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Grating couplers enable position-friendly interfacing of 
silicon chips by optical fibers. The conventional coupler 
designs call upon comparatively complex architectures 
to afford efficient light coupling to sub-micron silicon-
on-insulator (SOI) waveguides. Conversely, the blazing 
effect in double-etched gratings provides high coupling 
efficiency, with reduced fabrication intricacy. In this 
work, we demonstrate for the first time the realization 
of an ultra-directional L-shaped grating coupler, 
seamlessly fabricated by using 193-nm deep-ultraviolet 
(deep-UV) lithography. We also include a subwavelength 
index engineered waveguide-to-grating transition that 
provides an eight-fold reduction of the grating 
reflectivity, down to 1% (-20 dB). A measured coupling 
efficiency of -2.7 dB (54%) is achieved, with a 
bandwidth of 62 nm. These results open promising 
prospects for implementation of efficient, robust, and 
cost-effective coupling interfaces for sub-micrometric 
SOI waveguides, as desired for large-volume 
applications in silicon photonics. 

OCIS codes: (050.0050) Diffraction and gratings; (130.0130) Integrated 
optics; (050.1950) Diffraction gratings; (050.6624) Subwavelength 
structures. 
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Silicon-on-insulator (SOI) has become a compelling material platform to realize nano-scale photonic devices, leveraging existing facilities of the microelectronic industry [1, 2]. However, the high confinement in SOI waveguides of sub-

micrometric dimensions imposes a fundamental challenge for low-loss light coupling to or from access ports [3-25].    Optical input/output interfaces between optical fibers and SOI waveguides affording robustness, cost-effectivity, and high-efficiency coupling are widely recognized as a key functionality for large-volume applications. Surface grating couplers play essential role for such widespread deployment. They allow flexible positioning on the chip, thereby enabling automated wafer-scale testing, preferred for mass-scale scenarios. Furthermore, these devices generally provide larger tolerances in fabrication and alignment processes, compared to edge coupling counterparts [3-5].    Grating couplers, with an out-of-plane coupling configuration, are particularly unique components of the photonic device library, since they inherently desire high vertical index contrast to provide outstanding coupling reliance. However, the fiber-chip coupling efficiency is limited by the back-reflections at the grating-to-waveguide interface, mode mismatch between the Gaussian-like fiber mode and the exponential-like beam diffracted by the grating, and the power radiated towards the Si handle. The first two issues can be addressed by grating apodization [6-8]. However, the limited diffraction efficiency towards the fiber (directionality), which solely dictates the overall coupling efficiency, remains a significant challenge. Typically, the improvement of the grating directionality may be achieved by exploiting the thin-film interference effect [5, 12]. Further techniques for enhancing the directionality include additional overlayers [13], backside metallization [12, 17, 18], distributed Bragg mirrors 



un[1Hostcom[2colitdelahalaydiot   IthulfaopThlaynmshgrfablexnmprin

FicoThcoThtrblartrabaFodifro   Tex

nderneath [3, 419, 20] or nowever, these ructures, whicosts. Alternativmay be exploited20-27]. Neverthouplers were thography. Albemonstration, rge-volume inand, recent woyers, e.g. 300 nirectionality [3ther passive anIn this work, whe first time, ltra-directionalbricated by uptical lithographe grating couyer in 300 mmm) and shallohaped geometrating directiobrication proazed gratings xperimentally dm, while a surovides an eighn particular refl

g. 1. Schematicoupler with subhe schematic voupler with suhe grating perenches of lengock of length re 300-nm anansverse electand near 1.55ourier-based imensional (3-om Lumerical The L-shapexploits the b

4, 6, 11], or mon-standard approaches rech in turn, comvely, it has beend to achieve reheless, in manyfabricated usbeit proven use-beam lithogdustrially-drivorks suggest thnm, may be adv3, 5-7, 10], yet nd active photowe report, to ton the experil fiber-chip using 193-nmphy, viable tooupler is implemm SOI wafer, ow (150 nm) try (see Fig. onality exceedcess, compare[25,26]. A coudemonstrated,ubwavelength ht-fold reductiolectivity decrea

c view of propo-wavelength traview of proposubwavelength riod (Λ) compgths LD and LS,
LB. Here, the nd 150-nm. Ttrical (TE) pol5 µm. Designsexpansion sD) finite differ[29]. d grating ablazing effect 

ulti-level gratietching depthesult in comparme with the en shown that themarkably highy cases, high-eing electron seful, particulagraphy is not cven applicationhat moving towvantageous in enhancing theonic devices [11the best of ourimental demograting coupm deep-ultravil for large-volumented on a 3relying on staetch steps. T1) yields a rding 98%, wied with prevupling efficien, with a 3-dB bindex engineon of the measase from ~8% 

osed L-shaped fansition stage. ed L-shaped fitransition is sprises deep- an, respectively, adeep- and shaThe grating islarization, opes are carried simulator [28ence time domarrangement for an out

ng architecturhs [14-16, 23ratively complexpense of exthe blazing effeh directionalitifficiency gratinbeam (e-beamarly for concecompatible wins. On the othwards thicker terms of gratine performance 1]. r knowledge, fonstration of apler seamlessiolet (deep-UVume productio300-nm-thick andard full (30he proposed emarkably higth a simplifieiously reportency of -2.7 dB bandwidth of 6eered transitioured reflectivitto ~1%.  

 fiber-chip gratin
ber-chip gratinshown in Fig. nd shallow-etcand unetched allow-etch leves optimized ferating in the out using 2-8] and thremain (FDTD) toadvantageouststanding ultr

es 3]. ex tra ect es ng m) pt th er Si ng of for an sly V) on. Si 00 L-gh ed ed is 62 on ty, 

ng 
ng 1. ch Si els for C--D ee-ool sly ra-

directithe supower 

Fig. 2. (shallow(b) 2-Dof a wawithou   First,withoushows of the gratingpart ofdimensprovidwide suggesin Fig.higher

Fig. 3. (length holes. functiowith an   We imthe inj

ional performauperstrate (upr radiated into t

(a) 2-D contourw- and non-etchD and 3-D calcuavelength for nut subwavelengt, we optimizeut the subwavthe 2-D calcullength of the sg segments, fof LD = 120 nmsions of LD = 1ding a directionrange of geosting a large to. 2(b), the prr than 90% in a

(a) 2-D contourof the transit(b) 2-D and 3on of wavelengnd without subwmplemented ajection waveg

ance, maximizipper claddingthe Si handle. 

r map of the dirhed grating segulations of the nominal gratingth transition.  ed dimensionsvelength translations of the dshallow-etchedor a fixed lengtm. From this a120 nm, LS = 2nality of 98%. ometries provolerance to fabroposed desiga wide spectral

r map of the refltion stage leng3-D calculationgth for nominawavelength trana metamaterialguide and the 

ng the diffractg), while mini

rectionality as agments, with Ldirectionality ag coupler desig
s of the gratisition stage. Fdirectionality ad (LS) and non-th of deep etcanalysis, we ch290 nm and LBIt became appvided high dibrication errorsgn yields a dil range of 100 n

flectivity as a fugth and the wins of the refleal grating coupnsition. l transition stagrating to re

ion towards imizing the 

 a function of 
LD = 120 nm. as a function gns with and 
ing coupler Figure 2(a) as a function -etched (LB) ched grating hose grating B = 310 nm, parent that a rectionality, s. As shown irectionality nm.  

 nction of the idth of SWG ectivity as a pler designs age between educe back-



reofdemde   Aimpele(Wrega
ΛSdiprspstmnmeinmminthocis co

Fifu(a   Idosimdithancafothbeth60th

eflections. Thisf sub-waveleemonstrated fomore recently evices [33].  As depicted implemented erpendicular tngth (LSWG) an
WSi) to minimieflectivity, calcuap width and sSWG = 400 nmifferent SWG croposed appropectrum of thage, calculatemethods. Here, m. The proposght-fold reducm wavelengtminimizes bacnterface in a whe increase ccurring for gramainly produondition. 

g. 4. 2-D and 3nction of a waa) without and (Interestingly, oes not affect mulations, theirectionality hihe coupling effind without sualculations prer both designshe grating withetween radiatehe structure wi0 %. This effeche structure w

 has been realngth gratingor the first timextensively usn Fig. 1, the along the to the light prnd the width oize back-refleculated with 3-ection length, m. Back-reflectconfigurations,ach. In Fig. 3(bhe grating witd with 3-D Fwe considereded subwavelention in reflectivth. Furthermck-reflections ideband rangein reflectivityating with anduced by the pro

3-D calculationsavelength for no(b) with SWG-enthis back-reflthe grating di grating with sgher than 98%iciency for bothubwavelength edict a couplins, with a couplihout subwaveed field and fibith SWG transitct counteractswith subwavele

lized by exploig (SWG) stre by Cheben etsed in a varieSWG antirefltransversal ropagation. Weof the gaps (Wctions. Figure -D FDTD, as afor a fixed trantions can be  proving the fb), we compareth and withouFDTD and 2-Dd LSWG= 255 nngth transitionvity, from 16 %ore, this trin the wae exceeding 10y for shorted without subwoximity of the 

s of the couplinominal grating ngineered translection cancelirectionality. Asubwavelength% [see Fig. 2(b)h grating couplstage. As shg efficiency ofing angle of 22length transitiber mode is clotion the overlathe lower bacength transitio

ting the conceructuration, t al. [30-32], anety of photonlection stage direction, ie design sectio
WG) and Si pilla3(a) shows th function of thnsversal pitch minimized, fflexibility of the the reflectiviut antireflectioD Fourier-basem and WG= 10n stage yields a% to 2 % at 155ransition stagaveguide-gratin00 nm. Note ther wavelengthwavelength stag2nd order Brag

ng efficiency ascoupler designsition. lation approacAccording to ouh transition has)]. We calculateler designs, wihown in Fig. f around -2.2 d2⁰. In the case ion, the overlaose to 80 %. Fap value falls tock-reflections on and accoun

pt as nd nic is .e. on ars he he of for he ity on ed 00 an 50 ge ng hat hs, ge, gg 

s a ns: 
ch ur s a ed th 4, dB of ap or o a in nts 

for thecould ipotentthe suapplica

Fig. 5. grating   SurfaSOI plithogrSi filmprocestrenchThe grwere ctapersfor primagescladdin   Cleavused achip. Tinserticouple   The mdeviceare shcouplinnm, wgratingspectraFabry-that va~0.26 The oreflectto-gratwith areachewith astill shsmallegratingmeasu

e similar coupimprove the ovtial of the probwavelength tations requirin

Scanning electg couplers. Insetace grating cophotonic platfraphy. The vertm on top of 7ss was used to hes as well as rating couplersconnected to si. Finally, they rotection. The s of a fabricateng deposition aved single-moas access portsThe coupling efion loss meaers arranged inmeasured fibers, with and whown in Fig. 6ng efficiency owith a 3-dB bag coupler desigal response of-Perot ripples.aries between nm [see Fig. 6origin of thestions due to thting transitiona SWG transites the peak ofa bandwidth ohows some rer magnitude ug reflectivity ofured back-refle

pling efficiencyverlap value, alposed approatransition makng low back-ref

tron microscopt: Close-up viewuplers were fform with 19tical dimension720 nm oxidedefine shallowthe interconns were 15 µm wingle-mode wawere covered scanning eleed surface graare shown in Fde optical fibs at the input fficiency have basurements on a back-to-bacr-chip couplingwithout subwav6(a). Specificalof -3.4 dB nearandwidth of 4gn without thef the grating co From the am0.7 dB and 0.8(b)], we estimse ripples is he large disconn. Conversely, tion, the measf -2.7 dB at a f 62 nm. The residual fringeup to 0.1 dB. Tf ~1%. This is ction. 

y. Apodization llowing to fullych. Still, the skes it very intflections. 

py image of thw on the gratingfabricated usin93 nm deep-ns comprise 30e layer. The w and deep etcnecting strip wwide and 21 µaveguides by 5by a silicon dectron microscating coupler, bFig. 5. bers (SMF-28) and the outpbeen determinf two identick configurationg efficiencies ovelength translly, an experimr the waveleng46 nm, is ache SWG transitiooupler exhibitsmplitude of th5 dB, with a peated a reflectivattributed tontinuity at the for the gratisured couplingwavelength ograting couplees, yet of cohis yields to aan eight-fold r

techniques y exploit the simplicity of eresting for 

 he fabricated g geometry. ng 300 mm -UV optical 00-nm-thick double-etch ched grating waveguides. µm long, and 00-µm-long ioxide layer copy (SEM) before silica have been ut of the Si ned from the cal grating n. of fabricated sition stage, mental peak gth of 1560 hieved for a on. Here, the s noticeable ese ripples, eriodicity of vity of ~8%. o the back-waveguide-ing coupler g efficiency of 1565 nm, er response mparatively n estimated reduction in 



FiofspSW   IthdirefaefFutratoreprgrwefph 
FuPOSTdeEn
Re 
1. 

2. 
3. 

4. 

5. 

6. 

g. 6. (a) Measuf wavelength fopectral responseWG-engineered In summary, whe first time, oirectionality fibealized with 1bricated devicfficiency of -2urthermore, wansition stage o 1%, yielding egular double-rove the compratings with laray towards theffective fiber-chotonic applica
unding. H202OPSTAR 6473TMicroelectrone l’industrie etntreprises”.  
eferences 

T. Baehr-Jones, 
and M. Hochber
M. Hochberg an
A. Mekis, S. Glo
and P. De Dob
(2011). 
C. Kopp, S. Bern
H. Porte, L. Zim
Electron. 17, 49
D.-X. Xu, J. H. Sc
M. Nedeljkovic,
Selvaraja, IEEE J
Ch. Baudot, D. D
Mekis, L. Versl
Benoit, G. Courg
and F. Boeuf, in 
Group IV Photon

red fiber-chip cor dual-etch gre of grating coumetamaterial twe report, to ton the experimber-chip gratin193 nm deepces yield a m2.7 dB and we experimentaeffectively supan eight-fold i-etch blazed gpatibility of therge-volume fabe deployment chip coupling ations. 0 European R342); the NAnics funded byt du numériqu
T. Pinguet, P. L. 

rg, Nat. Photonic
nd T. Baehr-Jones
eckner, G. Masin

bbelaere, IEEE J.

nabe, B. Bakir, J.M
mmermann, and 

8 (2011). 
chmid, G. T. Reed

X. Chen, D. Van 
. Sel. Top. Quantu

Dutartre, A. Souh
egers, P. Sun, Y
goulet, C. Perrot, 
Proceeding of IE

nics (IEEE, 2014), 

coupling efficierating couplersuplers: (b) withtransition. he best of ourmental demonsng coupler with-UV optical limeasured fibe3-dB bandwidally demonstrappressed the rimprovement cgrating couplee high-directiobrication proceof high-performinterfaces in 
Research CounANO2017 pry the “Ministèrue”, “Délégation
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