdIPREHIEH aRat e efedretsm arithe (RedpnaleshithdahssrerRbiRAtRg facet 30 is
created whiels 36l $wede pafuillylae aiiealimeyeftreiecdsioghal {Shestndyicidenwaitbiaeit of the signal
path of the incoming aptical signal (shown by arrow."I"), In this.partjcular dim the angled
surface is éFaeréstlel(%?S E"‘hgén?‘%“lﬂ%%:'“%?éh‘a t(f?aeptecgvg'%llj)?fa%ecgwﬁbéﬁelssﬁ %grqétt{g.r E? tistrated angle T
is selected W@ treuddiididding maisord thingtheakdloctetesibmad oo frapagentrdiedyorseatangled coupling

facet 30, Whi&%@&*s&!ﬁ?HMHW?QQ;&%&Q%UW%@&@H%W Piqendfaceil-ptwaygguide 10.

Advantageously, the use of angled couplin% facet 30 also eliminates the need to apply an

anti-réflectitR {RENEJeRitP ofntRartisuian aRAtp hasealic arsk haveths espyensel XY angled facet
may also beofaroredethdinehy eutitak dif éigdiaay aguilkaidadinthaeeribo dime 8d ffr Fie e piieihis case, a
downwardly angled facet 32 is for usi etching process in accordance with the present
vention. AR e e TS T GISC M ot ag e L e Al matoral and
couple intocshibistie HesireptiptitalixssepdtiestgaRe)|cRutet sayfaReid Bhbontliamtingbies3@dwvard at an

angle, away; 20ffam.tRE IRERMINGARNIGREAXS piB e merdicHal @dupl%g%%gﬂt dgémmw FIG. 6, angled
in

facet 32 is formed at an angle y, controlled by the fabricator for the infende purposé of the device. A
signifitant benefithsf VEHOS{IRSICERITAY P bofq s hegplifc it figeand etching

technique to form coupling facets in accordance with the present invention, a plurality of
such facets may be formed along a single endface for use with an array of optical
waveguides. FIG. 9 is a top view of one exemplary array embodiment of the present
invention, in this case illustrating a plurality of waveguides 10-1, 10-2, 10-3, ..., 10-N

20  utilizing a plurality of etched lenses 35-1, 35-2, 35-3, ..., 35-N formed in the same
manner as the embodiments described above. Advantageously, a single patterning step
may be used to define the shape and location of the plurality of etched lenses 35-1
through 35-N, providing alignment between the focal point of the lenses and endfaces
11-1 through 11-N of waveguides 10-1 through 10-N. The ability to replicate the same

25  lens geometry across the array is seen to be a significant advantage of the use of etched
coupling facet preparation in accordance with the present invention. While not shown, it
is to be understood that an angled facet may be used with an array waveguide structure
(instead of the illustrated lensed facet). In this case, both the facet angle and the angle of
the waveguide array with respect to the substrate surface) can be controlled to provide

30  optimum coupling (see FIG. 13, below, for an illustration of an angled facet and an
angled waveguide).

As mentioned above, prior art arrangements for coupling light from a laser source

into a nanotaper waveguide often encounter stability problems. In many cases, a

separate micro lens is placed in the optical path between the laser and the nanotaper.



present invention is that the contour of the facet may be photolithographically controlled .25to create
any desired geometry. FIG. 7 is a top view of an exemplary embodiment of the present invention
illustrating tRYOQ20UNTE, where a focusing lens 35 is formed by etching a RfdeyA8drasaTed
curvature along the endface of the optical substrate. As indicated by the arrows, an incoming
collimated Sitfoetbwndtt tye HotbLbe deby dedshd mantoatiee tgewidrrpetion miromicévwaveguidg 10 at endface

. The reciaealaiLie QLS. A%8HARIPME Rl ARl AP AXSRLRTEh FOAdIBLOT the present

invention - will allow an outgoing signal Fropagatmg along Waveiw e 10 to be transformed into a
collimated ¥ghinradhe asiesrreispudaheinsetragaulting imBsinstab BdREMR RS process which can be

controlled by a DW@MM%EIQBIQMQ%S&I&@FE%@A@H@ASQE@H@EHmsIEH& Ressblg to form multiple
compo ents c facet" betwe n an optical waveguide and a free space optical signal. FIG.
6175 5 top VS 6 ar S BRI SAEE T A e 8 SBLbFEIEARd Scantors
specificallwpavmeheed tehfohrthenfirstpdgatgsithgolegistiBaarm diepe comerco Himatiens Bewd8. In this
Particular SpRoRIMRh MANBANIRAGEsoRGIRADSH AR ARIRIRPRL IR LR adlony| 6, terminating

at nanotaper tip 18. A cavity 40 is created through the waveguide cladding material using a pattern

and etch pForasknRtapeEsiSiatMaverside tHeahste¥BatpasHieiurs BRSLRIBEOHRNRE Rs€lising lens 34

and a fII‘S1].'c $U§fﬂ_ﬁﬁj§ﬁb9fu%m‘g)gﬂ}1@tﬁ]gd@n§ @&,s}fn,:]gqﬁt&ggara%@n??@gghﬁxg{aﬂJW tlll’fbashk hanI ng thhe
contoyr o cav 40 is cre on the surface of the wave claddin erjal. Thergeafter, the
exposé{d afey’ Pér%?ﬂ/]é T]lﬁ?g’ eglgﬁt‘f tﬂgO&B At Fe %Rgé \ﬁﬂi/ref(t)l? d vamageously exhibit

the desiredropii¢ally Sthoothasisfacgs)nédutditissfdte8d hﬂaoowmmdemwwbﬂemgbontoured using

an etch proeess IoRIOYIAGING JeSIRA £ QA'@S {R6RLOSEMELRG P BY Virtue of using a conventional
photolithographic patterning and etchlng ;T;;?ue to form coupling facets in accordance with the

present invention! e ¢Aardargeor héherisaehdngsaf Bis rigssatiaYSHdCR. SigHP bitifacss haYifige with an
array of opiicalcnavegidiesat e f§isea mp. gmwe@tima@ SHaBGPacK B e ROsliImeiof the present

invention, in this case illustrating a pl aveguides 10-1, 10-2, 10-3, ...,.10-N 20utilizing a
pluralir%/) of! Sfc?fé&iﬁ%égygﬁri“%@? % 5}/ e g $8F?ﬁed”iﬁh&%agé%@rrﬁ%?ﬂ%‘rma&ﬁ embodiments
described ﬁt@vél,Mch/anmageouwmgaf@ﬂgbaspam'aa|cvg131&pgrmob‘euusrbaitwlUéﬁnmrdneashape and

location of e phurality; Qf, §§9&‘ﬁgo'%“%ﬁép%ﬁ&nﬁﬂgo&gne%%J?ad%fQVdgf%ﬂl@“m‘é&hBﬁ&’é’cﬁ]e” the focal
point of the lenses and endfaces 11-1 through 11 -N of waveguides 10-1 through 10-N. The ability to

replicate tH&SARTPIBIBASI§OS HEINA HrEHEs RASITACHs seeintanbamlatghifeaniniRitantige of the use

of etched of nanotaper 16. Advantageously, the curvature of lens 60 also re-directs any reflected

20  portions of the beam away from the optical axis of the system (that is, “de-focuses” the
reflected beam). The optical design parameters (e.g., focal length) of lens 60, in
combination with the optical parameters of microlens 54, are chosen to optimize the
coupling of the incident laser beam into nanotaper tip 18 while simultaneously scattering
the reflected signal away from active region 52.

25 An alternative laser-based system using a contoured etched facet of the present

" invention is shown in FIG. 12. In this case, an angled facet 62 is formed aldng endface

20 of the optical substrate. In this particular embodiment, the angled facet is formed as
recessed within the optical substrate from endface 20 (in contrast to the angled facets
illustrated above, which are shown as “notches”; either geometry is suitable for any

30 embodiment of the present invention). The angle y is selected to re-direct the reflected
signal beyond the capture angle of microlens 54, as shown in FIG. 12. In order to still
capture a majority of the incoming laser beam, waveguide 10 is formed to be slightly

offset from the optical axis OA of the system. Improved coupling efficiency may be

10



coupling facet preparation in accordance with the present invention. While not shown, it is to be
understood that an angled facet may be used with an array waveguide structure (instead of the
illustrated 1EWEEHIAOETPH this case, both the facet angle and the angle of RfeTEEYNdES6Tray with
respect to the substrate surface) can be controlled to provide 30optimum coupling (see FIG. 13, below,
for an illustiatidrbpfaaiap ghed igesitinmcbaw argladewaveguideetter alfys Mihtionedabage, prior art
arrangemepts, (O coupling, Nt oM & IARerSATe o ananclans wavequide. gften encounter
stability problems. In many cases, a separate mitro fens is placed in the optical path between the laser
and the naraneipest |8nfodisprstalyt botngiredbasvithdedpeatémopsiparatiis Wil reflect a portion of the
incoming laser signal, f,3ionificant RREIAN Ahg VS fIRGRE HanALHR5 RARD KRG RS coupled back
into the active region of the laser, resulting in the instability of the laser. FIG. 10 is a top view of a prior
art arrangSRIEHIGFRIERPEiBME WIS st abfieg B dFtlbio ey eh SRR idemSBRIHIP® including an active

region 52 imédifivatedstenaroiaage o uiRy b ariak Which theRpicRpaas o uabioedir and encounters a
microlens elemené 54 helq ithin a surpgort e
an t\qegm

eler 4 e 2support, erﬂem‘thSGa. MinOéEI;E-M f%ctions.g.o ft()cu§ the emittegl
beam toward nanofap%rﬁp 0 Wa{vegw e 538, as'9é ne.nfir%3 st as 5&8‘?%?%6%“@ facet 7 is
formed by asinp vorgsxampleow ipglishinge pegeekd, ia sighifitativportien thhtheredBisicoming beam will
be reflecteg, ,shown by arrow labeled "Direction of reflected beam” in FIG. 10. The on-axis component
of this reflected beam will pass unimpeded through microlens 54 and re-enter active region 52 of laser
50, as shown. In accordance with the teachings of the present invention, a coupling facet having
an etched contour can be formed along the endface of the optical substrate to minimize 15the optical
energy directed back into the laser source. In the particular embodiment of FIG. 11, the etched
coupling facet is shown as exhibiting a contour that will function as a lens 60. As discussed above, the
patterning of the endface is determined in conjunction with the parameters of the waveguide so as to
focus the incoming laser beam into tip 18 of nanotaper 16. Advantageously, the curvature of lens 60
also re-directs any reflected 20portions of the beam away from the optical axis of the system (that is,
"de-focuses" the reflected beam). The optical design parameters (e.g., focal length) of lens 60, in

11



combination with the optical parameters of microlens 54, are chosen to optimize the coupling of the
incident laser beam into nanotaper tip 18 while simultaneously scattering the reflected signal away
from active region 52. 25An alternative laser-based system using a contoured etched facet of the
present invention is shown in FIG. 12. In this case, an angled facet 62 is formed along endface 20 of
the optical substrate. In this particular embodiment, the angled facet is formed as recessed within the
optical substrate from endface 20 (in contrast to the angled facets illustrated above, which are shown
as "notches"; either gepmetry is suitable for any 30embodiment of the present invention). The angle kif
is selectSYY FEHIEEARS reflected signal beyond the capture angle of microlens 54, as shown in FIG.
12. In order to Sﬂ|A@a@fuﬁgeﬁmmﬁjfmﬂtp’r@v‘liﬁiﬁgiléﬁd¥ﬁiﬁg)ﬂﬁﬁ&r hﬁ@ﬁng/\t&veg&ﬂdﬁrb@ l@é@émed to be slightly

offset from theal ﬁt'caltﬁ;ﬁ acg)f rt(t)we S stem[ Improvettlal |IQE deﬂ‘ll%enc found by rotating
the dlspcPs(fPoﬁ \%/a\l?egwalgli ROXET RN? t elncomln dam’ 3|IIustrates this

configuraticipurherewithve guliofeid:0 Qabujra&sdtﬂanambaiamnagaddﬁjrmadlmdsed anhammmgfecef_ a with
respect ig AR OR IR IBEare0RIng shEsIcAan. g Tvenn Az heen dsaribed wih

reference to speC| exemp ary em t ver, be evident t varlous
modificatioprraiadvdirasigebonepigs meatieotherists:without departing from the broader spirit and scope

of the invention, s, SELIPHE L Ik ARRSAYPY AR sIf‘@oﬁQ?&}f‘é‘c%tlQ?e?BS’cﬁ EﬁXY'QE%rﬁrﬁoﬁfb%ord'”g'y’

to be regarded in an illustrative rather than a restrictive sense. What is claimed is:
arrangerfsiggois preladiber kb hy-4irscgpieean eesd i eretivatn \@Wé&gp@@éemﬁﬁﬁaéanﬁgabptucm signal

propagaipgsglpngan optical axis and an optical waveguide incorporated within an optical substrate,
the optical wavegwde formed within a silicon surface layer of the og{mcal substrate and the coupled

light provided tirBldgRari diidraps slinempnik sounbeg Aectiprmetinredhargdrerrdsninids:  an
optical wgpteguiie-diseasedivitii the ﬁa&mlﬁgr&@@g@mgwﬁbﬂ@m piRslpoRRshereof is pulled

DA D B o neaamiag otral Bianal tersaior bas Zonplon R e et peencin S he
pulled back optical waveguide, the plasma-etched, optically smooth coupling facet also for re-
directing reflected signals away from the optical axis.

2. An arrangement as defined in claim 1 wherein the plasma-etched, optically smooth
coupling facet comprises an angularly-etched coupling facet.

3. An arrangement as defined in claim 2 wherein the angularly-etched, optically smooth
coupling facet is formed in a direction orthogonal to the optical axis and across a top surface of
the optical substrate.

4. An arrangement as defined in claim 2 wherein the angularly-etched, optically smooth
coupling facet is formed in a direction orthogonal to the optical axis and through the thickness of
the optical substrate.

5. An arrangement as defined in claim 2 wherein the optical waveguide is angularly
disposed across the surface of the optical substrate to optimize optical coupling efficiency with
the angularly-etched, optically smooth coupling facet.

6. An arrangement as defined in claim 1 wherein the etched coupling facet comprises a
curved coupling facet.

7. An arrangement as defined in claim 6 wherein the curved coupling facet comprises a

single contour etched across the endface of the optical substrate.

12



a plasma-etched, optically smooth coupling facet formed along the vertical endface of the optical
substrate for directing the free-spacing propagating optical signal into the optical substrate, the
propagating optical signal thereafter being coupled into the end portion of the pulled back optical
waveguide, the plasma-etched, optically smooth coupling facet also for redirecting reflected signals
away from the optical axis. 2. An arrangement as defined in claim 1 wherein the plasma-etched,
optically smooth coupling facet comprises an angularly-etched coupling facet. 3. An arrangement
as defined in claim 2 wherein the angularly-etched, optically smooth coupling facet is formed in a
direction orthodbrdl %rméewé‘ﬁé%?%r’ﬁﬂd“a@%@s%wﬁb‘?{% CHBIthEHBHRAIMH SIS 34 An
arrangerprinilas defipachio @laiouR wbisseiseivecanpearlypetabedf dpticpliyas moetfutkuplingidacet is
formed in adplirecg n ortpoegonglttotthe optical axis and through the thickness of the optical substrate.
5. An arr%lhg"écrﬁé)n as gefinied in daim 2 wherein the optical waveguide is angularly disposed across
the surface of tRhe/Zopticah serbstratedefiopdimizkiopiicahaeuplieg pfficienbytwithctimepaingudarBOetched,
optically gmooiht CVRING, (RGP aveoBiANANANIEMERL 3R dfinedyin claim 1 wherein the etched
coupling facet comprises a curved goupllng acet. VAR arrgnge'ment as defined in claim 6 wherein
the curved coupingfasttngsmprisesiefwiedyle dontolimétshiadzcepssahesangiatecofmprasopical
SUbSHaGnareriq) Gy ARAFRADRIO BAAS ARG B DD WISHPIIRAW R ckeingfaget comprises
a plurality of separate contours étched between the end portion of the optical waveguide and the
endface of the dhtitaIGisalratasmitteninglidif@ngement as defined in claim 1 wherein the optical

substrate compé[iﬁggr@gu@@Ifgéég;{&rgi@@gnthgtggﬁg%h\ﬁgveguide comprises a silicon waveguide.
10. An arrangement as defined in claim 1 wherein the optical waveguide comprises a material selected

from the group ¥dR&IEARGTEFLTRBIFNSfiors Sy 108 CBRerLHigRH HRmYE® laserispuigs aiffical transmitter

includingiadases sRUEHIohaaN@ERESTh R ORioLisIgRRL: as Alrleagonefecusingdrnador receiving the
optical signal from th%g@rrisource and directing the propagation thereof along an optical axis as a
I

free-space optiaI%8Y fate nelwHRe AP QRS aYE TTER Hing S Pt AT WLy B B Htegrated
therein, dudopiicalishisioaiprititth amptompristhgda @ldsiia-etchddenjfticallyrsingath@indlisge forming a
conoue BT PRSI EeL Lelest evcesidsiemummendpon et he g
smpoth ?ehﬂjfm,natmgthmqumtmmeﬂth@.upﬁf:@ melgobiﬁijgdtaﬁlm:ckiiap@ytﬁelfrd@.sp&cdlpmpqghting
opical g0 uIEH RIS SRSHAY S ARl ke et ony
wherein signplaymihepehled begkitayiriiog ¢ oapiinysadetasien nves sindsrgd| srtdieaeivad coupling
facet.  reflected optical signal away from the optical axis.

12. An optical transmitter as defined in claim 11 wherein the plasma-etched, optically
smooth coupling facet comprises an angularly-etched coupling facet.

13. An optical transmitter as defined in claim 12 wherein the optical waveguide is angled
with respect to the optical substrate to improve coupling efficiency with the laser source through
the angularly-etched, optically smooth coupling facet.

14. An optical transmitter as defined in claim 12 wherein the angularly-etched, optically
smooth coupling facet is formed in a direction orthogonal to the optical axis and across a top
surface of the optical substrate.

15. An optical transmitter as defined in claim 12 wherein the angularly-etched, optically
smooth coupling facet is formed in a direction orthogonal to the optical axis and through the
thickness of the optical substrate.

16. An optical transmitter as defined in claim 12 wherein the etched coupling facet

comprises a curved contour to create a lensed coupling facet.
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13. An optical transmitter as defined in claim 12 wherein the optical waveguide is angled with respect
to the optical substrate to improve coupling efficiency with the laser source through the
angularly-etched, optically smooth coupling facet. 14. An optical transmitter as defined in claim 12
wherein the angularly-etched, optically smooth coupling facet is formed in a direction orthogonal to the
optical axis and across a top surface of the optical substrate. 15. An optical transmitter as defined
in claim 12 wherein the angularly-etched, optically smooth coupling facet is formed in a direction
orthogonal to the optical axis and through the thickness of the optical substrate. 16. An optical
transmitter as definby HEELAMAD ARSI ﬂ'@‘gf‘éﬁéai%’lﬁlpﬂ%oﬁtc@f EBYRHAS A5 AP ERRES cBtdur to
create adaogad cpuplingfpiieg. arrangdmcAt waigkitonmed to include a plurality of end-fire optical
coupling arrangements, each engd-fire opti Hgou ling arrangement ¢ risin an optical
Waveguide iU Bl TSR SH AR BT b Bt W ABOLIE SoUhal A a vertcal
endface pilénl badkfireno pticaticd wplifiganangeridint; epictal cauplagnaaetghechtoptitally smooth
coupling facet formg% al ng, h \{ertf'f:al en fl? e there ffqrf iﬁc ing a fﬁ—:‘e-s ace br egating optical
signal along ana&)p%ca 5?(?5 éﬁggﬁtcg tﬁesrgﬂﬁtedg back &n Cf)or%roneé?%[égo{p%gg \}\?gve%%?ge and
re-directihgreefl évtddsignaisizaeapdropronegeptigaiptizig signalBory watetias! defirred inteldien 17
wherein gl iRaSheRE GRS URIDY AlEa MEERHE AMPHSES RS SLARNRIYIURK SQWiER B ggperating
an optical signal,  atleast one focusing lens Tor receiving the optical signal from the laser source
and dire®PH§aEIsropagation thereof along the optical axis; and  an optical substrate including an
optical waveguige tegrateddharain, e priicaeriataisvBhebsempritiped Miasinameithed,
optically smooth endface forming a contoured coupling facet between the laser source and the pulled
back terfrfif&iRgSend portion of the optical waveguide, the contoured coupling facet configured to

re-direct any reflegiedrapiiaatsignatanaydiemithe apsigalaxignal;
at least one focusing lens for receiving the optical signal from the laser source and
directing the propagation thereof along the optical axis; and
an optical substrate including an optical waveguide integrated therein, the optical
substrate further comprising a plasma-etched, optically smooth endface forming a contoured
coupling facet between the laser source and the pulled back terminating end portion of the
optical waveguide, the contoured coupling facet configured to re-direct any reflected optical

signal away from the optical axis.
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