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Dankwoord

Leuk, m'n boek is af en het bewijs heb je vast. Doctorefén:

Nice, maar ... wat is dat nu doctoreren? Het antwoord op di@ag/mwordt
meestal beinvioed door perceptie. Voor sommigen ben je eesllige flierefluiter
die morgen bovendien kan uitslapen, voor een enkeling eea aeld maar voor
velen eerder een veredelde ambtenaar. Een dik boek schmijgemoeilijke woor-
den die niemand begrijpt en klaar is Kees. Natuurlijk hebjodie allemaal een
beetje gelijk. Zo gaat dat met percepties...

In mijn perceptie is succesvol doctoreren een makkie. Aehigezien toch.
Het enige wat je nodig hebt is een grote dosis doorzettimgeygen, een strakke
gedrevenheid, toch wat inzicht in de zaak en een tikkelgativiteit. En als je al
die eigenschappen niet allemaal hebt, ben je best maab@aadig genoeg om
op zoek te gaan naar die mensen die er toch genoeg van hebben.

Het enige wat ik had toen ik aan mijn studies begon in 2004,daasloorzet-
tingsvermogen. Dat is iets dat ik met de paplepel en lateseteiuderklopjes van
mijn ouders heb meegekregen. Steeds waren jullie daar omeheathe overtui-
ging in mezelf te laten geloven. Waar een wil is, is een wegt i®ateeds jullie
leuze geweest en nu ook de mijne. In mijn geval vaak met valleopstaan maar
goed, zo gaat dat.

Al tijdens mijn eerste master jaar fotonica, wist ik dat ikwdoctoren. Ik
denk dat het 1 van die simulatie practica was van professel Baets waar we te
maken kregen met een typisch probleem: de ringresonajardi@ bestond toen
al! En als ik me niet vergis was het het enthousiasme vantassitbom Claes, nu
collega en vriend en zelf grote fan van ringen, die mijn hactst heeft getriggerd.
Zo zie je maar.

Toen ging het allemaal snel, het verhaal zou anders maawsaaén en voor
ik het wist mocht ik in 2009 op gesprek komen bij Dries. Dielva&h nog steeds
ongemakkelijk als ik hem professor noem, dus ik zal het numekdoen... 1k
herinner me vooral dat je zei dat ik met mijn onderwerp webagerk zou kunnen
vinden. Opgelet: in de fotonica, in Belgie, en dat buiten ded@mische wereld.
Wow, van een visie gesproken Dries! Het was wel die visie dégeover de streep
heeft gehaald en voor de eerste gedrevenheid heeft gezorgd.

Alle begin is moeilijk en dat is ook zo bij een doctoraat. Biij frep het al
mis na een half jaar wanneer ik te horen kreeg dat ik geen lkeeeg. Het IWT



geloofde er niet helemaal in. Achteraf gezien hadden zelighgatuurlijk maar
wel een serieuze deuk in mijn zelfvertrouwen. De wondergrda fotonicawereld
nog niet uit en voor ik het wist had Dries een beurs voor miggetd. Nogmaals
bedankt voor het vertrouwen, Dries.

Elke beginnende doctoraatstudent heeft zijn zelfverteruep een zeer laag
pitje staan. Dat blijft meestal zo tot aan je eerste eigenesjdhoeveel je promotor
ook in je gelooft. Het is dan ook van uiterst belang dat je dmicses zo snel
mogelijk boekt. Mijn mentoren Diedrik en Bart, jullie hadddat zelf al snel door
en hebben me meteen op sleeptouw genomen. Dat betekendeawidgericht
op inzicht, creativiteit, snelheid en durf. Wow, een mani@n werken die ik nog
steeds als leidraad gebruik. Weet je nog onze zotte L-gelifigr, Bart? Dankzij
jullie denkpatroon heb ik dan ook mijn eerste successeneaktbd/oor ik wist
mocht ik naar Los Angeles om mijn 'TM’ idee te gaan verkondige de grootste
conferentie in de fotonica. Met als kers op de taart een digeeafdaling in de
Grand Canyon. Wat een 'awesome’ ervarirggThijs!

In mijn tweede jaar kreeg ik dan een nieuwe buur, den Thoniad)et liefst
van al heel de dag zo veel mogelijk formules op 1 blad opdthkigek me raar...
Samenwerken met Thomas leek mij dan ook initieel niet zoigiutMaar wat
bleek nu, Thomas kon net die dingen die ik niet kon. En al sreekw we een
top team met als persoonlijk hoogtepunt het automatiscktasgem van de Agilent
laser. Hierdoor konden onze componenten 1 @heller worden opgemeten. Ik
weet nog goed hoe euforisch we waren die dag! Ook met PaMiakijn en Thijs
kende we een enorm succes maar dan in de cleanroom. Met esudigie stap
konden we het rendement van een dagdagelijkske BCB bonditigmoudigen.
Heerlijk zo van die bottom-up ontdekkingen. Achteraf bekelkzijn het net die
kleine dingen die mij zo gedreven hielden.

Nadat ik helemaal op dreef was gekomen was het tijd voor derdmy, ik
wou, net als Bart en Diedrik, naar het buitenland, op avahtitigengekozen
bestemming: het Fraunhofer Institute HHI in Berlijn. Hi@rkik mij in de coolste
stad van Europa bijscholen over detectoren en integrateleVém bedankt Dries,
dat waren 6 fantastische maanden. Eenzaam was ik daarlkieeekend waren
er vrienden op bezoek, alsook Dries zelf met zijn gezinnetje

De trein van opportuniteiten stopte niet. Toen ik terugkwanBerlijn werd ik
bijna letterlijk opgezogen door Joris uit imec. Wow, ik weyelraagd door imec!
Nu was het menens dacht ik. Ja Joris, daar ben je goed in, isemenotiveren.
Onze manier van werken klikte goed, al van dag 1. Resultahegen 'work hard
- play hard'. Ik ben blij dat ik uw team mocht vervoegen bij itne

Verder wil ik nog een heleboel andere mensen bedanken.S2mfn Gunther
en Wim, jullie stonden letterlijk altijd voor mij paraat. Mtkamerspecialisten,
Jeroen (imec) en Michael, zonder jullie hulp hadden mijningsn nu nog niet
afgeweest. Merci Steven voor al je hulp tijdens de fabricagemijn detectoren,
vooral toen ik in Berlijn zat en jij dus alles alleen hebt gadal iesbeth, mijn favo-
rietje aan de FIB, ik ga toch vooral onze gezellige kajaktocithouden! Jeroen en
Andrea, voor de vele ontspannende surfsessies tijdens denea (maar daarna
rechtmatig ingehaald hoor, Roel). En dan heb je nog die meeba andere leef-



tijdsgenoten uit alle hoeken van de wereld, te veel om opé¢enam. Please forgive
me that | don’t mention your name. Eva, Thijs, Thomas, DiedBiart, Yannick,
Martijn, Raphael, Pieter en de zovele anderen, bedanktd@anlige werksfeer.

Ook de vele vrienden toonden veel interesse in mijn werktiesds weer kreeg
ik de kans om te zeggen waar ik mee bezig was. Vooreerst de élamgezers:
Peech, Pipes, SteveyDoet IBM dat al niet?”), Tim (Hoe zit het met die ringos-
cillators?”) en Willy. Willy heeft zich 4 jaar lang bezig getden met mensen te
vertellen dat ik aan fotogenetica deed, bedankt. The dgiidsine, Elise, Charlotte,
Katja, Liesbeth, Lize, Sanne, Zjoske, Evake89, pendeidjeLiesbeth.

En dan begon het schrijven, valt op zich goed mee eigenligkdér het schrij-
ven zou een doctoraat nooit hetzelfde zijn. Een moment viireftectie en con-
centratie. Een unieke periode in mijn leven. Merci Bart e koor het nalezen.
Bedankt promotoren en juryleden Dries, Joris, Wouter, Midérancesco, Wim en
Xin om kritisch door mijn boek te gaan. Jullie opmerkingerrevaterecht!

Bedankt Kelly, Maarten en Liesbeth - jullie in het bijzondgjn een grote
mentale steun geweest tijdens het schrijven, misschieravoode vorm van de
nodige en minder nodige afleidingen zoals dineetjes en tatsfdestjes - anyway
het hielp! 1k weet trouwens zeker dat de nieuwe bewoner vapaterkamer ook
nen toffe pe gaat zijn. Dokter Fil, altijd paraat jij, dankpiu kan ik toch nog mijn
eigen dankwoord schrijven, bedankt voor de goede handabrge

Hanne, liefste Herpie, jij weet als geen ander hoeveel aaomh weekends
er opgeofferd werden aan simulaties, design werk (met ohesdtlie elke week
een week extra verlengd werden) en last-minute papers. tegreplanner ben
ik nooit geweest, daar kan jij dan een boek over schrijvem,wdet ik. Mijn
excuses hiervoor. Ik weet wel dat jij 7 jaar mijn grootste fmnt geweest die
mij bij elke keuze voor d&00% hebt gesteund, van Erasmus naar Kopenhagen tot
samen verhuizen naar Berlijn. We hebben de wereld sameglkdritl 1k ga altijd
koesteren wat we hebben gehad en wat je me hebt geleerd v@thtdre) leven.

Elke en Luc, Cis en Sarah, tante Hilde, mams en paps, sanmeweigen top
familie!

Antwerpen - Gent - Brussel - Leuven, April 2014
Peter De Heyn
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Nederlandstalige samenvatting

Silicium-fotonica

Optische verbindingen gemaakt in silicium worden beschibals een zeer waar-
dig alternatief om grotere bandbreedtes in supercompaotdatcenter communi-
catie mogelijk te maken. Zeer compacte optische verbirairiginnen de band-
breedte per oppervlakte vergroten ten opzichte van langeagere elektrische
verbindingen. Zoals elk integratieplatform heeft ook Sbfaca de voorbije 10
jaar al een zeer brede waaier aan eenvoudidetegreerde fotonische circuits
aangetoond. Zulke integratie kan zeer waarschijnlijk déheskost verlagen en
het fabricagerendement van toekomstige en meer grootgetamplexe circuits
vergroten. Alle esseritle functies om een optische verbinding te realiseren zijn
reeds gedemonstreerd en worden nu door allerhande iestiéut onderzoekscen-
tra verbeterd naar een hoger maturiteitsgehalte. De emstmercele producten
gebaseerd op Si fotonische circuits worden nu reeds op dkt mebracht. Si
gebaseerde fotonische componenten worden gemaakt do@ets geavanceerde
CMOS fabricagetoestellen wat maakt dat men van dit platfiemmeest belovende
resultaten mag verwachten. Si fotonica kan zo in het kielmygn van de conti-
nue ontwikkeling in de zeer gevestigde en gestandaardis€&MOS elektronica
industrie.

Licht kan geleid worden door golfgeleiders die bestaanwtet transparante
materialen met een verschillende materiaal index. Op Hietusn-op-isolator
(SOI) platform wordt licht geleid door het refractieve indeerschil tussen sili-
cium en siliciumdioxide (Si@). Het bereikte indexcontrast tussen de materialen
Si en SiQ is een van de hoogst mogelijke. Deze eigenschap heeft twaegse
rijke voordelen. Ten eerste kunnen golfgeleiders zeer emtyworden gemaakt
zodat het licht zeer nauw kan opgesloten worden: typisclol&jeleiders hebben
een breedte van50 nm en zijn 220 nm hoog. Hiermee wordt het mogelijk om
twee golfgeleiders op minder darb m te plaatsen zonder enige koppeling. Ten
tweede, licht kan geleid worden in zeer scherpe bochteaa(str 3 um) zonder
al te grote verliezen. Deze twee eigenschappen maken heflifkagn minuscule
fotonische circuits te maken met de hoogste functionelsitkihvoor een zekere
chipoppervlakte.

Deze eigenschappen samen met het hoge fabricagerendeongen 2rvoor
dat Si fotonica beschouwd wordt als de meest belovende #aativoor toekom-
stige en zeer performante toepassingen in zowel langeedks-&fstandscommunicatie.
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De succesvolle integratie van fotonische componentenon&s ontwikkeld in dit
werk versnelt een verdere commercialisatie van kosteriftie en op grote schaal
produceerbare optische verbindingen.

Ontvangers gebaseerd op ringresonatoren in silicium
voor optische interconnecties met meerdere golfleng-
tes

Deze studie behandelt de integratie van ontvangers gelaseeingresonatoren
in Si die met behulp van meerdere golflengtes de totale bardte van een op-
tische verbinding kunnen vergroten. Het gebruik van meerdelflengtes op een
enkele fysieke lijn wordt reeds meer dan twintig jaar grétiggepast in lange
afstand optische fibercommunicatie en wordt dan ook besethals de meest ef-
fectieve manier om de bandbreedte te vergroten. Deze &choemen we golf-
lengte divisie multiplexing of WDM. In dit werk hebben we twerepassingsge-
bieden voor ogen waar we denken daiifegreerde fotonische circuits in Si een
belangrijke rol kunnen spelen.

Toepassingen

In-band WDM label extractor De eerste toepassing in dit werk situeert zich
in een zeer performante pakketschakelaar van een vollgtigch verbonden net-
werk. De meest gangbare manier van pakketschakelen gedwdier door eerst
de gehele optische datapakket naar het elektrisch domeonterteren. De pak-
ketschakelaar beslist dan op basis van het adres naar wijkegspoort het da-
tapakket moet gestuurd worden. De data zelf wordt achtemadihaar het optische
domein geconverteerd. Deze zeer snelle opto-elektromisohversies zijn echter
energieverslindend en beperkt de schaalbaarheid van deaketaars. Het groot-
ste deel van deze conversie kan echter vermeden door hehémide datapakket
in het optische domein te houden en enkel de informatie beste@or de scha-
kelaar, te converteren naar het elektrisch domein. Dezwiek is een speciale
variant van een volledig optische pakketschakelaar, @a@gdet schakelen zelf
nog elektrisch beslist wordt. Er bestaan ook zeer snell®kedig optische adres-
herkenningsmethoden die deze beslissing optisch kunmaemenaar deze zijn
meestal zeer gesofisticeerd en moeilijk schaalbaar naagreehaantal adressen.
De routeringsinformatie wordt gecodeerd in het datapafiettbehulp van een la-
bel. Dit label bestaat uit traag varende signalen van meerdere golflengte (WDM)
en wordt bovenop de eigenlijke data geplaatst. De golflengia het label passen
in de spectrale band van het snel gemoduleerd datapakket/elspreken van
een in-band WDM label; dit is spectraal eféat. Door meerdere golflengtes te
gebruiken kunnen we het aantal bereikbare adressen vengrblet label zelf is
veel trager gemoduleerd dan het datapakket zelf. Om hedrtragierende label
te extraheren hebben we zeer smalbandige filters nodig opllergtes van het
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WDM label. In dit werk ontwikkelen we een component die de &mth WDM sig-
nalen ontrafelt en extraheert van een snel gemoduleergaldtat, en dit zonder
het datapakket zelf te verstoren. Op deze manier kan hdtdapechroon en pa-
rallel verwerkt worden. Het resultaat is een flexibele, vagamefficéente manier
van adresherkenning met zeer korte vertragingstijden.

WDM data ontrafelaar De tweede toepassing in dit werk is een data ontvanger
van een optische connectie dat elk WDM signaal ontrafelt.el@gstische connec-

tie kan zeer kort zijn{ cm tot 10 cm) bijvoorbeeld van chip naar chip en zou dan
een belangrijke verbetering kunnen zijn voor een elekigsaterconnectie. Ook
interconnecties over langere afstanden zijn mogelijkdajbeeld van rek naar rek

(1 m tot 10 m) of van server naar server((m tot 1 km). Dit zou dan een belang-
rijke verbetering kunnen zijn voor optische interconnegtinet multimode fibers.
Voor al deze opwaarderingen is het van vitaal belang dat este pandbreedte
wordt bereikt en dit met een zeer laag vermogensverbruik.

Doel en uitdagingen

Veel interconnecties zijn bandbreedte gelimiteerd maabestaande interconnec-
ties op te waarderen naar een volgende generatie is er eekozteneffiocgnte en
laagvermogen oplossing nodig. Het is op het eerste zichtaatrekkelijk idee
om een oplossing te bedenken dat gebruik maakt van een zaepacbfotonisch
geintegreerd component in Si. Maar veel uitdagingen maker té¢2M uitvoe-
ring in Si allesbehalve rechttoe rechtaan.

De ring resonator is de meest compacte golflengte-selediiear. Door deze
component in serie te plaatsen op een gemeenschappelljgelgaer (de bus),
kan men op een betrekkelijk eenvoudige manier een WDM ondi@fenaken. In
wat volgt speciiren we de uitdagingen van deze WDM componenten gemaakt in
Si. Later bespreken we per applicatie hoe we deze compaongétaplementeerd
hebben om de vele uitdagingen het hoofd te bieden. De berekultaten zijn
telkens kort beschreven.

Uitdaging 1 Een van de grootste uitdagingen om compacte WDM componenten
te fabriceren in silicium is de grote gevoeligheid aan méules variaties in de di-
mensies van de gefabriceerde golfgeleiders. Door dezeekfabricagevariaties,
verandert de resonantie golflengte van een ringresonagewanst. Gebaseerd
op een groot aantal metingen vonden we dat de resonantierggikl tot web nm
variéerde §o waarde) over de gehele wafer met een diameter26@8nnm. Bin-
nen een zelfde component (1 mm) kan de golflengte vagren tot0.7 nm (30).
Men kan een actief energieverslindend compensatiescheemnaiegen gebaseerd
op de thermo-optische éfficient van Si door het gebruik van kleine verwarmings-
elementen boven of naast de ring. Wat men ook kan doen is heegnvan deze
component fabricagetolerant te maken. Om voor de variapewaferschaal te
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compenseren zijn er nog steeds verwarmingselementen.r@didat de ringreso-
natoren de compactste zijn ten opzicht van andere typesfilereisen deze com-
ponenten het minste vermogen om afgesteld te worden.

Uitdaging 2 Een tweede uitdaging is de hoge thermo-optiscligfimient van Si.
Deze maakt golflengte-selectieve filters in Si zeer gevaaigtemperatuursveran-
deringen. Men kan een resonantieverschuiving verwaclgrrongeveet2 GHz
(of 100 pm rond golflengtel 550 nm) per Kelvin, onafhankelijk van het type fil-
ter. Deze dynamische temperatuursveranderingen kunmeorddnet ontvangende
golflengte raster volledig verschuiven waardoor er geemeonicatie meer moge-
lijk is. Actieve compensatie is mogelijk maar verbruikt ogdel energie. Daarom
moet deze actieve compensatie zo effitimogelijk gemaakt worden.

Uitdaging 3 Een derde uitdaging is de oppervilakteruwheid aan de zigkevan
een golflgeleider. Deze oppervilakteruwheid is gerelateard de fabricageme-
thode en is moeilijk te vermijden. Dit zorgt er voor dat lickgrstrooid wordt en
dus een extra verlies introduceert. Een belangrijk deeblesme verstrooiing wordt
echter terug opgevangen door de golfgeleider en propagedd tegengestelde
richting. Dit licht komt steeds weer dezelfde storingeretegn wordt versterkt.
Hoe langer het licht in de ring blijft hoe groter deze velsiey. Het is dan ook
voornamelijk in smalbandige ringresonatoren dat dit ¢fflesastreus kan zijn voor
de filter prestatie.

In-band WDM label extractor

Om het in-band WDM label zorgvuldig te extraheren van een gagioduleerd
datapakket hebben we zeer smalbandige filters nodig. Om dét&itvvan het
datapakket niet te verstoren hebben deze filters een bautbrean2.5 GHz of

20 pm. Hierdoor kan de kanaalspating van het label zeer dicht gemultiplexeerd
worden met een spectrale afstand V&b GHz of 0.1 nm. Bovendien moeten
deze filters een zeer laag insertie verlies vertonen om hetogensbudget te mini-
maliseren. Een parallelle rij van zeer responsieve fotteiaonverteert het WDM
label naar het elektrische domein.

Implementatie De hoge opsluitbaarheid van quasi-TE gepolariseerd Iicisi i
golfgeleiders laat ons toe om circuits te ontwerpen met kege bochtstralen.
We ontdekten echter dat het gebruik van deze polarisati¢ gol&eleiders zeer
nefast werkt in smalbandige ringresonatoren. Het teruggeddde licht zorgt er
namelijk voor dat de bandbreedte van de resonantie gevesligeedt wordt zo-
dat de vereiste bandbreedte vZnpm onmogelijk te behalen valt. We vonden
ook dat de resonantie van de ringresonator voor bepaalflerggies in twee klei-
nere resonanties splitste, wat een direct gevolg van deagkigppeling is. Het
gevolg is een onvoorspelbaar gedrag van een ringresonatagnote variaties op
het insertieverlies en andere filterspecificaties. Bovamdielde we vast dat deze
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Figuur 1: De filterkarakteristiek van een vierkanaals in-band label déplaxer
gebaseerd op ringresonatoren met een zeer nauwe bandbreedss-{tM mode).

verstrooiing tot zeer grote reflecties kon zorgen die ogliet—10 dB van het
originele ingangsvermogen. Dit kan tot negatieve gevolgiten zoals instabili-
teit in de laser aan de verzenderkant.

Door golfgeleiders te gebruiken met een lagere opsluitarghet licht konden
we wel de vereiste bandbreedte halen, zonder enige vornmeganantiesplitsing.
De gereflecteerde vermogensverhouding verlaagde metliijiB. We valideer-
den deze oplossing met twee type golfgeleiders: een ondigfstg golfgeleider
met een quasi-TE mode en een dieptg&e golfgeleider maar met een quasi-TM
mode. Beide aanpakken verminderen de modebedekking metrtieale opper-
vlakteruwheid van de golfgeleider.

Resultaten Een vierkanaals ultra-dense WDM label demultiplexer is sseal
gecvalueerd om foutloos een label bestaande uit vier in-beymken te extrahe-
ren van eeri60 Gb/s-gemoduleerd datapakket. Dit resultaat is tot stand gekome
door een nauwe samenwerking met de COBRA onderzoeksgroejeveU Eind-
hoven. De filterkarakteristiek is getoond in Hign maakt gebruik van diepgeste
golfgeleiders met een quasi-TM mode. De resonanties heddieneer superieure
karakteristiek, met een bandbreedte (BW) 2darpm en een insertieverlies (IL)
van slechts dB.

Een heterogeen geegreerde InGaAs p-i-n fotodiode werd geoptimaliseerd
om een zeer hoge responsiviteit (1 A/W) te verkrijgen voor zowel de TE als
de TM gepolariseerde mode en wordt gebruikt om de optische VgIghklen om
te zetten naar het elektrische domein met een snelheid>vatt GHz. Elektri-
sche verwarmingselementen worden gebruikt om voor klegibhadagevariaties te
compenseren. We hebben echter aangetoond dat door de npeetake band-
breedte van de filters het steeds mogelijk blijft een fowtlextractie te voltooien
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Figuur 2: Een microscoopfoto van een volledigrgegreerde label extractor.

onafhankelijk van de exacte spectrale positie van de WDMas@gm Als de re-
sonanties elkaar overlappen blijft actief afstemmen varedenanties nodig. Een
microscoop foto van de volledige ij¢egreerde label extractor is getoond in Eig.

WDM data ontrafelaar

De eerst generatie van WDM optische interconnecties getthegehet Ether-
net protocol voor middelmatige afstant)() m — 2 km) zullen waarschijnlijk ge-
bruik maken van zeer breedbandige filters op een zeer wijdatiegrd WDM
raster, met kanaalspatieringen \2hnm of 2500 GHz (CWDM). Dit werd over-
eengekomen in d&00 Gb/s fiber optic task forcevan de |IEEE (IEEE P802.3bm
- www.ieee802.org/3/). De keuze voor een CWDM grid komt onedajeen ver-
mogen over is om de externe lasers op een constante tempei@tiwouden, wat
er voor zorgt dat de golflengte sterk kan eaein (- 6.5 nm). Een rechttoe recht-
aan implementatie in Si is door die grote spectrale spatevjd 80 nm) moeilijk.
Dit komt omdat de roosterkoppelaars die verantwoordeljjkwor de in- en uit-
koppeling naar de Si chip slechts een beperkte bandbreebteeh & 30 nm).
Het gebruik van een horizontale koppeling biedt hier eerosgihg voor maar
maakt het veel moeilijker om de component te testen op gidtaad. Ons doel
is daarom om een veel agressievere kanaalé&jragi van300 GHz te gebruiken
(DWDM), enkele malen smaller dan CWDM. Dit vergroot niet entkelgezamen-
lijke bandbreedte maar ook het bandbreedteprobleem vasodeerkoppelaar. We
zijn van mening dat deze aanpak zeer schaalbare WDM compmoneat ople-
veren die ook voor toekomstige generaties Ethernet-baedbe kunnen dienen
(400Gb/s - 1.6 Tb/s). Om deze smallere kanaalsgaingen mogelijk te ma-
ken moeten de Si filters tolerant zijn voor dynamische teatpersveranderingen
maar ook voor golflengtevariaties van de externe lasers.ef&tien zijn er nog
de fabricagevariaties die de centrale golflengte van een &n ongewenste ver-
schuiving kunnen geven. De filterrespons moet ook polagisatafhankelijk zijn
zodat de optische interconnectie praktisch handelbadnibet algemeen is een
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polarisatie-onafhankelijk circuit niet voor de hand lipgeomdat de golfgeleiders
asymmetrisch zijn.

Implementatie Om de ongewenste verschuivingen van de centrale kanaalgolf
lengte te compenseren worden typisch individuele verwagsglementen gebruikt,
€én voor elk kanaal. Dit zorgt er echter voor dat ook elk kaeaal eigen controle
signaal nodig heeft zodat de optimalisatie van de gehetglidnk complex kan
worden. Dit controlemechanisme vergroot niet enkel de ngglte van de chip
maar ook het vermogensverbruik. We vergrootte daarom delveedte van elk
kanaal door het gebruik van een geoptimaliseerd ontwerpeeantweede-orde
ringresonator. Deze resonator is dubbel zo groot als eaiteeerde ringresonator
wat het vermogensverbruik voor het afstemmen van de refesarerdubbelt. Op
deze manier is de filter bank nu tolerant tegen golflengtatias op component ni-
veau met eefi o-value varn).7 nm. Deze verbeterde contour van een tweede-orde
ringresonator laat ons toe om sleckén collectief bestuurd verwarmingselement
te gebruiken. Op deze manier kunnen we de absolute resegalfiiengte van de
filter veel eenvoudiger bijstellen zodat deze overlapt nettihkomende WDM
raster. Om het vermogensverbruik tot een absoluut minimeumetleiden heb-
ben we meerdere stratégi ontwikkeld. De belangrijkste is het verwijderen van
de grootste warmtelekken, zoals het Si substraat ondeinde Een polarisatie-
onafhankelijk ontwerp is bereikt dankzij het gebruik vam é&eedimensionale
(2D) roosterkoppelaar.

Resultaat: een polarisatie-onafhankelijkes <20 Gb/s DWDM ontvanger We
demonstreren een 5-kanaals DWDM data ontrafelaar met eaalspatring van
300 GHz. Elk kanaal heeft een bandbreedte 20t1Gb/s. Eerst hebben we een
volledig optische DWDM ontrafelaar gebruikt om op grote sdha testen. Na-
dat de spectrale positie van de DWDM ontrafelaar geoptimaltwas vertoonde
het slechtste kanaal een wafer-gemiddeld insertievdili¢san —1.39 dB en een
overspraak tussen de kanalen (XT) vatB.2 dB. Daarna, integreerden we mono-
lithisch gegroeide hogesnelheid germanium (Ge) detettone elk kanaal opto-
elektronisch te termineren. Een schematische voorggelin de gedemonstreerde
polarisatie-onafhankelijke DWDM ontvanger is getoond infig3. Een 2D roos-
terkoppelaar (GC) is gebruikt om het licht in zijn twee ogbaale componenten
te verdelen over de twee ontkoppelde armen van de ontrafélatinsertieverlies
van deze roosterkoppelaar-i$.5 dB. De totale voetafdruk i$.7 mm x 0.28 mm
en kan nog verder verkleind worden met het gebruik van kteietektrische pa-
den. Indien we deze component zouden schalen naar 10 kasaere ongeveer
40 keer compacter dan andere gerapporteerde DWDM ontvangers

De polarisatie-onafhankelijke responsiviteit is zeerq@d@1 A/W) met de
fiberuitgang als referentie. Bovendien is deze kanaalrespiteit uniform voor
alle kanalen. De overspraak is beter daib dB. Een opto-elektronische filter-
karakteristiek van deze ontrafelaar is getoond in fighiuDe bandbreedte van
de fotodiodes i20 GHz en vertoont uniforme-g parameters. Dezesparame-



XViii

NEDERLANDSE SAMENVATTING

Kanaal 1 2 3 4 5

Y T
Afstel c Ge PDpaden

J\ntrole
2D roosterkoppelaar 2nd order rineresonator

. Ge PD

w
\
y

Doorsneede verwarmingselement

q
\
o

Tungsten via
—>

Ring 1.2um Heater

Oxide

Figuur 3: Schema van de polarisatieonafhankelijke DWDM ontvanger elatuikt maakt
van vijf tweede-orde ringresonatoren in Si, p++ gedopeerde Si veniveyselementen met
een collectieve besturing en hogesnelheid Ge fotodiodes.
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Figuur 4: De opto-elektronische filterkarakteristiek van gefabriceeiffkanaals WDM
Ge ontvanger voor beide polarisatie toestanden (volle en gestippelde lijnen)

ters samen met een open oogdiagram van een pseudo-raidehy’s signaal is
getoond in figuurs. In een parallel onderzoek op hogesnelheids Ge detectoren
toonden we aan dat snelheden van mees@(sHz haalbaar zijn. Met het gebruik
van een meer geavanceerdere fabricagetechnolog®®@mm wafers, toonden

we ook aan dat we het aantal kanalen gemakkelijk kondeneidin naar 10. Dit

zou resulteren in eesD0 Gb/s ontvanger. De bovenvernoemde resultaten zijn tot
stand gekomen door een nauwe samenwerking met het iSIPR/éseimec.
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Figuur 5: (a) Uniforme S21 parameters die een opto-elektronischelivardte van
20 GHz aantonen en (b) een open oogdiagram van een pseudo-ra@6ih /s signaal.

Conclusie

De succesvolle integratie van deze twee ontvangers geésd in Si demon-
streert duidelijk de vele toepassingsmogelijkheden varsdplatform voor een
toekomstige kosteffiéinte massaproductie. We denken dat we met deze twee
demonstraties een significante bijdrage hebben geleverdl@adestbekende en
actuele staat van Si ringresonatoren. Twee klassen varesiogatoren werden
hiervoor gebruikt: een zeer golflengteselectieve ringrasm met een hele nauwe
bandbreedte die tolerant is aan de opperviakteruwheidergelfgeleider en een
breedbandige tweede-orde ringresonator die tolerangéntiokale fabricagevari-
aties.






English summary

Silicon photonics

Optical interconnects (Ol) based on silicon (Si) photomies considered as a vi-
able alternative to copper electrical interconnects tdokrfairther bandwidth scal-
ing in supercomputer and datacenter communication. Onilicers photonics
platform, a wide variety of photonic integrated circuitd@B) have been demon-
strated over the last decade. This integration can verlylikeer the unit cost and
increases the yield of future large scale and complex ¢gchiaving a huge impact
on the industry of next-generation Ol. All essential fuandlities to realize an Ol
have been demonstrated and are now being further enhanaegtéater maturity
level. The first products are now being commercialized. Hu¢ that Si photonic
components are made by the most advanced CMOS fabricatitsrtakes it the
most promising among other integration platforms sincaritleverage on the con-
tinuous development of a well-established and standatdifertronic industry.

Light can be guided in waveguides formed by two transpareaterials with
a different material index. In the silicon-on-insulatoiQ$ platform the light is
guided by the refractive index contrast between silicon siticon dioxide. The
high index contrast has two important advantages. First, aan make ultra-
compact waveguides: typical Si waveguides have a widttb0fhim and a height
of 220nm. Furthermore, the high confinement allows a very dense ratieg,
e.g. two waveguides can ke5 um apart without having any interference. Sec-
ondly, light can be guided without excessive losses in bemitls a very short
radius & 3 um). Those two properties enable ultra-compact PICs and hiiece
highest functional density per unit area.

Apart from the dense functionality, the high-yield fabtioa technology of
Si photonics makes it the most promising candidate for leigt-applications in
all kinds of interconnects ranging from long to intermediednge as well as for
very short chip-level interconnects. The succesful irgégn of the Si photonic
components developed in this work, facilitates the furtt@mmercialization of
cost-effective and mass-manufacturable next-gener&tion
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Receivers based on silicon ring resonators for multi-
wavelength optical interconnects

Our study focuses on the integration of receivers based gim&iresonators to
increase the total bandwidth of an OIl. The technique of usmidtiple wave-
lengths on a single physical line (also known as waveledgtision-multiplexing
or WDM) has been used in long-haul fiber-optic communicat@miore than two
decades. In this work we envision two application areas @/her believe Si PICs
can play an important role.

Applications

In-band WDM label extractor  The first application is situated within a large-
throughput switch of an all-optical interconnect netwoilhe conventional way
of routing is converting all the optical data to the ele@lidomain and decide
based on the address to which output port the incoming datalcloe routed.
Then the data packet is converted back to the optical doniomever, the large
power consumption coming from the ultra-fast electro-cgdtconversions limits
the scalability of such routers. An alternative approadt #voids these power-
hungry conversions is keeping the majority of the data (dndgad) in the opti-
cal domain and only convert the routing information (thedeato the electrical
domain. This technique is typically referred to as all-ogtipacket switching,
although the switching decision itself happens in this apph in the electrical
domain. Ultra-fast all-optical header processing teches that can process the
header information in the optical domain, are typicallyited in the amount of
addresses and is hence not suitable for large-port counttsg. The routing
information is encoded in the payload packet using a mudtirelength (WDM)
label that is superimposed within the spectral band of tigali#imodulated pay-
load. The in-band WDM label is therefore spectrally efficiantl by increasing
the amount of wavelengths one can scale the amount of aédre¥fe label is
modulated at a much smaller rate than the payload. To extradabel one needs
several narrowband filters at the wavelengths of the WDM lalelthis work,
we developed a WDM demultiplexer that extracts the WDM labaifia highly-
modulated payload without distorting the payload. Henke,label can be pro-
cessed asynchronously which enables a flexible, low-Istand power-efficient
address recognition.

WDM data demultiplexer The second application is a WDM data demulti-
plexer that terminates an optical interconnect. This @pficterconnect can be
very short { cm — 10cm) e.g. a chip-to-chip interconnect to upgrade the exist-
ing electrical interconnects. Longer ranges are also plessig. a rack-to-rack
1m — 10m or server-to-server interconnedtOm — 1km) to upgrade the ex-
isting (Ethernet) optical interconnects based on multienbders. A low power
consumption and a high throughput are vital to upgradeiagigtterconnects.
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Objectives and challenges

Many interconnects are limited in bandwidth, but in ordelbécupgraded to a next
generation, a very cost-effective and low-power solut®meéeded. The idea of
having a solution for these application based on a higtdyaeld low-cost Si pho-

tonic integrated WDM component, is very appealing. Howeesesal challenges
impede a straight-forward implementation. In this work vge the ring resonator
to build the WDM-enabled components. The ring resonatorésniost compact

wavelength-selective filter and by cascading them on a camipus waveguide,

one can create a demultiplexer array. We specify first thibestges of these WDM

components in Si and later we discuss their implementatioreéch application

to cope with these challenges. We shortly describe the dstrated results.

Challenge 1 One of the major challenges for realizing compact WDM optical
devices in silicon is the high sensitivity to small variaitsdin the dimensions of fab-
ricated waveguides. Based on large wafer-scale measutgntlea center wave-
length of a ring resonator is found to vary up%am (3c) across a typical wafer
(diameter200 mm) and up t00.7 nm (3¢) within a device & 1 mm) due to fab-
rication variations. To compensate for these variatioitegean active and often
power-hungry compensation scheme should be considenrgdgein the thermo-
optic coefficient of silicon (e.g. using top-heating eletsgor the design should
be made robust towards fabrication variations. Ring resogsaequires the lowest
power to be thermally tuned with respect to other filters.(eugayed waveguide
grating) due to their compactness.

Challenge 2 A second important challenge is the high thermo-optic coefiit
of Si, which makes silicon wavelength-selective deviceglyi sensitive to tem-
perature variations. One can expect a frequency shif2@kHz (or 100 pm at
1550 nm) per Kelvin, independent of the kind of filter.

Challenge 3 A third challenge is the surface roughness at the sidewa# of
waveguide. This surface roughness is fabrication relatddsdifficult to avoid. It
causes the light to slightly couple counter-directionafigpecially in narrowband
ring resonators, this effect drastically limits the filterformance.

In-band WDM label extractor

In order to extract the in-band WDM label from a highly-modathpayload, ultra-
narrowband filters are needed. To not distort the qualitheftayload, their band-
width should be in the order &f5 GHz or 20 pm. Therefore the WDM channel
spacing can be ultra-dense, downltb5 GHz or 0.1 nm. Additionally, these fil-
ters should exhibit a low insertion loss to optimize the polugdget. An array of
highly-responsive photodiodes converts the WDM label toelleetrical domain.
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Figure 6: Filter characterization of the 4-channel label extractor based
narrow-bandwidth ring resonators using the quasi-TM mode.

Implementation The high confinement of Si waveguides enables very short bend
radii. This results in very compact and dense structuresveder, we found that
standard strip waveguides using the quasi-TE polarizagidfer from surface-
roughness induced backscattering. In narrow-bandwidthresonators, the effect
of counter-directional coupling is enhanced and the reglirandwidth 020 pm

is not reached. Additionally, the resonance split in two ponments for certain
wavelengths, which leads to large fluctuations in both tim@toss and extinction
ratio. We also found that due to this backscattering, thectftl power ratio can
reach up to-10 dB which can possibly cause severe problems at the transgittin
laser. Using less confined modes enabled us to design naaodwidth ring res-
onators that are able to exhibit bandwidth€0 pm which are free from resonance
splitting. The reflected power ratio decreased with almosiB. We validated
this solution with two types of waveguides, a shallowlyhetd waveguide using a
guasi-TE mode and a strip waveguide using the quasi-TM mBdth approaches
are reducing the overlap with the vertical sidewalls, whee roughness is the
most severe.

Results A four-channel ultra-dense WDM label extractor is evaludteextract
error-free an in-band label consisting out of four wavetBedrom a highly mod-
ulated payload 60 Gb/s in collaboration with the COBRA group from TU/e. The
transmission spectrum of this filter is shown in Big.The resonances exhibit a
superior characteristic with a bandwidth (BW) of oglypm and an insertion loss
(IL) of 3dB.

A heterogeneously-integrated InGaAs p-i-n photodiodeldeas optimized to
exhibit a high responsivityx 1 A /W) for both the TE and TM mode correspond-
ing to an internal efficiency o85% and 95%. These photodiodes are used to
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Figure 7: Microscope picture of the integrated label extractor.

convert the optical label to the electrical domain with adwidth of > 10 GHz.
Electrical top-heating heaters are used to compensatatfaction variations that
detrimentally shift the resonances. However, we have shbandue to the nar-
rowband spectral behaviour of filters, an error-free openais always possible
independent on the exact position of the resonances witkitvand. However, if
resonances do overlap with each other, active tuning isineju A microscope
picture of the fully integrated label extractor is shown ig.F.

WDM data demultiplexer

The coming generation of optical interconnects based oEtiernet protocol will
be most probably based on very broadband filters on a coarse YOWDM) grid
with a channel spacing &0 nm (2500 GHz). This has been agreed in the IEEE
P802.3bmL00 Gb/s fiber optic task force (www.ieee802.0rg/3/). That is beeaus
the wavelength accuracy of the WDM signals requires a tenyoeraontroller
which substantially increases the total power consumptidowever, a straight
forward implementation of CWDM in Si is difficult due to the rgced wide spec-
tral bandwidth & 80nm). The fiber grating couplers that are used to couple the
light in and out of the Si chip only have a limited bandwidth (30 nm). The
use of horizontal coupling can solve this bandwidth issuenmkes it much more
difficult to test the device on wafer scale. Our objectiveoighable a much more
aggressive channel spacing30l GHz, several times denser than CWDM, which
not only increases the aggregate bandwidth but also rentlogdmndwidth hurdle
of the grating coupler. We believe that this will enable ab&# WDM compo-
nents for next-generation Ethernet-based Ol aggregatévhdiins ¢00 Gb/s -
1.6 Th/s). To enable this denser channel spacing, Si photonics WDMooents
must be robust towards ambient dynamic temperature vamstivavelength vari-
ations of the external laser array. Additionally the comgurshould be tolerant
against fabrication variations. A polarization-insensitresponsivity is required
which enables a great flexibility in handling the OI. In geaiehis is difficult to
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achieve due to the asymmetric waveguide dimension.

Implementation To compensate for the detrimental shifts in center waveteng
of the channel, typically individual single-channel thatrmeaters are used. How-
ever, for each channel an extra control signal is needed lendtimization of
the whole filter bank can become quite complex. This contretmanism will
not only increase the chip area but also the power consumpfitierefore, we
improved the flat-top bandwidth of the filter response by gisiecond-order ring
resonators. This resonator is twice as large as a first-ardgresonator and hence
the power consumption to tune the resonance is doubled. owe filter ar-
ray is now robust against device-scale wavelength variatiwith a3 o-value of
0.7nm. As a consequence, only one single heater is needed to to@lgdune
all channels for the larger wafer-scale channel wavelengtiations. This imple-
mentation drastically simplifies the control algorithm amictuit. To optimize the
power consumption of this heater, several strategies wer@aped. The most im-
portant one is the local removal of the Si substrate undénriea heated ring area,
which removes the largest heat sink. A polarization ingeestiesign is achieved
using a two-dimensional grating coupler.

Result: polarization-insensitive5 x 20 Gb/s DWDM receiver We demonstrate
a 5-channel dense WDM data demultiplexer with a channel sgafi300 GHz.
Each channel can handle data rates ugi&b/s. First, an optical-to-optical
demultiplexer is used to verify the wafer-scale behaviofteAcollective tuning
with integrated p-doped Si heaters, the second-order éitrary exhibits a worst-
channel insertion loss of1.4dB and a crosstalk of18 dB (wafer-level aver-
age). Then, using monolithically-grown waveguide gerraemphotodiodes, an
integrated high-speed opto-electronic conversion isiteting each channel. A
schematic of the presented polarization-diversified DWDMr&miver design is
shown in Fig8. The 2D grating coupler is used to split the two orthogonal po
larization states into two decoupled arms. The insertias [dL) of this grating
is —6.5dB. The total device footprint i$.7 mm x 0.28 mm and can further be
decreased by using smaller electrical contacts. Scalisgtimponent to 10 chan-
nels would result in a total component size40 times smaller than reported for
an arrayed waveguide grating based filter.

The polarization-insensitive fiber-referenced respoadegh (0.1 A/W) and
moreover uniform over all channel responses. The chanosbktalk (XT) is for
all channels better than15dB. The fiber-referenced responsivity spectrum of
the as-fabricated WDM Ge receiver is shown for both polaiorestates in Fig.
The bandwidth of the photodiodes is characterized t2(@Hz with uniform s,
parameters and an open eye-diagraz0dkb /s shown in Figl0.

Further research on Ge photodiodes have shown that the [thdvan eas-
ily be scaled tob0 Gb/s and possibly faster. We also have shown that by using
an advanced fabrication process 39 mm wafers, the amount of channels can
easily be increased to 10. This would enable ultra-compacM¥&eivers up to
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Figure 9: The fiber-referenced responsivity spectrum of the as-fatedic5-channel WDM
Ge receiver for both polarizations (solid/dashed lines).

Responsivity 0.1 A/W
1dB BW 1.2 nm
Channel XT <-15dB
Channel IL 1.2dB
PD responsivity 0.61 A/W
Dark current <8nA

External Responsivity A/W dB

Wavelength [nm]

500 Gb/s in the very near future.
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Figure 10: (a) Uniform s; parameters showing a opto-electror?i¢ GHz bandwidth and
(b) an open-eye diagram using a pseudo-randiin:b /s signal.

Conclusion

The successful integration of these two receivers on a $opta allows for very
cost-effective and mass-manufacturable components. \lievedhat we have
significantly enhanced the state-of-the-art performarfoceng resonators. Two
classes of ring resonators were used: a narrow-bandwidtlofaler ring resonator
which is tolerant against sidewall roughness of a wavegaitka broad second-
order ring resonator which is tolerant against local fedtian variations.



Introduction

1.1 Optical communication

Optical communication has been around for thousands yedhg iform of smoke
signals or a flag semaphore. Optical communication as we krioday, as trans-
ferring information between a sender and receiver usingutadeld light, has been
invented by Graham Bell already in 1880 with the creationha&f photophone,
only 4 years after his invention of the telephone. At thedraitter side (as shown
in Fig.1.1(a)), he used the sun as a light source and converted thetecaases
from his voice to modulate the light. This modulator was apsarflexible mir-
ror, which transduced the acoustic waves (radio-frequairegressure waves) be-
tween a more convex or more concave state of the mirror. Heecéight was
alternately scattered or condensed. By using a lens, thilutated light beam was
focused to the receiver, in Bell's experiment, to his aasis13 meters away. At
the receiver side (as shown in Fidl(b)), the modulated sun light was transduced
back to an acoustic wave using a photo conductive cell atdhbesf point of a
parabolic mirror. The electrical resistance of this celhigersely proportional to
the brightness of the light. The varying current was thenstdaiced into acoustic
waves using a normal earphone. Although Bell found the p#taioe his greatest
invention, the photophone was never commercialized dus tbependency of the
presence of clear sun light. The telephone, which could nugkeof conductive
wires was far more reliable and dominated shortly after'8eil/ention the world
of communication.
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(b)

Figure 1.1: The photophone - an invention of Graham Bell in 1880 - afitsteoptical
communication using the same principles as today’s fiber-optic telecorcation, with
(a) the transmitter and (b) the receiver side.

It took several decades with a number of technological acksefore the
first transatlantic telephone cable was laid in 1956 (TATea)rying a total of 36
telephone lines. Before that, only telegraphic commuitoatvas possible with
delay times up to several minutes. With the invention of t#eef as a coherent
light source, and the fiber-optic cable as a low loss trarsiorismedium, optical
communication became superior to electric communicatohoing-haul applica-
tions. The first fiber-optic transatlantic line was laid ir889 In the meanwhile, the
steady increase in demand for more bandwidth has been exjaheand dou-
bles every 18 monthdl], driving research in high performance fiber communica-
tion technologies. Especially techniques such as wavtiatigision multiplexing
(WDM) and the realization of broad-band erbium doped fiber ldi@gs (EDFA)
increased the bandwidth of each fiber in a very cost-effectimy. However, the
need for more flexibility urged the need for a fast switchiaghnique: all-optical
packet switching.

1.2 All-optical packet switching

The original idea of all-optical networking has been arododmore than 25
years in research communities and has been commercializeldifg distance
(> 3000 km) core networks in the late 1990s. The evolution, benefitallehges
and future vision of all-optical networking for core netksris well reviewed
in [2]. The advantages of keeping all the data between senderezed/er in
the optical domain are numerous since it allows arbitragpali formats, bit rates
and protocols to be transported and thus eliminating the-efgctronic bottleneck.
Due to these unique properties, all-optical networks anallysreferred to as trans-
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Figure 1.2: lllustration of a cross-country (USA) connection within theear backbone
with (a) tens of OEO conversions and (b) no OEO conversions. Figkemtiom P].

parent networks. Circuit connections at each node withénctbre network were
considered to be quasi-static and could be fixed for seveoaltms. Therefore,
switching by manually reconfiguring the circuit of the netlwavas convenient
enough.

However, the primary demand of networking companies ghifteer the years
from more transparency to reduced network costs and enemggumption. To
fully deploy the network’s resources and minimize the nekaasts, more flex-
ibility in switching was needed. This need initiated theftsfiom static circuit
switched networks to more dynamic packet switched netwf@ksdMicro electro-
mechanical system (MEMS) technology has been considereth appropriate
all-optical switching solution but can only perform slowlisiecond switching4].
Switching on the level of packets, typically requires ufiaat signal processing to
acquire the packet routing information and correctly setgtvitch output direc-
tion. The ease of scaling with respect to more WDM channelsiagent cost and
power budget limitations?], made electronic switching the technology of choice
in large switching nodes in the core network. An example @hsan electronic
switch is the CRS-3 backbone router from Cisco, the workakgdst commercially
available backbone router with a total aggregate bandwitli22 Th/s (shown
in Fig.1.3). Today’s line rates are already 4t Gb/s, which is a necessary speed
since the whole data packet needs to be read in order to téméroutput des-
tination (IP level). At this high bandwidths the thermaldifsation of electronic
circuits is very large and a technological breakthroughdsded to reduce this
power consumption. Irg], it is calculated that the scalability of electronic patcke
switching is currently energy limitedy( 156 Th/s perMW for the CRS-3 back-
bone router).

This energy limit means that the only way to increase the Wwadtt is an im-
proved power efficiency. One can do this by ultra-fast atiagh packet switching
techniques but these techniques are typically limited aedwlity. It has been pro-
posed in §], that one should find the best combination of electronicsmrotonics
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Figure 1.3: The CRS-3, the world’s fastest commercially available bawkioouter from
Cisco with322 Tb/s total throughput.

while keeping the data plane in the core of the network alleap For example,
use electronic switch control and electronic edge routdritevkeeping the data
all-optical for the core routers. Several implementatioheptical packet switch-
ing architectures combine all-optical forwarding of thelet payload information
together with an electronic processing of the packet heattmation.

1.3 Switching in data center networks

In large data centers and supercomputers networks, withch remnaller reach
(10 m — 1 km) than long-haul core networks, the need for fast packetkiviyy as

a way to cope with the larger need for flexibility might be elenger. In addition,
these systems are typically closed entities and therefmeit rates and signal
formats are more likely to be fixed following e.g. Ethernetfidiband or Fiber
Channel standards. The need for higher performances dhigespansion of data
centers or supercomputers, with more computing clustertsniped to communi-
cate with each other. At this moment, a fat tree topology edus interconnect
each cluster, as shown in Figd(a). However, this is not scalable in amount of in-
terconnected clusters. The higher the tree, the more a ppaekds to be switched
and thus one can expect an increased amount of latency. Sypically de-
scribed as the port-count dependent latency. The everasioig demand on these
systems, computing at tens of petaflops per second, ismgeatieal communica-
tion bottle neck among the thousands of nodes within thestess §]. This has
motivated research on low latency and large port-countappiacket switchedT.

In Fig.1.4(b), a possible alternative as proposed by the COBRA grotipeotech-
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Figure 1.4: Typical data center network topology (a) and a possible datder topology
employing a large port-count optical packet switch at cluster levelRlgure taken
from [9].

nical University of Eindhoven is show8[9], where the optical packet switching
occurs at cluster level with a centralized optical packetcdw Due to this highly
distributed control, this approach is scalable withoutramméase in latency. A key
building block in this architecture is an optical waveldngind-space switching
module (OWSSM). First demonstrations using discrete compisnare promis-
ing [8] but there is still lack of a low-cost and low-power solution

1.4 Intra-data center optical interconnects

Today'’s intra-data center Ols, providing e.g. the conoedtietween clusters and
the switch, are typically using the lowest-cost solutiosdzhon multi-mode fiber,
with simple but cheap transceivers. The most widely emgldi#EE 802.3 Eth-
ernet standard for this short range 600 m) is the 100GBASE-SR10 standard.
This 100 Gb/s standard makes use of 10 separate multi-mode fibers withaach
10 Gb/s line rate (operating at wavelength0 nm). Increasing the bandwidth us-
ing this standard (e.g. by using more transceivers in aiogdak) is limited by the
available front panel area. Enough front panel area shaugbn for cooling fans.
The increase in line rate fror) Gb/s to 25 Gb/s could solve this front area limi-
tation by using only 4 multi-mode fibers instead of 10 (IEE&hstard 100GBASE-
SR4). However, at the same time also the required range @lliwcreased due

to the growing distance within a data center. Therefore négest data centers
are likely upgrading their fiber network to more expensiansceivers but using
lower-cost single-mode fiber. A single-mode fiber has a latigpersion and can
easily reachi0 — 40 km. This upgrade also implies the shift to longer wavelengths
1310 nm (0-band) or1550 nm (c-band) and the use of more expensive DFB lasers,
typically used for long-range communication. Additioyalbower consumption
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is one of the major operating expenses of today’s data gesmerupgrading to
long-range equipment will only increase this power constimnge.g. the use of a
temperature controller or forward-error correction). Eerthe present need for a
bandwidth-scalable approach with low power consumptiorttfe next and future
generation optical interconnect is very high.

The bandwidth scalability (t¢00 Gb/s and laterl.6 Th/s Ethernet data rates)
and the stringent power budget are the most important ieriterchoose between
different approaches for tomorrow’s implementation of0é Gb/s intermediate
range solution. An implementation using a low-cost higalgphotonic integrated
circuit (PIC) is almost unavoidable. With respect to notegrated alternatives,
a PIC does not only decrease component and assembly cosatsbuytromises
lower power consumption. Several approaches to fulfill ghegjuirements have
been demonstrated in a PIC implementation ranging from pleidtlane parallel
single mode (PSM4)[0] fiber implementation to more dense 1-lane solutions such
as space-division multiplexing (SDM}]], pulse-amplitude modulation (PAM),
or wavelength-division multiplexing (WDM)1[2, 13]. Each approach has its own
advantages regarding specific system requirements sucbvas gonsumption
and future reach and bandwidth scalability.

1.5 Chip-level optical interconnect

Optical interconnects are also increasingly considerezhamavoidable technol-
ogy shift to solve the chip-level bandwidth problem elestiinterconnects are
facing. The only solution at hand to scale the bandwidth e€teical intercon-
nects is to increase the clock speed or to reduce the rangeeabing the clock
speed is limited by the corresponding heat consumption piranea. Despite
the ever-decreasing size of a transistor by improving theidation technology,
total chip area tends to increase and hence reducing threantgect range seems
not possible either. This is partly due to an increased cexitpl of the circuit
but also due to a scaling problem of electrical intercomnéself. It turns out
that one cannot simply downscale copper circuits withoateéasing the interfer-
ence between different paths and increasing group delaye@ised capacitance
and resistance). Therefore, high-performance CPUs haye inade parallel us-
ing multicores working at lower clock speed some years aduis femporarily
solved the power budget problem and could enhance the corgmawer dras-
tically. However, the computing gain one can reach by sghdarmproblem using
parallel cores is still limited by the I/O bandwidth betwabae CPU and a shared
memory.

An optical interconnect offers several advantages witheesto copper high-
speed electrical interconnects (e.g. the PCI express blisg most important
is the area consumption, one can scale the dimensions of taralopaveguide
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without increasing the group delay. In addition, opticaéinconnects can handle
multiple data streams on a single physical waveguide usingM#zhniques and
are hereby superior to electrical interconnects regardargwidth for a certain
amount of chip area.

To be able to compete with electronic interconnects, obvell and chip-to-
chip optical interconnects need to meet stringent targetthe power efficiency
(= 1pJ/bit [14]) and should be able to work over large temperature vanatio

1.6 Silicon photonics optical interconnects

Optical interconnects (Ol) based on silicon (Si) photories considered as a vi-
able alternative to electrical interconnects to enabléh&rrbandwidth scaling in
supercomputer and data center communication, but alsoiplelel intercon-
nects. On the silicon photonics platform, a wide variety lodfonic integrated cir-
cuits (PICs) has been demonstrated over the last decadeiniégration can very
likely lower the unit cost and increases the yield of fut@eyk scale and complex
circuits, having a huge impact on the industry of next-gatien Ol. All essential
functionalities to realize an Ol have been demonstratechamaow being further
enhanced to a greater maturity level. First products areqowmmercialized (e.g.
a4 x 28 Gb/s PSM4 transceiver from Luxtera). The fact that Si photonimpo-
nents are made with the most advanced CMOS fabrication, tow@ges it in our
opinion the most promising among other integration platf®since it can leverage
on the continuous development of a well-established anttlataized electronic
industry. Only recently, a first monolithically integratsiticon nanophotonics re-
ceiver in @90 nm CMOS technology node has been demonstrated by IB# [

Light can be guided in waveguides formed by two transpareaterals with
a different refractive index. In the silicon-on-insula{@&@OIl) platform the light
is guided by the refractive index contrast between silicad ailicon dioxide.
The high index contrast has two important advantages., Bin&t can make ultra-
compact waveguides: typical Si waveguides have a widtb0fhm and a height
of 220nm. Furthermore, the high confinement allows a very dense riatieg,
e.g. two waveguides can He5 ym apart without having any crosstalk between
them. Secondly, light can be guided without excessive ossbends with a very
short radius £ 3 um). Those two properties enable ultra-compact PICs and hence
a very high density per unit area.

In Fig.1.5@a), a SEM picture of a cross section of a photonic wire imgetad
in a SOI platform used in this work is shown. The buried oxiggel underneath
the Si device layer is thicker (2n) than typical SOl wafers used for CMOS to
avoid leakage of the optical power to the Si substrate.

Apart from the dense functionality, the high-yield fabtioa technology of Si
photonics makes it the most promising candidate for higth-agoplications in all



CHAPTER 1

(®)

¥
220nm

F,

Figure 1.5: (a) A SEM picture of a cross section of photonic wig(x 220 nm?) in
silicon. Picture from [L6]. (b) the birds-view perspective of a bend photonic wire.

kinds of interconnects ranging from long to intermediategeaas for very short
chip-level interconnects. The successful integrationhef $i photonic compo-
nents developed in this work will facilitate the further corercialization of cost-
effective and mass-manufacturable next-generation Ol.

1.7 Envisioned applications of this work

In this work we investigate the adoption of the multi-wavejth (WDM) tech-
nigue to enhance the performance of an optical interconfieai WDM-enabled
receivers on Si photonics are envisioned. The first recevesed to extract the ad-
dress encoded with a WDM signal within an all-optical packégtch. The second
receiver demultiplexes the data signals and terminatepticabinterconnect.

1.7.1 Application 1 - in-band WDM label extractor

In this variation of all-optical packet switching, the datays in the optical domain
and both the header processing and switching are perforieettanically (see
also Figl.4). As proposed in], this configuration seems very promising regard-
ing the reduction in power consumption and improved schiphvhile keeping
the latency low. An important step is to extract the addregsrvarding routing
information from the ultra high-speed optical packets gi@ad @0 — 160 Gb/s).
To encode the forwarding routing information in the payloadow-speed1( —

2 Gb/s) multi-wavelength label is used. The label is superimposétin the
same spectral band of the payload with the same length asattieetpduration.
Using narrowband filters one can extract this in-band WDM llabignout distort-
ing the packet. Each WDM signal of the label is sent on a diffeveavelength
and the can be positioned very close to each other due torthemw bandwidth.
This label can be processed asynchronously and in paradeh(wavelength at
the same time) and controls the output configuration of thieckwAn illustration
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Figure 1.6: In-band label technique using 4 parallel coded multiple incbavavelengths.

of this component is shown in Fiy6, where 4 parallel in-band wavelengths are
used as the optical label. In order to extract the in-band WBib&I from the pay-
load, ultra-narrowband filters with a bandwidth 25 GHz or 20 pm are needed
to not distort the payload. With this bandwidth the WDM chdrepacing can be
ultra dense, down td2.5 GHz or 0.1 nm. Each WDM signal is then converted to
the electrical domain by a fast photodiode (bandwidth 10 GHz). Additionally,
the power budget needs to be as low as possible which isatadsbn component
level into optical filters with a small insertion loss and piaiodes with a high
responsivity.

1.7.2 Application 2 - WDM data demultiplexer

The coming generation of optical interconnects based oEtivernet protocol will
be most probably based on very broadband filters on a coarse YZWWDM) grid
with a channel spacing &0 nm (2500 GHz). This has been agreed in the IEEE
P802.3bmL00 Gb/s fiber optic task force (www.ieee802.0rg/3/). That is beeaus
the wavelength accuracy of the WDM signals requires a temyoeraontroller
which increases substantially the total power consumptidowever, a straight
forward implementation of CWDM in Si is difficult due to the veidpectral band-
width (> 80 nm). That is because the fiber grating couplers that are usezie
the light in and out of the Si chip have only a limited bandWwi¢: 30 nm). The
use of horizontal coupling can solve this bandwidth issueitoonakes it much
more difficult to test the device on wafer scale. Our goal isrtable a much more
aggressive channel spacing300 GHz, several times denser than CWDM, which
both increases the aggregate bandwidth and removes thevioiéimdhurdle of the
grating coupler. We believe that this will enable scalable MBomponents for
next-generation Ethernet-based Ol aggregate bandwids3b/s - 1.6 Th/s).

To enable this denser channel spacing, Si photonics WDM coemgs must be
tolerant towards ambient dynamic temperature variatiwaselength variations of
the external laser array and be fabrication tolerant. Alpolarization-insensitive
responsivity is required which enables a great flexibilithandling the Ol. In gen-
eral this is difficult to achieve due to the asymmetric waveguimension. The
high-speed signal2Q — 40 Gb/s) are converted using highly-responsive high-
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bandwidth photodiodes. This WDM receiver can be used in aa-tkta center
optical interconnect for future Ethernet, Infiniband andefiChannel data rates
(all evolving to> 1Th/s) but also increase the chip-to-chip (PCle) or on-chip
bandwidth.

1.8 Silicon photonics integrated circuits

1.8.1 WDM filters

Filters realized with ring resonators using a high-indextcast platform such
as SOI can be made very compact, and can be designed withftaegepectral
ranges. A microscope picture of a first-order ring resoniatshown in Figl.7(d).
Ring-based WDM components have been demonstrated with aleoaisly smaller
footprint [17] compared to other filter implementations. By cascadingssving
resonators, one can create a very scalable and compacttggexer as shown in
Fig.1.7(e). Other types of WDM filter are an arrayed waveguide graffyG)
(Fig-1.7(a)), a Mach-Zehnder interferometer (Hig(b)) and an Echelle grating
(Fig-1.7(c)). These filter types are based on feed-forward selffeitence, in con-
trast to the feed-backward filter principle of a ring resondtased filter. Using a
feed-forward filter, one does not have the ability to tunehectannel separately
by e.g. a top-integrated heating element. Feed-forwaetdilire in general con-
siderably larger than a ring resonator. Besides enabligly imtegration density,
the compactness of ring-based filters enables low-powemtdeuning. Higher-
order, multi-ring filters enable a higher design freedom parad to first-order
single-ring designs, allowing filters to be designed witdevichannel bandwidths
and steeper channel roll off characteristit8][ The resulting flat-top channel re-
sponse can be exploited to improve the crosstalk and insedss of the WDM
filter.

1.8.2 Challenges for WDM filters on SOI

One of the major challenges for realizing compact WDM filtéxst @lso in general
for any optical device) on SOl is the sensitivity of these poments to variations
in waveguide dimensions. These include linewidth variaioluring the litho-
graphic pattern definition as well as thickness variatidrith@top silicon layer of
the SOI stack2]. Linewidth variations can be present both at the devicéesca
(1 —100 pm), chip scale {— 20 mm) or wafer scale (up t800 mm). Variations at
the local device scale are typically much smalker {nm) than the global varia-
tions found across a full wafer{ 10 nm and higher). Silicon thickness variations
typically occur at the wafer scale, with variationsi®fnm and more across a full
wafer [22].
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Figure 1.7: (a) Arrayed waveguide grating (taken frofr®]), (b) Mach-Zehnder
interferometer (taken fron2J]), (c) Echelle grating (taken fromZ1]), (d) a first-order
ring resonator and (e) a cascaded ring-based WDM filter.
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In addition, silicon wavelength-selective devices areviméo be highly sensi-
tive to temperature variations. These perturbations thrétfluence the effective
refractive index and give rise to a detrimental shift of teeanance wavelength
of WDM filters such as ring resonator based filte2§][ either on device, chip or
wafer scale 22]. To compensate for the detrimental shifts in center wangtie
of the channel, typically individual single-channel thatreaters are used. How-
ever, for each channel an extra control signal is neededhenajatimization of the
whole filter bank can become quite complex.

A third challenge is the surface roughness at the sidewalhediveguide. This
surface roughness is fabrication related and is difficuéivoid. It causes the light
to slightly couple counter-directionally. Especially iarmowband ring resonators,
this effect drastically limits the filter performanc2].

1.8.3 Photodiodes

A photodiode converts photons into electrons and is comynasibd to terminate
an optical link as a receiver. This so-called opto-eledtraonversion is possible
due to the band gap formation in semiconductors, where tegggrof a photon
can excite an electron to the conduction band. Their morenténtegration on a
Si platform allows for a very efficient detection of the onigcpropagating light.

In this work, the goal is to fabricate a photodiode that catfnbegrated on a
Si platform and detects high-speed signals aroli) nm. Two attractive ma-
terials that can be integrated on silicon are 111-V composathiconductors such
as indium gallium arsenide (InGaAs) and germanium (Ge).alassphotodiodes
are very well developed since 19725 and are now considered to exhibit the
highest performance amongst high-speed photodiodest iii@aturization on a
monolithically-integrated platform have demonstratedtpdiodes with a record
bandwidth up tol20 GHz and a0.5 A/W responsivity 6. However, InGaAs
related materials are expensive which limits their usghbit small-footprint but
very high-performance products, packaged to perform desifugpctionality. A
cost-effective solution is found in using heterogeneousiggrated I11-V material
on silicon, as demonstrated i27, 28]. By means of a heterogeneous die-to-die
or die-to-wafer bonding technique, small areas of llI-V er&dl are integrated on
top of a Si waveguide platform. The Si chip is used for varipassive optical
functionality such as filtering and acts as a carrier for $itlaV/ dies that can pro-
vide active functionality. On the other hand, Ge can be diyeategrated on Si by
epitaxial growth and is in addition CMOS compatible. Theidgpgrowing inter-
est in Ge-on-Si devices has improved the photodiode pe&nca tremendously
over the last years. Various demonstrations of ultra-fasp@otodiodesZ9, 30]
are starting to show similar performances compared to Ir3atfotodiodesd1)
with bandwidths exceedin) GHz at high responsivities{ 0.7 A /W). However,
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only limited demonstrations of integration with complexefik are present.

1.9 The objective of this work and outline

The objective of this work is to demonstrate WDM-enabled phit integrated
receivers with these functionalities:

1. Anin-band label extractor to enable the all-optical mcwitching of very
high-speed optical data packets using ultra narrowbanh&iresonators.
A label consists of multiple WDM signals which all have a baiditv of
1 — 10 GHz. After being extracted by an ultra-dense WDM demultiplexer
they are converted to the electrical domain using InGaAsqahiodes.

2. A dense WDM data demultiplexer which is tolerant againsti€ation vari-
ations and can cope with temperature and laser wavelengttivas. Input
signals can have a bandwidth up2® — 40 Gb/s and are converted to the
electrical domain using Ge photodiodes.

The ring resonator and photodiode are the two main buildiogks for the
demonstrators and will be discussed first, respectivelyhapter2 and3. The fo-
cus is set on bringing the reader the necessary understpoimow these compo-
nents were optimized in this work. However, these chaptdtgive extra insight
in the typical design trade-offs. In chap®@rtwo types of ring resonators are op-
timized: narrow and broadband ring resonator filters. Inpt#EB, two types of
high-performance photodiodes integrated on silicon azeutised. The first type is
a lll-V InGaAs photodiode heterogeneously integrated orif&e second type of
photodiode is a CMOS-compatible germanium photodiode,atitbircally grown
on Si.

The rest of the book is devoted to discussing the demondtptetonic inte-
grated receivers. In chaptdr four narrowband ring resonators are cascaded to
form a 4-channel in-band label extractor. The fabricatibthe ring resonators
and InGaAs photodiodes is discussed as well as two systésn tes

In chapterb, second-order ring resonators are cascaded to form a dens& WD
demultiplexer with Ge photodiodes. In a first stage we focusads-channel
300 GHz demultiplexer which is extensively investigated with thajextive of
improving its robustness against local and wafer-leveti¢ation variations. In
chapter6, the performance of this component is further enhanced treasing
the total aggregate bandwidth and decreasing the poweucgimon.
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Ring resonator design and simulation

The aim of this chapter is to design two classes of filtersdasering resonators,
fabricated in the high-index contrast silicon-on-insaigtlatform. The first filter
class that we discuss is the narrowband ring resonator. Wemlgrate that the
strong waveguide confinement has an important drawbackirthigg the photonic
circuit designer to build narrowband filters: sidewall rongss induced backscat-
tering. An important part of this chapter is devoted to sdhis issue by opti-
mizing ring resonators using less-confined optical moddsesg ring resonators
can be used for e.g. an ultra-dense WDM label extractor asishsd in chapter
4. The second filter class is the higher-order ring resonakicinwhave the unique
ability to broaden the bandwidth of the resonance withotrtaasing the crosstalk.
This property enables fabrication-tolerant dense WDM rexsias discussed in
chapter5 and®é.

2.1 Introduction

A ring resonator is probably the most popular optical congmardeveloped in
integrated platforms in research due to its unmatched comess and wide de-
ployability. Applications vary from narrow and wide-banldiis [1—3], high-speed
low-power modulatorsq], compact all-optical switche$], long delay lines, 7],
highly sensitive biosensor8,[9], efficient lasers 10-12] and thermal bi-stability
enabled reservoir computindg3] among others. Ring resonators are extensively
described in literaturelg-16]. In what follows, we will briefly summarize all
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Figure 2.1: General schematic view of (a) an all-pass ring resonaipad-drop ring
resonator. Picture adapted fronif)].

concepts and formulas that are needed to describe thednatbehaviour of ring
resonators. In sectidhl.1and2.1.2 we start by presenting the analytical formu-
las for an all-pass and add-drop ring resonator structugeeively. In section
2.1.3 we will discuss several performance metrics that are usdhis work to
describe the behavior of a ring resonator.

2.1.1 All-pass ring resonators

In its simplest form a ring resonator can be configured ascaied all-pass (AP)
filter as shown in Fi®.1(a). The ternring resonatoris typically used to indicate
any looped resonator, but stricto senso it is a circular vitity radius R. When
the shape is elongated with a straight section along onetitire(typically along
the coupling section) the termacetrack resonatois also used. Both filter shapes
are used throughout this work, where the extra straighiseatong the coupling
section (denoted as.) is used to increase the coupling between bus and ring
waveguide. However, we will use the name ring resonator &th lbypes since
all equations apply to both shapes. The basic spectral grep®f an AP ring
resonator can easily be derived by assuming continuous eygmtion. Under the
assumption that reflections back into the bus waveguide egkgible (which is
not necessarily the case, see sec#idnd), we can write the ratio of the transmitted
(through) and incident (input) electric field in the bus wawiele as 14, 16]:

Evhrough _ irig@ =7 " (2.1)
Einput 1- TCL@M) . |

¢ = BL is the single-pass phase shift, withthe round trip length and
the propagation constant of the circulating modes the single-pass amplitude
transmission, including both propagation loss (i.e. statt) and bend loss) in the
ring and additional loss in the couplers. By squaring eguail, we obtain the
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intensity transmissiofd’.

T Ttnrough a® — 2racos ¢ + 12

= 2.2
Linput 1 —2arcos¢ + (1a)? (2:2)

with 7 the self-coupling coefficient. Similarly, we can defireas the cross-
coupling coefficients, and s& andx? are the power splitting ratios of the coupler,
and they are assumed to satisf/+ 2 = 1, which means there are no losses in
the coupling section. This assumption can introduce a semedr on the trans-
mission power levels. The width of the resonance remaingchras long as the
losses that are introduced by the couplers are includeceinetbonator round trip
loss coefficient.

We find the ring to be on resonance when the phase a multiple of2r,
or when the wavelength of the light fits a whole number of tirte$ inside the
optical length of the ring:

res — y m= 1,2,3..., (2.3)
m

At this wavelength, the input of the ring (bus to ring) inexds constructively with
the fields traveling inside the ring, and the output of thg (ing to bus) interferes
destructively with the fields traveling in the bus. Thus tleevpr is build up inside
the ring. A typical ring radius is between 5 a@ m, which corresponds with a
number form from 50 to 200 using standard Si waveguidés)(x 220 nm? and
using the quasi-TE mode). For ideal cavities with zero aid¢ion,a ~ 1, the
transmission is unity for all values of detuning For non-ideal cavities and under
critical coupling the transmission at resonance dropstto. ZEhe coupled power is
then equal to the power loss in the rihg- o> = x2 or 7 = a. In this situation the
fraction (+?) of the build-up power traveling in the ring that couplesnirthe ring
back to the bus, is equal to the self couplingand interferes destructively. We
say that the ring is critically coupled and light at the remmre wavelength cannot
escape the ring. From the input side there is no light thatpeess the ring. The
light stays in the rings until it is absorbed or scatteredyawae smaller the losses
inside the ring, the lower the required coupling that is mekt fulfill the critical
coupling condition. But also, the lower the coupling, theder it takes to build up
the power to a steady state value. Together, due to a low tasko® coupling, the
light will travel longer before it is lost. Hence, it will paghe directional coupler
more times and will do more round trips than when the coupdintpe ring losses
are larger. As a consequence, the resonance wavelengtticorid,.) becomes
more strict and the resonances become sharper, exactharie as for any other
resonance structure e.g. a Fabry-Perot cavity. If the dogpd larger than the
losses inside the cavity, the ring is over-coupled. In treeashere the coupling is
smaller than the losses, the ring is under-coupled.
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2.1.2 Add-drop ring resonators

When the ring resonator is coupled to two waveguides, thelémtifield is partly
transmitted to the drop port (see Fig.1(b)). The transmission of the add-drop
(AD) ring to the through and the drop port is then derived ds\is:

Tihroush 7'22(12 — 271 Taa Ccos ¢ + 7'12
Tihroush = &1 — 2.4
through Tinput 1 =27 macos ¢ + (r11mea)? (2.4)
Livo 1—7)(1—r
Tirop = 10 _ (1-=m)(1 —13)a 2.5)

Iinpus 1 —2mmacos ¢ + (Timea)?

If the attenuation is negligiblez(~ 1), critical coupling occurs at symmetric
power coupling £1=k2 Or 71 = 73). In the realistic case of a lossy resonator,
critical coupling occurs when the losses match the selpling asma = 7 and
hence asymmetric power coupling is needed. In this work sptgmetric power
coupling is used. One can follow the same reasoning as inake of an AP
ring: the smaller the losses inside the ring and the lowecthgling to and out
of the ring, the longer the light stays in the ring. As a consege the wavelength
resonance condition becomes more strict and hence theams®sharper.

2.1.3 Spectral characteristics

The characteristic spectra and parameters of both an sdl-pad add-drop ring
configuration are indicated in F&y2 The full-width-half-maximum (FWHM) is
usually denoted as 3-dB bandwidth (abbreviated as BW ogBWhe insertion
loss (IL) of the drop response is defined as the ratio of theimmax level at the
drop port (Tirop) to the maximum level of the through portiTouen). The extinc-
tion ratio (ER) of the through response is defined as the batiween the minimum
of the through port (frougn) With respect to the maximum of the through port.

Within a first order approximation of the dispersion, the alength range
between two resonances or free spectral range (FSR) inidanot wavelength
equals:

)\2
FSR = o (2.6)

with L the round trip length. The group index) takes into account the disper-
sion of the waveguide and is defined by

dnesy
ar

ng = neff — )\0 (27)

The group index, and the corresponding group velocg,ty: —, describes the

velocity at which the envelope of a propagating pulse tlsaaeﬂ |s a characteristic
of a dispersive medium (or waveguide).
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Figure 2.2: Transmission spectrum of (a) an all-pass ring and (b) tleedutputs of
add-drop ring with the important spectral features indicated. Figure aeldjrom [L6)].
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The shape of the transmission curves approximates a Losardarve in the
vicinity of the resonance. We will use this property to fit theasured transmission
spectra withA X the FWHM or BW. Note that this equation can be used for both a
through and drop response.

A(AN/2)?
(X — Ares)? + (AN/2)2

y(A\) = baseline + (2.8)

The finesse of a resonance is defined as the ratio of FSR anthresowidth,

. FSR
F — 2.9
inesse= BW (2.9)

It is thus a measure for the sharpness of resonances rdlatieir spacing. The
quality factor (Q-factor) is a measure for the sharpneshefésonance relative to
its central frequency,

Ares
-f = == 2.1
Q-factor BW (2.10)

The mathematics behind the finesse and Q-factor are deddribmumerous
text books and publicationd4, 17, 18]. The finesse is found to represent within a
factor of27 the number of round-trips made by light in the ring beforéritensity
is reduced to ¥ of its initial value. The power build up in the resonator can
be calculated as thf—i@e imput With Py, @s the input power. The Q-factor
represents the number of oscillations of the field beforecttmilating energy is
depleted to ¥ of the initial energy. To determine the Q-factor, the ringaeator
is excited to a certain level and the rate of power decay issored. However,

a more straight-forward way is the use of Eg1(Q by measuring the BW of the
resonance.

A distinction is made betwedpadedQ andintrinsic Q. The intrinsic (or un-
loaded) Q of a resonator is the Q-factor when the resonatatdvmot be coupled
to waveguides. When coupling to a waveguide, additionakel®sse introduced
to the cavity, namely the coupling to the bus waveguide. ldetie loaded Q is
always smaller than the intrinsic Q. We always mézadedQ when referring to
Q-factor, unless it is specifically mentioned otherwisearifall-pass ring filter is
critically coupled, the losses in the cavity are equal todbepling from the bus
to the ring. In other words, the intrinsic Q is the double @& thaded Q at critical
coupling. In this way, one can easily estimate the cavitgdgsand thus also the
intrinsic Q as follows 17, 19, 20]:

Qi  mny
2 Na
with « the total propagation loss per unit length andthe group index. Note
that this assumes that the coupling section is lossless«{t.e- 72 = 1) which

is not necessarily the case. One approach of estimatingrdmagation loss is

Qloaded - (211)



CHAPTER?2 2-7

lowering the coupling between the bus and the AP ring resondiis way, the
cavity losses are dominated by the cavity losses apgiQ approaches Q The
effective propagation loss A can then be estimated usingvWoig formula:

2mng

AldB/cm] = 4.3 (2.12)

/\O[Cm]Qloadod
where the factor 4.3 comes froff log, , exp (1).

In [21], an useful formula for add-drop ring resonators is dedubatigives a
closed-form expression for the round trip amplitude lossfficienta (as used in
Eq.@.5) on page2-4) and is shown in EqX.13. The extinction ratio (ER), FSR
and 3dB bandwidth&4\) are the only parameters that are to be determined. Note
that ER should be expressed on a linear scale and not in dlecibe

21 AMER)
1—ag2=""2r 7 2.1
¢ FSR (2.13)
Froma?, one can calculate the round trip loss [dB]-a$0 log 10(a?). A similar
formula is found to determine the cross-coupling factomeein the bus and ring
(k?).

5,  mAMN1—-+VER)

K= e (2.14)

2.1.4 Counter-directional coupling

Counter-directional coupling is the mutual coupling beswehe clockwise and
counterclockwise propagating mode. When there is couptimg,will result in
a net power transfer from the intentionally excited forwardde to the backward
propagating mode, and this coupling also causes distarfitive ideal Lorentzian-
shaped spectrum by resonance splitting. To understandaese splitting due to
counter-directional coupling, one can describe this sydtetemporal coupled-
mode theory (TCMT) 18, 22, 23)].

In an ideal resonator (e.g. circular symmetric, with peri@dewall smooth-
ness and without a coupling section), the forward and baakwaveling-wave
modes are uncoupled, frequency-degenerate eigenmodas ®fttem. However,
in practice, due to small perturbations the two traveliray@ modes can couple.
The traveling waves are then no longer uncoupled. Therefonew base of two
uncoupled modes, which are the eigenmodes of the systelmsen, e.g. two or-
thogonal standing waves (symmetric and antisymmetric keispect to a reference
plane perpendicular to the bus waveguides a$&}) [ Two different superpositions
of the forward and backward traveling-wave mode can be usethis purpose.
Forward propagating light in the waveguide will then extiite symmetric and an-
tisymmetric mode 90out of phase. Due to symmetry breaking, these uncoupled
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eigenmodes are no longer degenerate, resulting in a resefraguency shift and
thus the spectrum will show resonance splitting.

In principle, this perturbation could be induced by the pres of a bus waveg-
uide [22], since the two standing waves will feel a slightly diffet@mvironment
(effective refractive index) causing the supermodes torrate on a slightly differ-
ent frequency. From the traveling-wave viewpoint, the cimnal coupler is then
a periodically phase-matched scatterer into the backwesgagation direction,
thus building up the power in the counter-propagating madesplitting the su-
permodes. A good introduction about the modeling of the bafllection caused
by the coupling section can be found i&4]. Also sidewall-roughness-induced
backscattering has been predict@é][and demonstrate®p, 26] to lead to dele-
terious resonance splitting. In higher-order filters, vaélveral coupling sections,
it might limit designers to obtain a good extinction ratio.sélution is been pro-
posed in P2] by choosing for a longer and weaker directional couplet tloeers
several propagation wavelengths of the ring mode, thuscieduhe difference in
environment between the modes.

Little et al. show in P5] that if the time to deplete the ring due to counter-
directional coupling becomes smaller than the time to ahang the ring to its
steady-state value, resonance splitting becomes visilileei spectrum of the res-
onator. This behavior is usually translated ito> « with R the mutual field
coupling between the forward and backward propagating raode:* the exter-
nal power coupling. Because it is often desirable to ke&pv to achieve a narrow
bandwidth, even minor reflections will cause problems irhH@devices.

This effect is demonstrated in F&33, where the simulated transmission spec-
tra are shown of an add-drop ring resonator with radius and mutual coupling
between the forward and backward propagating m@de 0.0053. In Fig.2.3(a),
the power coupling:? is 0.0169. Because®? > R, no resonance splitting is de-
tected. From the moment the coupling is reduced, resongtiting can become
visible. This is shown in Fi@.3(b), wherex? = 0.0036 which is smaller than R
and hence resonance splitting becomes visible.

To clearly visualize the effect of counter-directional pbug, the transmission
spectra of the same ring configurations is simulated vidth= 0, as shown in
Fig.2.3(c) and (d). Inthe case af > R, the effect of counter-directional coupling
is visible in the increased IL«1.2 dB with respect to—0.5 dB), decreased ER
(—17 dB with respect to-24 dB) and increased 3dB BW £0 pm with respect to
100 pm). In the case of? < R, the effect of counter-directional coupling on the
filter performance becomes much more drastic. The IL (as #eémum of one of
the split resonances) is now6.5 dB, which is—4.3 dB larger with respect to the
case wherg? = 0. Also for the ER, the performance is degraded frefi® dB to
—5dB. The definition of the 3dB BW becomes inadequate. Note treatatger
the mutual coupling, the larger the resonance splittingress.
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Figure 2.3: The effect of counter-directional coupling on the spedtedlaviour of an
add-drop ring resonator (radius zm) when (a)s* > R and (b)x? < R. In (c) and (d),
the transmission spectra are shown for the same ring configuration ke wh
counter-directional coupling is present (R=0). A propagation los8 @B/cm is assumed.

Next to resonance splitting, counter-directional couplaiso causes power
reflecting back into the input waveguide and/or the add-pidris reflected power
is also shown in Fi@.3(a) and (b). This backreflection is strongly enhanced by
the resonance effect of the ring7. The longer the light inside the ring, the
stronger the enhancement. In RAgxa), this reflected power has a ratio-ef2 dB
with respect to the input power. These high reflection caseduostability in the
transmitting laser. In Fig@-3(b), the ratio is even largerg8.2 dB).

In silicon waveguides, sidewall corrugation is typicalnsidered to have the
largest impact on the counter-directional coupling andckersonance splitting.
In a straight waveguide this counter-directional coupliagknown as surface-
roughness induced backreflection. These reflections carcheadely quanti-
fied by inverse Fourier transforming the reflection spectasrdemonstrated in
[27-29].

Following the arguments irl[7, 25, 30|, the depth of the sidewall corrugation
is mostly considered as a stochastic variable, correspgnlith a Gaussian cor-
relation function with a fixed variance and correlation gmgBoth the variance
and correlation length are determined by the fabricatiatgss. It is experimen-
tally demonstrated that backscattering is indeed a wagétethependent random
process whose statistics is independent of the shaperafmgtive index contrast,
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and technology of the waveguide]].

To simulate the transmission spectrum of an add-drop résowéh the pres-
ence of counter-directional coupling, one can use the following formulas (de-
rived based on1[6, 25]). The field transmission of the drop, add and through port
are listed in equation(15),(2.16 and @.17).

—Var? exp(—jo/2)A

b = s e (— o) A (2.15)
g = 2B OPLI0) 2.16)
tasgn= T DI 2.7)
FactorA and B are defined as follows
B IR (2.19)

1 TraT? exp(—jo)

WithTR:\/l—RQ.

2.2 Losses in asilicon ring resonators

In this section an overview is given of several loss mechmsis ring resonators.
The loss in a ring resonator limits in general its perfornganc

To comply with a single-mode condition (for one polarizati@t 1550 nm
wavelength) the cross section dimensions should be subméter in size or
A/n, with typically increasing widths for decreasing thickees. The most com-
monly used dimensions are betwe#i) nm and500 nm in width, and between
200nm and250 nm in height B2-35]. In this work we typically uset50 nm x
220 nm waveguides withhe = 2.45 andn, = 4.3 for the quasi-TE mode. We
will refer to this waveguide type as the Srip waveguide.

Propagation losses in silicon waveguides originate frontipie sources, and
recent advances in process technology have brought theslo$si strip waveg-
uide down to2 — 3dB/cm [32, 36] for waveguides with an air cladding and less
than 2dB/cm with an oxide cladding37]. On an advanced 300mm CMOS
platform, Selvaraja et.al. have shown recently ultra-lawpagation losses of
0.45+0.12dB/cm [38]. In the following we discuss two typical loss mechanisms
in a ring resonator using silicon strip waveguides: surErehness scattering
and excess bend losses (i.e. the extra loss induced in a lapguide). Using
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Figure 2.4: (a) Bird’s eye SEM view of a photonic wire waveguides falbeid with the
process from36]. The sidewall roughness is clearly visible. (b) and (c): the intensity
profiles of the fundamental quasi-TE and quasi-TM mode in a silicon stxigéo
cladding).

high optical powers, additional loss mechanisms occur fetworphoton absorp-
tion and free carrier absorptio@§] but are not relevant in this work. Also, light
can be coupled to radiative modes in the substrate. Howdnegubstrate leakage
decreases exponentially with bottom cladding thickn88k [For a bottom oxide
of 2 um, these losses are negligible for the TE ground mode and iorither of
0.001 dB/cm for the TM ground mode4(0].

2.2.1 Surface-roughness scattering

Light scattering at sidewall roughness is considered tdbertost important ef-
fect [40, 41] which explains the loss reduction using an improved litlaqpdpy pro-
cess. Due to the nature of the lithography fabrication sceoughness on the
vertical sidewalls of the waveguide is unavoidable. Thigis$ble on Fig2.4(a).
A lot of effort is put into the optimization of fabrication pcesses to minimize the
surface-roughness. The losses are correlated with thedigty of the roughness
as well as its dimensions, and scale dramatically with tdexrcontrast, polariza-
tion and waveguide dimensioné7]. Scattering at top surface roughness is small
(= 0.1nm) [40, 41]. The sidewalls are expected to exhibit a larger roughngss a
the typical fabrication process involves a dry etch process

To understand the strong interaction between the sidewdlttze propagating
light, we plot the intensity mode profiles of strip waveguidd-ig.2.4(b) and (c)
for respectively a quasi-TE and quasi-TM mode. At the cdmelting interface,
the normal component of displacemdnt= ¢E must be continuous. Therefore
the field amplitude at the cladding side of the interface ballstronger for a mode
with the dominantE-field polarized normal to the interface. If the waveguide
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vy Radiation and excess scattering loss
« Waveguide transition loss
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Figure 2.5: An illustration of the different bend loss mechanisms in a risgmator.

width is larger than its height (the most commonly used gepethe ground
mode will be quasi-TE polarized. This mode will have a strdiggontinuity on
the sidewall surface. Likewise, the quasi-TM mode will havdiscontinuity on
the top and bottom surface.

2.2.2 Bendlosses

The strong modal confinement (for TE-polarization) in SOdesiallows for very
sharp bends with radius down to- 3 um and this with low leakage power. How-
ever, several relatively small loss mechanisms are pregargrious positions in
the ring. Analyzing the loss in bent waveguides is rathermemsince it consist
of many different sources, which are typically very smalls Bends are an es-
sential component of a ring resonator, the excess bend haggdsbe kept under
control. This can be accomplished by tuning the waveguidsscsection43, 44]

or by engineering the bend shaf]. An overview of the losses is given in the
following list, with an illustration shown in Fig.5.

e Radiation loss stricto senso, radiation loss is the extra leakage power du
to a bend. However, the scattering loss might be influenceddweguide
bending, as the mode is pushed outwards. This excess gsuat®ss is
considered separately.

e Excess scattering lossthe increase field strength at the surface roughness
could cause increase amount of scattering (and backsogiter

e Waveguide transition loss at the transition between a bend and a straight
waveguide, mode mismatch can occur. Hence, this loss iscteghéo be
larger for a sharper bend radius.

e Gap-induced coupling loss a directional coupler with a small gap can
cause a non-adiabatic transition of the propagation ligrhis loss does
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not appear in a simple bend. However since the adiabat&ityerse pro-
portional to the bend radius, we do consider the gap-indeoegling loss
as part of the bend loss.

e Loss due to coupling to other modesespecially for wider waveguides or
for non-vertical sidewalls coupling between TE and TM modet® higher
order modes can be expected as wél] jout is not considered in this work.

A complete study that aims to disentangle the different tneshanisms is not
yet demonstrated. For every waveguide dimension, radidsckuding, another
loss mechanism is dominant which makes a clear conclusignditicult. How-
ever, in this section we try to give an overview of reportelliga on bend losses,
explain the different mechanism responsible for theseeasd link different re-
search results to each other.

Note that typical ring losses are extremely small, in theeoaf 0.04 dB for a
ring resonator with radiué.5 m, which seems at first sight negligible. This round
trip loss corresponds with an effective propagation los$2of dB/cm. This is
much larger than the typical propagation loss in straigiy staveguides which is
in the order o2 dB/cm.

We start our review on how to simulate bend loss. Later, we givoverview
of reported bend loss values measured using spirals (clktteahnique) and ex-
plain how this measurement can be performed more accurasihyg ring res-
onators. This section ends with a discussion on reportagesabf waveguide
transition loss and gap-induced coupling loss.

Simulating bend loss One can simulate bend loss using 2D modal analysis
methods, e.g. finite difference method (FDM) or finite eletrmaethod (FEM)
or use the more accurate 3D finite-difference time-domadi({B) method. Using
a 2D method, only radiation loss is considered whereas thendihod also in-
cludes the waveguide transition loss and coupling to othedtes. A comparative
study of simulation methods for losses in ultra-sharp besgsovided in f4],
claiming that modal analysis methods are overestimatiagaHiation losses.

Using modal analysis methods, the pure bend loss can berdeést from the
imaginary part of the propagation constant. lEE{tc, y) be the electric field along
the cross-section of a waveguide. Then the light travelsgaibe z-axis as follows:

E(z,y) = Eo(z,y) exp(—jB2) (2.20)

with 3 the propagation constant. The real pdit) represents the phase propa-
gation and the imaginary paft; the attenuation5; can be calculated based the
imaginary part of the effective refractive indeX(@c s 7)).

2

o = )\—%(neff) (2.21)
0
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To calculate the intensity loss of the light (A) after 1 ueihgth (e.g. 1 meter), the
ratio of the electric fields is squared resulting in the failog equation.

R
— exp (iﬁs(neﬁ)z) (2.23)

This can be converted into a more commonly used unit A[dB/eyn¢alculating
the 10log,, of eq2.23 where the factor 100 comes from the conversion from m

into cm.

dB 2w 2
A|—| =101 —< — 2.24
Lm} 0logyq(exp </\0 S(nesyr) 100)) ( )

27 2
= 1010g10(exp(1)))\70%(neff)ﬁ (2.25)
27 2
=4.343— — 2.26
335 S(nerf) 100 (2.26)
0.545

= —3(ne 2.27
Nolm—T] (ness) (2.27)

For a typical strip waveguide with an oxide cladding and vgande dimen-
sions450 x 220 nm, the 90° radiation loss of & pm-bend is simulated to be
0.001 dB. Increasing the waveguide width 300 nm, decreases the radiation loss
with a factor 5 down td.0002 dB. One can understand this by the fact that the
confinement for wider waveguides is larger. However, usi@@aalculation, we
are unable to calculate coupling to other modes. The passitlpling to other
modes (higher order or different polarization) can safedynieglected when in-
deed a waveguide is perfectly rectangular, at least whebehd radius is not to
sharp and a symmetric cladding is uséd][ In reality, the waveguide edges are
tilted with an estimated angle 82° [36]. Note that this angle is likely to be im-
proved using better technology. 144, a 3D-FDTD method is used to estimate
the bend losses. Note that this 3D method also takes intaiattioe transition
loss at the start and the end of the bend. Using the same wdeedimension
and wavelength, a much larger value is found. This indicdtasthe transition
loss in a bend is much larger than the radiation loss, or tieintodal analysis
is underestimating the radiation losses. Note that therlatbuld be in contrast
with reference 44] that states that the modal analysis is over-estimatindpémel
losses. In Tal2.2, an overview of the simulated losses are given.

To estimate the excess scattering loss, one could use a 2B sabekr to in-
vestigate the increased field strength at the sidewall ofveegusde in function of
radius. In the following we give an overview of reported \&gwn (total) bend
losses, which will be several times larger than what we hawalated.
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type R (um) | W (nm) | 90° loss (dB) method
radiation 2 450 0.001 2D modal
radiation 2 500 0.0002 2D modal
radiation 1 450 0.09 2D modal

total 1 450 0.35 3D-FDTD [44]

total 2 450 0.07 3D-FDTD [44]

Table 2.2: Simulated radiation losses using a 2D modal analysis and sirdilatel
losses 3D-FDTD44]. Waveguides have an oxide top cladding and a height of 220nm.
Wavelength is 1550nm.

Reported bend loss measurements Around 1550 nm exces$0° bend losses of
a 500 nm wide SOl waveguide amount tH009 dB/turn for a5 pm bend radius,
t0 0.071 dB/turn for a 1 um radius bend 36]. Very similar values were found
for a 450 nm wide waveguide. Other reported loss valudg][for a 90° bend
using 445 nm wide SOl waveguides ar@ 086 dB/turn for a 1 um radius bend
and0.013 dB/90° for a2 um bend radius bend.

Note that these reported values are using a cut-back metitadh is based
on long spirals where they measure the difference in tagalsimission loss for a
varying number of bends in the spiral. The number of bendshesatypically up
to several dozens, especially for low bend losses 38, [a spiral with 20 bends
did not have enough bends to measure the losssofia bend. And also in36],
where hundreds of bends are used, still a large uncertamgached (large error
bar).

The cut-back method gives a good indication ®Da bend loss, however loss
includes (twice) a straight to bend waveguide transitiane3timate the bend loss
of a circular ring resonator, the cut-back method will heoweer-estimate the bend
loss. The sum of the loss coming from fal* bends and the excess loss from the
directional coupler is called the cavity loss.

As introduced earlier in ER(13 on page2-7, one can use a ring resonator
to measure the cavity losses (explained2d]]. Assuming that the bend losses
are the dominant factor (larger than the straight waveglaisi€), a ring resonator
can be used to measure the bend losses instead of long $pblalslsing an air-
clad strip waveguide of50 x 250 nm in a circular ring resonator (R 5um), the
cavity loss is calculated to b&028 dB [46]. This corresponds t6.007 dB for a
90° bend at wavelength550 nm. The width of the bus is slightly larger than the
ring (500 nm). By increasing the width of the ring waveguidest@ nm, the cavity
losses is drastically decreased)to11 dB or 0.0027 dB for a90° bend. Note that
in this ring there is no straight-to-bend waveguide tramsitHowever, there might
be an extra loss coming from the coupling section. For bathsii a rather large
gap of300 nm is used. Also in46], they found that the bend losses are increasing
for longer wavelengths. This is also predicted by 3D-FDTidation @4]. A



2-16 RING RESONATOR DESIGN AND SIMULATION

Ref. | A(nm) | R (um) | W (nm) | H (nm) | 90° loss (dB) | method
[36 | 1550 5 450/500| 220 0.009 cut-back
[36 | 1550 3 450/500| 220 0.02 cut-back
[36] | 1550 1 450/500| 220 0.071 cut-back
[320 | 1550 1 445 220 0.086 cut-back
[320 | 1550 2 445 220 0.013 cut-back
[46] | 1550 5 450 250 0.007 ring
[46] | 1550 5 600 250 0.0027 ring

Table 2.3: An overview of some reported values on excess bend.|6534/ and H stands
respectively for radius, width and height of the waveguide. All valuesna@sured at
1550 nm. Both in [36] and [32], waveguides have an air cladding. 1A, the top
cladding is air and side cladding is oxide.

mode at longer wavelengths is indeed less confined. In otbetsythe effective
width of the waveguide is decreased. An overview of the riggbbend losses is
given in Tah2.3

Comparing these results to the simulation results showrab22, one can
conclude that

1. Simulated radiation loss using a 2D modal analysis igeithder-estimated
or negligible with respect to waveguide transition loss/andxcess scatter-
ing loss.

2. Simulated bend loss using 3D-FDTD analysis is over-edtimg the bend
loss (or is not performed properly iAd4]).

3. Using wider waveguides or shorter wavelengths resukmialler bend loss.
This results from both from ring resonator measurementsams Simula-
tion.

4. Using the transmission spectrum of circular ring resmnas a method to
estimate thé@(0° bend loss gives comparable results to the more commonly
used cut-back method. This indicates that the waveguidsitian loss is
comparable with gap-induced coupling loss.

In the following two paragraphs, this waveguide transitioss and gap-induced
coupling loss is further discussed.

Waveguide transition loss The simplest way to eliminate mode mismatch be-
tween straight and bend waveguides is using perfectly largings. One would
expect that the losses in such a ring resonator are smadlerttie reported val-
ues described above. In the next sections we will investitieg losses in circular
ring resonators. A possible drawback of using circular riegonators is that it
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can become more difficult to couple enough light from the baseguide to the
ring. This typically leads to narrow gap configurations whaoan introduce extra
coupling losses as well.

In [21], a way to differentiate between the puwe® bend loss and transition
loss is demonstrated. This is performed by comparing th&yckoss of a ring
resonator with four separate straight sections with a rasgmnator with only two
straight sections (at the directional coupling). In thgtemkment (partly) air-clad
strip waveguides with dimensiori®0 x 250 nm? are used. They found that the
straight-to-bend waveguide transition los9i825 dB for each transition using a
4.5 ym bend. This is found after an easy calculation using theionteg values.
Consequently, the pu®° bend loss (thus the bend loss explicitly without transi-
tion loss but including the normal propagation loss) is fbtmbe0.01 dB per90°
turn. Note that the reported bend values 32,[36] are excluding straight prop-
agation loss but including transition loss. Although sligldifferent waveguides
are used, we find that the transition loss aloh®25 dB as obtained in71]) is
already larger than the total bend loss (i.e. scatterirdjatian and transition loss
together) 0f0.013dB per90° turn. This difference could partly be explained by
the different waveguide cladding used in the two experisieBy using an oxide
cladding, the mode is less confined and hence the wavegaidgtion loss is ex-
pected to be larger than by using an air cladding. One canudathat it remains
difficult to link different reported loss values with eactnet.

Gap-induced coupling loss It is reported in 7] that a directional coupler with
smaller gap introduces larger gap-induced losses. Thensum of the squared
cross- and self-coupling coefficients is smaller than 1(ké + 72) < 1. In [47],
the author combines two ring resonator structures, to thegte the gap-induced
loss from the ring-cavity loss (i.e. any loss expect the gaiced loss). For very
narrow gaps<{ 117 nm) and bend radius df.5 um, they concluded that this gap-
induced coupling loss is larged.(06 dB) than the cavity losse$) (4 dB) (using
air-clad strip waveguides). However, their technique @rto large errors since
two ring resonator configurations are needed to charaeténiz loss. Recently
in [48], yet another method is used to assess the gap-inducedirngplpss and
compare this with simulated values (quasi 3D-FDTD). Usingrgp oxide-clad
waveguide §00 x 250 nm) forming a circular ring resonator with a short bend
radius2.75 um, they demonstrate a gap-induced coupling loss.@ dB. So far,
only little research has been published on this topic andyngaiestions remain
open. E.g. itis not yet investigated what the influence ihvefwaveguide dimen-
sion and directional coupler configuration (straight orvear bus) on these extra
losses. Also it is not clear from the empirical investigatieported in 47, 48],
whether the gap-induced coupling loss comes from a smalleeguide gap as a
fabrication challenge or from a higher coupling strengtblldwing the first idea,
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waveguide dimensions that enhance the confinement of the iathe Si core,
e.g. a wider strip waveguide, will also decrease the cogditnength. Hence,
smaller gaps will be needed to foresee enough coupling. ddutd lead to ex-
tremely narrow gaps that are below the fabrication resmhutiGaps smaller than
this limit, e.g. < 100 nm, could not be fully etched. Hence, extra losses could arise
from an uncompleted gap definition. This could lead to modeersion and thus
extra losses. Following the second idea, narrowing the tmpleads to stronger
cross-coupling strengths (er unit length). Hence, the directional coupling sec-
tion becomes less adiabatic with potentially more mode exsion and thus more
loss. Using less-confined modes will enhance significahiydoupling strength
and larger gaps can be used to foresee the same coupling itaa clrectional
coupler configuration.

2.2.3 Conclusion

In this section we have reported on three different losses@resonators, specif-
ically for strip silicon waveguides. We have given the stft¢he art by summa-
rizing the few reported experimentally assessed valuebdad losses. We can
conclude that bend losses are much larger than the purersegtioss dominating
the loss of straight waveguides. Bend losses do includatiadilosses, excess
scattering loss, waveguide transition loss and a gap-gwleoupling loss. De-
pending on the configuration and the required coupling adiisaeach of these
loss mechanisms may dominate. To our knowledge, no compsefeestudy has
been published to distinguish between the different cdogtges in ring resonators
and their gap or ring radius dependence. In the followingi@ecwe will compare
different methods to assess the cavity loss in high-quetty resonators.

2.3 Spectral response of a ring resonator

An overview of some typical obtained spectra of ring resorgatising Si strip
waveguides is given and several shortcomings are describbdse shortcom-
ings are a direct consequence of the high-confinement pgopesi waveguides
and can be explained by a phenomenon that is called courgetidnal coupling,
as discussed in secticghl.4 This phenomenon, where the propagating light is
scattered backwards is induced by the surface roughnessrtatal edges of a
waveguide and degrades the performance of narrowband filter

2.3.1 Measurements

In Fig.2.6, the spectra of two circular ring resonators with a différemss cou-
pling ~ are shown, both with radius 6fum. A tunable laser is used to characterize
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Figure 2.6: Two typical spectra of an AD ring resonator with Rem and (a) gap200 nm
and (b) gap100 nm are shown. The FSR is.2 nm. For each spectrum, a more detailed
plot of two resonances (c)-(d) are given on top of (a) and (e)-(Hveeb). The reflected
power (RF) ratio is reaching levels up to -10dB in (c). Mask picsoi33.
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the components with a resolution bpm. Grating couplers are used for coupling
quasi-TE polarized light in and out the chip. Both bus ang mraveguide have

a dimension oft50 x 220nm?. The waveguides have an oxide top-cladding and
both rings have a free-spectral-range (FSR)YG2 nm which corresponds to a
group index o#.38 using Eg2.6. In the following we discuss each ring resonator
separately. The first ring has a larger cross coupling tharséicond ring (gap of
200 nm versus gap o100 nm).

Ring A: gap 200nm In Fig.2.6(a) the spectrum of a ring resonator with gap
of 200 nm is shown. A symmetric coupling section is used, with a curked
waveguide (same radius as the ring), as shown at the top &.€&igJsing this
directional coupler configuration, the power couplirgis simulated to be.6%
using a 3D-FDTD simulation (see secti@rbon page2-42for more information).
With a propagation loss &fdB/cm, this would correspond with a BW df37 pm

or a Q-factor of 11000 at550 nm. In Fig.2.6(a), we show the insertion loss (IL),
extinction ratio (ER) and reflected power ratio (RPR) of theeé measured res-
onances. The RPR is defined as the maximum power detected atidrport
with respect to the maximum power at tteoughport. This power originates
from backscattering at the sidewall surface roughness;iwisi enhanced by the
resonance of the ring resonator, as discuss@dlirl The same power can be ex-
pected back into the input port. The RPR is wavelength degrgrathd ranges from
—10dB for the left resonance (enlarged in FAgy(b)) to —15dB for the middle
resonance (enlarged in F&y6(c)). Both ER and IL are fluctuating largely, which
is partly due to the wavelength dependency of the cross cwuahd partly due to
the wavelength dependent backscattering. The longer thelaragth, the larger
the coupling and thus the smaller the IL and the larger the HRR. bandwidth
(BW) is measured to b&29 pm and160 pm for respectively the left and the mid-
dle resonance resulting in Q-factor of 11700 and 9600. WHISR of17.2nm, a
finesse of 133 is reached.

Ring B: gap 400nm Next, the gap is enlarged frog90 nm to 400 nm and the
power couplingx? between bus and ring is drastically lowered. The resulting
spectrum is shown in Fig.6(d). Due to the lowered coupling, the BW of the
resonances is expect to be much smaller. In the enlarged.&g), the reso-
nance shape measured arouid1.2 nm at three output ports is split into two
sharp resonances with a wavelength separatiob7@in. This phenomenon is
called resonance splitting and originates from the cogpliatween the forward
and backward propagating mode (as discussed in se2tiod. At this point it

is important to see that the middle resonance (enlargedjid.Bff) and measured
around1538.4 nm) is not showing resonance splitting, resulting in a higheQtér
of 40k and a BW of37 pm. With a FSR ofl17.2 nm, this results in a high finesse
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of 452. However the IL and ER is rather poor and measured t@$gectively
—11dB and —3.1dB. The right resonance (measured1&866 nm) is showing
resonance splitting as well with an even larger resonanaérggpof 107 pm (not
shown in Fig2.6) and hence we can say that this resonance splitting is highly
wavelength dependent. However, in both cases the RPR isleg to the power

at the drop port.

Discussion Note that the spectra shown in Fi¢6 aretypical in the meaning of
‘not specifically classified as best or worst’. They were bypose designed to
exhibit a narrow bandwidth or high Q-factor and hence a smatto-ring power
coupling was required. Both examples reveal two major noisl using Si ring
resonators for high-Q filters. The first problem is the higterted power ratio
(RPR) at the resonance wavelength that can cause problemnscaiding circuit
components, e.g. backreflections can cause laser ingtaliitie second problem
is the detected resonance splitting, which broadens tlmasse significantly and
can induce large IL fluctuations. The last two problems atesed by resonance-
enhanced backscattering. Apart from backscatteringasenfoughness enhances
as well the scattering in bends of light in strongly confineaveguides which
potentially explains the huge propagation losse$ jmm bends. This severely
limits the realization of narrowband ring resonators withiatrinsic Q ranging
between 60000 and 90000.

2.3.2 Cauvity loss analysis

In this section we will apply two quick methods to experinaiytassess the cav-
ity loss of a ring resonator based on the measured spectaastisection. A first
method is using the bandwidth of the one of the split resoesnt a weakly cou-
pled ring resonator (ring B) and can hence not be applied ersplectra of ring
A. The second method is using the analytical equations withite presence of
counter-directional coupling to disentangle the intetags and external coupling
as derived in21]. The equations are also listed in Ej13 and @.14). In this
method, the BW, ER and FSR is used. As seen in2E3gthe effect of counter-
directional coupling has an important influence on both BW &R if the internal
loss and external coupling is kept constant. The larger ttermal coupling, the
smaller this deviation. Both BW and ER are drastically inficed in ring B due to
resonance splitting in such a way that we can only apply tlethod for ring A.

Method 1 - intrinsic Q:  As demonstrated ir20)] for all-pass ring resonators, the
coupling strength between the forward and backward prdmagenode is visible

in the amount of resonance splitting. If the external coxpknd internal loss is
small enough with respect to the mutual coupling in such atvatthe resonance
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is clearly split, the intrinsic Q () can the be derived based on the BW of one
of the two split resonances. Assuming the bus-to-ring dogp?) to be much
smaller than the internal loss?¥) we could apply EQ.12and calculate the prop-
agation loss. For the resonance arouf#ll nm we found a BW ofl7 + 0.5 pm

or a Q-factor 0f90k + 2k. Using formula ER.12this corresponds with a prop-
agation loss o8.3 dB/cm. The difference with the resonance arour3d6 nm is
remarkable. This resonance has a much broader B¥%.afpm or a Q-factor of
60k. This corresponds with a much larger propagation lod2@fdB/cm. Both
propagation losses are much larger than what is reportestrimight waveguides,
typically in the order of3 dB/cm (see sectior2.2). However, even with these
high extracted values for the propagation 1088 (- 12.4 dB/cm), the effective
round trip loss calculated based on @ still relatively low and ranges between
0.026 — 0.039 dB for respectively the left and the middle resonance. Withbet
normal propagation loss &dB/cm, this corresponds with an excess roundtrip
loss 0f0.0166 — 0.03 dB or with a90° excess loss df.0041 — 0.0075dB. This
value is slightly smaller than extract®d° excess loss by using a long spiral as
reported in 87] (i.e. 0.009dB) but is very similar. The difference between the
two values could come from the difference between waveduahsition and gap-
induced coupling loss as discussed in seclidh2 Please note that the waveg-
uides used in this circulas um-radius ring has an oxide cladding whereas the
waveguide in 37] has an air cladding and a radius45 pm.

Method 2 - analytical: By applying Eq.2.13 on the middle resonance of ring
A shown in Fig2.6, a total round trip loss 06.045dB is found. Subtracting
the assumed dB/cm scattering loss present in a straight waveguide, this cor-
responds with d1.4dB/cm extra propagation loss or an excess cavity loss of
0.036 dB. With the internal loss Note that EG.(3 starts from a formulation
without counter-directional coupling and a deviation cbloé expected. However,
the extracted value corresponds very well with the extchetdues found in the
previous paragraph using the split resonance of ring B {§amm).

Discussion Both methods are corresponding very well with the reporiades
of excess bend loss using a long spiral. B7][ no wavelength dependency of
the bend loss is presented. However based on our (limitethated values (us-
ing method 1 and 2), it seems that the propagation loss isrlfwehorter wave-
lengths. In f6], this tendency is confirmed and explained by the fact thsthatter
wavelengths the optical mode is better confined and thubislailower bend loss.
Using a little ticker Si waveguides @50 nm (instead o0f220 nm), the effective
propagation loss in a ring resonator with radiyam is ranging betweefidB/cm
at1535nm, 9.5dB/cm for 1555 nm to 12dB/cm for 1570 nm. These reported
values are very well in line with our values, given the diffiece in waveguide
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thickness and technology.

By comparing the results extracted from circular ring regors (including
normal and excess scattering, radiation and gap-induagaliog loss) and spirals
(including normal and excess scattering, radiation ancegraide transition loss),
one could conclude that either (cfr. F2gb)

e the gap-induced coupling loss is small compared to the penel oss (ra-
diation and excess scattering)

e the gap-induced coupling loss is similar to waveguide iteomsloss.

All types of losses are expected to increase for longer veagths or smaller
waveguides. Also, we expect that the bend loss (includingexscattering, radi-
ation, waveguide transition and gap-induced coupling)lissdecreased for larger
radii. However, by repeating this analysis on similar diacuing resonators (gap
200 and100 nm) but with larger radii (i.e. 10 an20 xm), one would expect to see
a difference cavity loss. The bend loss should drop as ivegdlowly in a straight
waveguide. However, using the larger radii, the bus-tg-power coupling does
increase drastically in such a way that the bandwidth of & s2esonance is
broadened by the external coupling (cfr. method 1). The respnators with a
400nm gap and a radius of 10 arit) ym are having both a bandwidth around
16 pm which corresponds with a propagation loss8fB/cm. However, this
includes the cross coupling to the bus waveguides and isspo¢senting the cav-
ity loss alone. By applying EQR(13 (cfr. method 2) on the resonators with larger
radii but with a smaller gap ¢f00 nm, we found that the round trip losses are even
increased instead of decreased. The ring resonator wittiasraf10 ym has a
round trip loss 0f).14 dB. Subtracted by the straight propagation |88 /cm),

an excess round trip loss 6f12dB is found. For a ring resonator with radius of
20 pm, the total and excess round trip loss is respectitelf dB and0.18 dB. In
other words, the gap-induced coupling loss seems to inefeatarger radii which
looks counter-intuitive since the coupling section is theare adiabatic. The most
acceptable explanation is that Ejj13 does not apply to resonators with to larger
coupling to backward propagating modes. Further invetitigas needed, which
might imply more complex fitting functions that include theupling to backward
propagating mode#p]. However, using a ring radius 6fm, a good agreement
was found between the different extraction methods.

2.3.3 Conclusion

We have researched AD ring resonators using silicon strigegugides with low
bus-to-ring power coupling{ 1.6%). High finesse values with a maximum of
425 were found which is due to the large FSR and the relatleghcavity losses.
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However, we also found that counter-directional couplimdpackward propagat-
ing modes can split the resonances and causes an increassdgth dependent
behavior of the IL and ER. Also a high reflected power ratichéag a level of
—10dB was found that could cause instability of the input lasero Bproaches
were used to estimate the cavity losses. For ring resonattra radius o pm,
the cavity losses of 0.036 dB corresponds well with the bend losses extracted
from a cut-back method using spiral37]. Using larger radii, results become
vague due to the lack of proper equations for ring resonatithsstrong backscat-
tering and further investigation is needed. In the follagvéection, focus is put on
how to decrease this backscattering allowing to minimizeliandwidth without
resonance splitting.

2.4 Narrowband Si ring resonators

In this section we look into the ability of Si ring resonatéoshave narrowband
resonances. In order to increase the Q-factor and thus thatB\¢rucial to re-
duce the losses in the cavity. One way is to increase themierence to reduce
the bend losses of the ring. There are also second-ordetsfitaying, e.g. in-
creasing the bend radius could enhance the adiabaticityedditectional coupler.
Increasing the bend radius also allows the designer to useraps for a given
coupling due to the enlarged coupling from the bend sectiwth effects could
have an influence on losses (and backscattering) origmatithhe coupling section
as explained in sectioR.1.4 Even very small scatter points are important since
they are enhanced by the resonating effect. Many of thesetefeire strongly
depending on the exact waveguide dimension and couplergewafion. In this
section, it is of particular interest to design narrowbaitdr§ with a FSR that is
still large= 5 nm. In addition we want to have a low insertion loss3 dB.

2.4.1 Strategies to lower the impact of sidewall roughness

Besides minimizing the surface-roughness by fabricatingzation, theoretical
approaches based on three-dimensional analysis have eeeloged to adjust the
cross section for a certain polarization to minimize thettecmg and backscat-
tering efficiency 2, 50]. However, one has to take into account other effects
such as polarization rotation and coupling to higher ordedes, both resulting
in an increased bend loss. Mode conversion can happen akpatiwaveguides
where the sidewall is not exactly vertic&ll, 52] and proper 3D-FDTD simula-
tions should be considered.
In general one can say that for a certain polarization, lowgethe confine-

ment of the optical mode will automatically lower the eléctiield strength at
the overlap with the sidewall surface roughness. This caddoe by using e.g.
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Figure 2.7: Waveguide cross-sections and mode of (a) TE-stripEjir(c) TM-strip (d)
TE-shallow strip atl550 nm.

broader waveguides or decreasing the index contrast ofdldeiog. Hence, low-
ering the confinement will always increase the radiatiors.lotn Fig2.7(d), a
surface-roughness optimized waveguide cross-sectiofEegpolarized light pre-
sented in p3] is shown. This shallow-strip has been used with [@ss scattering
loss than a standard design (Rig(a)). With a shallow height of only00 nm and

a width of 600 nm, this cross-section is single mode. Although this appraach
promising, the actual fabrication is not available at imed bence this waveguide
type has not been used in this work. However, the same autleon®nstrated
a higher-order ring resonator using this type of waveguidg [In [46], slightly
multi-moded waveguides are used to increase effectivel@tfactor of a ring res-
onator. This effect has been characterized carefull$hyhere indeed — 8 dB
less backscattering has been measured usif@)am width instead of single-
moded450 nm width. However, this type of waveguide is not characterirethis
work.

Within some restrictions in etch depths we present two napptoaches which
minimizes backscattering ore20 nm Si device layer platform: the rib waveguide
using the quasi-TE mode and a strip waveguide using the-qiMsnode.

First, a rib waveguide defined by a partial etch, is used tdgyguasi-TE light.
This partial etch i¥0nm deep, which is the same etch depth that is used to de-
fine fiber grating couplers and leaves a Si ribl 66 nm. In Fig.2.7(b), a waveg-
uide cross-section with its associated (TE) mode profildvasv®. The rib width
is designed to b&00nm. Making the width wider makes the waveguide multi
mode. If one compares this mode profile with a standard stieguide shown in
Fig.2.7(a), a much smaller overlap with the vertical sidewalls carséen. Due to
the lower horizontal confinement, this optical mode will degarger bend radius
to limit the bend loss which reduces the FSR. The rib wavegsidicture has been



2-26 RING RESONATOR DESIGN AND SIMULATION

proven to lower the scattering losses in straight waveguidasiderably down to
0.272dB/cm [37]. In section2.4.2(‘TE-rib waveguide’), we will employ this rib
waveguide in several ring resonator configurations, botraA& AD. In [55], rib
waveguides with a height @80 nm, a partial etch 020 nm and a700 nm width
are employed to lower the propagation loss and achieve iaatijtcoupled AP
ring resonator with a Q factor of 35000. A rather large radifi50 ym is used,
which was an improvement with respect to earlier demonstratof rib waveg-
uides with typical ring radius up td50 pm and larger $6]. In this work, we try
to decrease the radius even more and show a critically-edupP ring resonator
with record-high Q-factors of 400000 with a radius25fum. Part of this work
was published in§7]. These results are a two-fold improvement with respect to
similar work presented in7] using the same radius.

Our second approach is using the quasi-TM mode in strip watleg. While
in general TE-light is the preferred polarization, as TEhis ground mode of the
waveguide, there are advantages in using the TM mode. Becdits lower over-
lap with the vertical sidewalls, it will experience less ttedng and hence less
backscattering. Fig.7(c) a strip waveguide is shown but with the mode profile
of the fundamental quasi-TM mode superimposed. Using Thled light in a
waveguide cross section 600 nm x 220 nm, more than an order of magnitude
less scattering loss is expected, based4@h [This is a result of two effects: first,
the electrical field of the TM mode is oriented mainly in thetigal direction,
so no discontinuity is created on the vertical sidewallsco®ely, the TM mode
is less confined in the vertical direction.gn= 1.89), which results in a smaller
modal overlap with the vertical sidewalls. Theoreticaldicdons by 2] have
been verified by backscattering measurements of straigieguades in 29]. In
section2.4.3 (‘'TM-strip waveguide’), this waveguide approach employedie-
sign narrowband filters is extensively investigated. 11€][a quasi-TM mode has
been used in Si strip waveguides with a higher Si thickneds®@fim and a width
of 500 nm to demonstrate a critical Q-factor of 139000 using AP ringpretor
with a radius o0 nm. In this work we demonstrate very similar results but using
220 nm high waveguides. Preliminary results of this work were aitgd in p8].

2.4.2 TE-rib waveguides

As discusses earlier, we limit the investigation on the rdveguides by fixing the
etch depth t&0 nm, i.e. the same etch depth that is used to define the trenches of
a fiber grating coupler. We start with 2D FEM simulation of bend loss of a 90

turn in function of rib width and waveguide radius. Next, wek into the spectral
behavior of AD ring resonators using TE-rib waveguides. ek athese low-loss
TE-rib waveguides are employed in an all-pass (AP) ringmasar configuration.
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Figure 2.8: Simulated radiation losses based on the 2D-FEM calculatediiragg
refractive index. Both Si strip and rib waveguides are considered ancethdting loss is
expressed in 90bend loss for varying width and radius. For a wider waveguide width, the
losses drastically decrease. However, coupling to other modes is nsideved and could
possibly introduce losses for wider waveguide widths.

Radiation losses in TE-rib waveguides In Fig.2.8, the simulated 90bend losses
of typical oxide-clad strip and rib waveguide in functionraflius are shown. A
2D modal analysis is used. Note that these losses are araéstinof the radi-
ation losses only and exclude coupling to other modes. Alsthis figure, one
can see an intensity profile of the ground mode of the bend aticerthe mode is
pushed towards the right. From this figure one clearly desitiea the bend losses
decrease drastically for a larger width and this for botipstnd rib waveguides.

AD ring resonators Four typical AD ring resonator spectra using strip waveg-
uides with waveguide widtfi00 nm and radiu®25 pm are shown in Fi®.9. The
rings are characterized at all three output ports (i.e.upne, drop- and add-port)
using a tunable laser with a resolutionlgim and low input power<{ —30 dBm)

to avoid thermal transient effects. From Ridga) to (d), the gap is increased from
0.3 um to 0.6 um with steps ofl00 nm. According to Fig2.8, the 90 bend loss
for this waveguide type is estimated to @1 dB or 0.04 dB per round trip. In
other terms, there is an estimat2@5 dB/cm extra propagation loss due to ra-
diation loss. The FSR range of all four ringsdiam which corresponds with a
group index of 3.77. Increasing the gap, lowers the busAg-coupling and the
bandwidth becomes more narrow. The 3dB BW of the drop respdenoted as
BW3) starts a5 pm as shown in Fi2.9(@) and goes down t05.2 pm as shown
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Normalized response (dB)

Relative wavelength around 1540 (nm)

Figure 2.9: Add-drop ring spectra using TE-strip waveguides with widihnm and
radius 25 pum, characterized around540 nm.
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Figure 2.10: Add-drop ring properties of the oxide-clad TE-rib wavidg with rib width
(W) 600 andr00 nm, radius25 pm. A single resonance arourid50 nm has been used to
determine the spectral properties for each ring. The mask set of tiveggeis sipp06.

in Fig.2.9(d). This results in a Q-factor and finesse that range reispéctrom
18000 up to 100000 and from 47 up to 263. Note that this finess#lli smaller
than the one achieved using strip waveguides due to theemr&@R (see ER(9)).
However, no resonance splitting is present, which resnltsrelatively low IL of
5dB as visible in the inset of Fig.9(d). Also the reflected power ratio (RPR)
stays for all gap configurations below20 dB. These two findings indicate indeed
an important drop in backscattering resulting in supeiiing resonator character-
istics.

In Fig.2.10 the spectral properties of a broader range of AD ring resosa
is shown. The gap is varied betweens and1.0 um both for a waveguide width
of 0.6 and0.7 um. From (a) to (d), we plot respectively the IL, the ER, the 3dB
BW and the Q-factor. From this F@.10, one can follow the effect on the spectral
properties for increasing gap and hence a decreasing kursgteaross coupling.
Using a slightly smaller rib width of the waveguide increatiee coupling strength
and hence a larger cross coupling is expected. Indeed onfincka smaller IL
and a broader BW for a constant gap if the rib width is deci@&s6.6 ym. For
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Figure 2.11: The cavity loss and cross coupling extracted from the spettaracteristics
plotin Fig.2.10using Eq(2.13 and (2.14).

a certain IL, say-5dB, the BW of the resonance usingd& and0.7 ym wide
waveguide is respectively8 nm and 15.2 nm which indicates indeed a slightly
larger propagation loss using the smaller waveguide. Utsiagvider rib waveg-
uide one can achieve a BW of aroukhigm which corresponds to a very high Q of
around 300000. Note that this BW is very close to the measemeiimit of our
setup and ideally the wavelength resolution should be ingato

Using Eq.2.13 and @.14) one can calculate respectively the corresponding
cavity losses and the effective cross coupling. The extacavity losses in func-
tion of gap are shown in Fig.11(a). Indeed, the round trip loss is smaller than
using the wider rib width and is arourid)4 dB and0.06 dB for respectively a rib
width of 0.7 and0.6 um. This corresponds to an effective propagation loss of re-
spectively2.4 dB/cm and3.8 dB/cm. For arib width 0f0.7 um, this corresponds
very well with the simulated cavity losses shown in Big, indicating that the
cavity losses are mainly determined by radiation losseswahtly scattering.

In Fig.2.11(b), the extracted cross coupling between bus and ring wadeg
is shown in function of gap. Indeed, as discussed beforegcdbpling is smaller
using a wider rib width. For a gap ®%7 um, the cross coupling i8.27% and
0.72% respectively for a rib width of.7 and0.6 gm.

AP ring resonators In the following we characterize a similar set of ring res-
onators but in an AP configuration. In FXgl2a), the Q-factor is plot in function
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Figure 2.12: The mean (a) £and (b) finesse over all resonances per ring between
1520 nm and 1560 nm as a function of gap for varying waveguide width (W) and radius

(R).

of gap, and this for waveguides with rib widths @b, 0.6 and0.7 um and also
for a radius of25 and50 um. The extracted Q is gathered by fitting a Lorentzian
function (as in EqZ.9)) to all the resonances betwe&s20 and 1560 nm. The
mean value is plot for each ring configuration. As expectee, to a lower cross
coupling, the loaded Q will evolve into the intrinsic Q forcheasing bus-to-ring
waveguide gap. In what follows we focus on these close tansitr Q-factors.
By studying the effect of the ring radius on the Q-factor anédise, we can learn
about the bend losses in a qualitative way.

For a waveguide rib width di.5 um, Fig.2.12a) shows that using a larger ra-
dius, the Q-factor increases drastically due to the decrgaend loss. For waveg-
uide with a rib width0.6 m the Q-factor is nearly double for a ring resonator with
radius50 pm in comparison with one with radiug pm. For a rib width0.7 ym
this difference vanishes indicating a significantly redubend loss.

In Fig.2.12b), the same data set is plot but now represented using &&Esén
For a ring resonator with waveguide rib widity ym, the finesse using a radius of
50 um is indeed half of the finesse o4 pm radius. This indicates that the prop-
agation loss is equal for both bend radii. Consequently émallhoss is negligible.
Using a narrower waveguide rib width 6f6 um, the finesse of thg0 ym bend
radius becomes equal to the one of #e.m radius indicating again an increas-
ing bend loss for decreasing waveguide width. When the cogflecomes large,
such as in the case with waveguide width ym and small gaps< 0.5 ym) any
effect of the intrinsic Q is hidden.
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Figure 2.13: Two record-high-quality resonances of AP ring resorsausing TE-rib
waveguides with rib width.7 gm.

Record AP ring resonators In Fig.2.13 two record-high-quality resonances
coming from two different AP ring resonators are shown. Theveguide rib
width is 0.7 um and the gap of the coupling section is als@ um. Ring 1 with
radius of25 um is critically coupled with an ER of-16 dB and has a BW of
3.05pm. This narrow BW corresponds with a Q-factor of 508000 and esfe
of 1300 around wavelengttb50 nm. Ring 2 with a radius of0 pm, exhibits an
even smaller BW of .85 pm which corresponds with a Q-factor of 820000 and a
finesse of 790. Ring 2 is slightly under coupled. Note that @eheangth resolution
of 1 pm used in this experiment is fairly low for these ultra-narn@sonances and
caution is needed using these data as a reference. Howeveould use them
as an upper limit of our experiment. We can calculate the gggapon losses that
correspond with these extracted Q-factors. Ring 1 inZFIi@ is critically coupled
such that the intrinsic Q-factor (Qis double this value (E(11)). This would
corresponds to an intrinsic Q-factor of roughly 1 milliontora propagation loss
of 0.17dB/cm using Eq.R.12.

2.4.3 TM-strip waveguides

The second approach to lower the overlap with the vertickvgall roughness is
using the quasi-TM mode which is much less confined than tlasiglE mode.

In Fig.2.7, a cross-section is given of such a TM-mode in a strip wawkguvith

n.s¢ of 1.89. Similar to the TE-rib approach, we expect a higherddess and/or
substrate loss due to the lower confinement. In contrasttwiti E-rib approach,
the TM-strip has an optical mode that is much more out of théeSice layer and
is therefore much more sensitive to its surrounding. Fosisgnapplications this
is a huge advantage but for further CMOS integration or irgtiégn with electrical

contacts, the quasi-TM mode could suffer from extra abgamgtom e.g. overlap
with top metal layers. In this section we give an overviewhs spectral behav-
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ior of AD ring resonators using TM-strip waveguides for viagybend radii and
discuss the extracted round trip losses.

In Fig.2.14the transmission spectra (through, drop and add) of four ikB r
resonators with radius &0 pm is shown around a wavelength 0§40 nm. The
waveguide has an oxide cladding and a widtlh&fum. In Fig.2.14 the gap is
increased fron?.4 ym to 1.0 um with steps 0f0.2 um. Note that the coupling
strength is much larger for the quasi-TM mode than for thesgli& mode using
the same waveguide due to the lower confinement of the TM nferden Fig2.14,
it is clear that the reflected power ratio (RPR) is again mwevel than using a
TE-strip waveguide. For the larger gaps, the RPR stays veédvb—20 dB. For
the largest gap, shown in Fy14(d), the RPR reaches levels ofi5 dB (left and
right resonance). Also, no resonance splitting is foundictvinesults in stable
resonances with a high performance. Other filter charatiesisuch as insertion
loss (IL), extinction ratio (ER), 3dB bandwidth (BW) and zfar are plotted in
Fig.2.15a)-(d) for the middle resonances of FAdl4 The FSR of this design
is measured to bénm, which corresponds to a group index of 3.15. Note that
this group index is rather small with respect to the simdatalue of3.4. This
would correspond to an effective waveguide height of jusdwe00 nm (instead
of 220 nm) and/or a smaller width. Both waveguide effects would leadrt even
smaller confinement and hence a higher bend and substrated@sconsequence.

Also AD ring resonators with a smaller and larger radius (R)espectively
15 um and 30 um were characterized and their spectral characteristicalame
shown in Fig2.15 One can see that the performance of ring resonators withsrad
20 and30 pm is very similar with a Q-factor that reaches almost 100000g.a
gap of1.0 pm and an IL that is around-5 dB. For the ring resonator with radius
20 pum this corresponds to a finesse of 352.

We could then apply again EQ.(3 and @.14) to extract the round trip loss
and the power coupling. These results are shown irRE§. From Fig2.16a),
one can notice that the round trip losses tend to increaserfalier gaps indicating
some gap-induced coupling loss. This is especially clearafdius 20 and0 pm.

The round trip loss for radius5 pm is rather constant arourtdo8 dB which cor-
responds to an effective propagation lossef 8.8dB/cm. This constant loss
could be explained by a larger gap-independent radiatiss tleat dominates the
round trip loss. The extracted effective propagation lessgiradius 20 an80 ym

and a large gapl(0 um) is respectively 3 an@.6 dB/cm. This small difference
indicates that the bend loss is small and the propagatiensatominated by e.g.
scattering or substrate leakage. In Biggb), the power coupling in function of
gap is shown. One would expect that using the smallest ridigigaf 15 m, the
smallest coupling is achieved. Instead we find that the ¢ogié larger than us-
ing a radius o0 um. This could be explained by the fact that the mode is very
loosely confined in thé5 pm radius bends. This effect causes a larger bend loss
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Figure 2.14: Overview of four AD ring resonators using oxide-clad 3tk waveguides
with a waveguide width df.5 pm and a ring radius o0 pm. The gap is varied between
(@) 0.4 pm, (b) 0.6 pm, (c) 0.8 pm and (d)1.0 pm. Mask set picsoi31.
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Figure 2.15: Spectral filter characteristics of AD ring resonators usimgle-clad
waveguides close tb40 nm in function of gap and this for three different ring radii(,
20 and 15 pm).

but also a larger coupling strength.

In the following experiment, we investigate the influenceaddtraight part in
the coupling section which makes the circular ring resanato called racetrack
ring resonator. The advantage of using a racetrack is thggr@aps can be used.
The potential disadvantage is that this racetrack coulddiuice extra round trip
losses and hence degrade the performance of the filter. Basthis experiment,
the narrowband label extractors used in chagterere optimized. As explained
later, the FSR requirement for these narrowband filtersiwas and the BW must
be around0 pm with a maximum IL of5 — 6 dB. Three different ring resonator
configurations were designed, one perfectly circular witing radius of23 ym
and two racetrack ring resonators with respectively a éogdength of4 and
8 pm. To maintain the FSR df nm the radius had to be decreased to respectively
22 and21 ym. The gap variation for those three ring configurations issemoin
such a way that the cross coupling variation is the same. @peo§jthe circular
rings starts a0.65 um and is increased tb.1 ym in steps of50 nm (10 rings in
total). To maintain the same cross coupling, this gap varas increased with
respectivelyl 00 and200 nm for the racetrack configuration with coupling length
(L.) 4 and8 pm. All ring resonators were characterized arousd0 nm with the
highest resolution of pm. The filter characteristics are plot in F2gl7in function
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Figure 2.16: The extracted (a) round trip loss and (b) bus-to-ring @ogoupling for
several AD ring resonators using oxide-clad strip waveguides (widihbzm) in
function of bus-to-ring gap and this for varying ring radius (R).

c 1 2 3 4 5 6 7 8 9 10
065 0.7|075/08|085/09|09|10|105|11
075/ 08| 085/09|09|10|105|11|115]| 1.2
085|09|09|10|105|11|115|12|125|13

o~ O

Table 2.4: Gap variation in function of ring number for each ring resonatmfiguration.
All values are expressed jnm.

of ring number. Based on this number one can then deduce fhieara Tab2.4.

In Fig.2.17a), the IL in function of ring number is plot showing a verynsi
ilar result for the three ring resonators configurationsFig2.17b), the ER in
function of ring number is showing a better result for thegiar ring resonator
configuration. This improved performance is even betteibldsin Fig2.17c),
where the BW of the circular ring resonator is the smallestafbthe gaps with
respect to the other configurations, and this for a similarTlhis effect is also
visible in the maximum Q-factor that is reached. This is @dais 185k and is
achieved by the circular ring resonator (i.e. for the largeg of1.1 um), shown
in Fig.2.17d).

We verify our findings with EqZ.13 and @.14) to extract the round trip losses
and power coupling. These numbers in function of ring nurndrer shown in
Fig.2.18 From Fig2.18a), it is clear that indeed the circular ring resonator con-
figuration has the smallest round trip losses, which expl#ie superior spectral
characteristics shown in F®17. The reason for this improved performance is
not unambiguously and uniquely determined. First, usingcetrack resonator
instead of a circular ring resonator, an extra loss mechaisisntroduced: waveg-
uide transition loss. This extra loss originates from thedst-straight transition
(as discussed in sectigh2.2. Since this mode is only loosely confined, we ex-
pect that this transition loss would be relatively largearttfor highly confined
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Figure 2.17: The spectral characteristics of the three different ringfigurations with
constant FSR 5 nm using oxide-clad TM-strip waveguides. Mask set sipp06.
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modes (for the same radius). On the other hand, since intpirienent a con-
stant FSR was required, also the bend radius is decreaseuthéextra racetrack
is used. Hence, not only the transition loss is increasealsotthe bend loss is
(typically exponentially as shown in Fg8) increased. A similar experiment with
constant radius could differentiate between these logse®ry similar behavior
was found for the TE-rib approach. In F2gl8b), the extracted power coupling
in function of ring number is shown, indicating a very simitupling for each
ring number. From Fi@.18a), it is clear that indeed the circular ring resonator
configuration has the smallest round trip losses, whichaégmplthe superior spec-
tral characteristics shown in F&J17. The reason for this improved performance
is not unambiguously and uniquely determined. First, usimgcetrack resonator
instead of a circular ring resonator, an extra loss mechaissntroduced: waveg-
uide transition loss. This extra loss originates from thedst-straight transition
(as discussed in secti@2.9. Since this mode is only loosely confined, we expect
that this transition loss would be relatively larger thant@hly confined modes
(for the same radius). On the other hand, since in this exygeni a constant FSR
was required, also the bend radius is decreased when tleeragitrack is used.
Hence, not only the transition loss is increased but alsoéma loss is (typically
exponentially as shown in Fig.8) increased. A similar experiment with constant
radius could differentiate between these losses. A verifailmehavior was found
for the TE-rib approach. In Fig.18b), the extracted power coupling in function
of ring number is shown, indicating a very similar couplimg éach ring number.

2.4.4 Performance comparison

So far, both the TE-rib and the TM-strip approach have demnatesl narrowband
filters with high performance. Using the lower-confined wgwide modes, reso-
nance splitting is eliminated and RPR is significantly restlicHowever, specifi-
cally for the TE-rib waveguide approach, we expect a worbédation tolerance
since this waveguide is created using a partial etch. Thigapa&tch can vary
both in depth and in width. Further investigation is neededdnfirm that this
leads to larger wafer non-uniformity with respect to the Stkp waveguides. Us-
ing the TM-strip approach, one would expect a smaller faibion tolerance since
this mode is less dependent on the exact waveguide width etAmwthis mode is
highly dependent on the exact waveguide thickness. Thikrless dependency
of the TM-approach is much larger in comparison with the tidependency
of the TE-strip approach due to the asymmetric waveguidesdgions. On the
other hand, wafer-scale thickness variations are expeotda in the order of
10nm [41].
What we believe is the main difference between TE-rib and tiesTrip ap-

proach is the wavelength dependency of their spectral ctaistics. In the fol-
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name Radius pm] | width [pm] | gap [um] | FSR hm] | BW [pm]
TE-strip | 20 (n, = 4.35) 0.45 0.2 4.34 119

TE-rib | 25 (n, =3.76) 0.7 0.5 4.02 31.3
TM-strip | 30 (n, = 3.15) 0.5 0.8 4 30.8

Table 2.5: Overview design parameters of the compared three AD esgnators. The
radius is chosen to match a FSR4ofim and the gap is chosen such that the IL is around
the same levels.

lowing investigation, three AD ring resonators which havsirailar IL and the
same FSR of nm are compared. All three rings have an oxide cladding. The firs
ring employs the conventional TE-strip waveguide with atbviof 450 nm. Using
this waveguide approach, the group index.i¥5. A ring resonator with radius of
20 um corresponds then to a FRS 484 nm. Using a gap o200 nm, the result-
ing BW is 119 pm. This ring will be further referred to as thE-stripring. The
second ring employs the waveguides that were fabricated @spartial etch, the
so-called TE-rib approach with waveguide width) nm. The group index of this
waveguide type is 3.76 and by using a ring radiug®fim, the FSR is1.02 nm.
The gap is chosen to &5 pm, with a resulting BW of31.3 pm. The last ring
resonator is using the TM-strip approach with waveguidethvid0 nm. With a
group index of3.15, the FSR isi nm when the radius is set &80 ym. With a
gap of0.8 um the resulting BW is30.8 pm. In Tab2.5, the design parameters are
listed as well as the extracted FSR and BW (characterizathdrthe wavelength
of 1540 nm).

In Fig.2.19 the spectra of these three ring resonators are charaxtexizheir
through, drop and add port for a broad wavelength ramng&(— 1560 nm). This
way, we can characterize the wavelength dependency of tee $pecifications
(IL, ER and RPR). A wavelength resolution dpm is used. In Fi2.19a), the
transmission spectra using a TE-strip ring approach amgrshdhe cross coupling
is large enough to avoid resonance splitting but the RPRr@efis the normalized
power at the add port) is reaching high valugs-{10 dB) at shorter wavelengths.
In Fig.2.19b) and (c), the resulting spectra using respectively theibEnd the
TM-strip approach is shown. A drastically improved BW is imaiately noticed
indicating an improved propagation loss as discussed &eRPR levels are also
significantly lower.

In the following we will discuss the wavelength dependenéyhe typical
filter specifications such as IL, ER and RPR. Each resonarmensin Fig2.19
is analyzed and each acquired specification is plot in22§.in function of the
resonance number (from short to long wavelength). InZFRf(a), the wavelength
dependency of the IL is shown for the three waveguide appemdne can notice
that the IL using the TE-strip approach fluctuates the most wivalue ranging
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Figure 2.19: Three ring resonator spectra using respectively (ap¥; (b) TE-rib and
(c) TM-strip waveguide approach. The details of the devices are listeahi2.5.
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Spec. TE-strip | TE-rib | TM-strip
IL wavelength dependency (dB/nm) 0.085 | 0.021 0.072
ER wavelength dependency (dB/nm) -0.26 | -0.041| -0.167
RPR mean value (dB) -12.9 -22.2 -19.7

Table 2.6: Wavelength dependency of IL and ER of the three wavespideaches. Also
the mean value over all peaks of the RPR is given.

from —5 to —2dB, where as the TE-rib and TM-strip approach are much more
stable. By fitting a linear curve, the general trend of theelewgth dependency
becomes more visible. From these slopes, we find that thebl&pproach has the
smallest wavelength dependency with a valu®.621 dB/nm. Using the TM-
strip approach, this slope $s4x larger 0.072 dB/cm). The ring resonator using

a TE-strip waveguide exhibits the largest wavelength déeecy (and fluctuation
on top of that) with a value df.085 dB/cm. These values are also listed in Tab.

A similar trend is found for the ER, as shown in EAg2(Qb). Also for this property
the TE-rib approach has the smallest wavelength dependeitioyed by the TM-
strip approach. In Fig@.2(0c), the wavelength dependency of the RPR is plot.
From this figure, one can find that the RPR using the TE-strigagzh is the
largest of the three approaches with a mean valuel@t5 dB. Using a TM-strip
approach this is reduced to a mean value ©9.7 dB. Again, the TE-rib approach
has the best result with a mean RPR value-22.2 dB, an improvement of almost
10 dB with respect to the TE-strip approach.

Note that these specifications are depending on two mechanithe cross
coupling and the round trip loss. We found earlier that thencbtrip loss increases
for longer wavelengths in the case of the TE-strip appro&and.6) and a similar
behavior is expected for the other approaches. On the otret, the cross cou-
pling increases for longer wavelengths. Changing the physiaveguide (radius,
width, height or cladding), the mode (wavelength or poktian) or the gap of the
directional coupler, will influence these figures. Howeveg, believe that this ex-
ample represents well the general behavior given the fattlhthree resonators
have the same FSR (and thus the same effective length), aadhiesame config-
uration (i.e. perfect circular). Although the TE-rib appch has the smallest RPR
and the smallest wavelength dependency, it is the TM-spiw@ach that has the
best filter specifications. In this case the BW of both apgneads31 pm around
1540 nm but the TM-strip approach has the best IL-of dB, which is2 dB better
than the TE-rib approach.

2.4.5 Conclusion

Two new approaches using less-confined modes to lower tdapveith the ver-
tical sidewall roughness were extensively characterirethis section. We em-
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ployed both a rib waveguide using the quasi-TE mode and@waveguide using
the quasi-TM mode (in short: thEE-rib and theTM-strip approach) in a ring res-
onator and demonstrated a drastically improved filter parémce. This improve-
ment includes a reduced counter-directional coupling efaftopagating light. As
a consequence, no resonance splitting was visible andfthetesl power ratio was
reduced to lower levels for various configurations. In theeaaf a circular ring res-
onators having a FSR dfnm, the mean RPR value dropped with alm®8idB
and7dB using respectively TE-rib and TM-strip waveguides instead E-strip
waveguides.

The main drawback of using less-confined modes is the inedelbsend loss
and possibly also substrate loss, that limits the designesé this modes in bends
with a minimum radius ofl 7 — 20 um. We have shown that the TE-rib approach
shows smaller wavelength dependency with respect to saieguides. We also
believe that each approach can be optimized even furthegr, &y using wider
waveguide widths. An interesting example of lowering thsslof the TE-strip
waveguides using00 nm width is reported in46].

2.5 Design flow & simulation

Any ring resonator design starts by answering the questidrat are the require-
ments?’. This could be typical filter requirements such asstalk, insertion loss
and bandwidth but also mode volume, finesse and Q-factor.itidddlly some
application could require more robustness against fatiwitavariation or lower
wavelength dependency of a certain filter specification.mbst important limita-
tion is typically the minimum free-spectral range which defi the circumference
of the ring resonator. One should also determine the clgddlithe waveguides
which is typically defined by the application. E.g. oxide &ofull-flow CMOS de-
sign, water or air for sensing applications or BCB for pagiggssing Il1-V on top
of the ring resonator. Based on the requirements and limitsibne should make
a decision on the waveguide type, polarization, radius aqm g’he simulation
starts typically by determining the required coupling tosgathe ring resonator
(2), and the circumference of the ring resonator. For this psgpone can use
equations 2.2) and @.5) to calculate the spectrum of the ring resonator. At this
point one needs to know the effective refractive index amdigiindex (Eq2.7)).
One can use a 2D mode solver to calculate the propagatioaatbastics and loss
(Eg..27). The next step is to determine the physical dimensionfefdirec-
tional coupler which is highly depending on the claddingy&langth, waveguide
dimensions, radius and maximum coupling length.

We start this section with the simulation of a directionalgler used to deter-
mine the cross coupling. Next, a matrix formalism is deritleat can be used to
calculate the analytical spectrum of a single and highdeioring resonator. We
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end this section with a design exploration for a second+oridg resonator and
the channel spacing calculation used to design a multig¢amgultiplexer.

2.5.1 Simulating coupling in a directional coupler

In some cases where one has a long coupling lengfhathd the ring radius (R) is
small, one can simplify the directional coupling sectiomigglecting the coupling

in the bends. Then the coupling between two symmetric watdegus easily
calculated based on the phase difference between the tveorsages of the two
waveguides, multiplied by the length of the coupling settio. One can use
therefore a simple 2D mode solver, to calculate the diffezén n.;; between the
even (n) and the odd () supermode. The effective (field) coupling between the
two waveguides is then

_ 2 _
Kk = sin (ﬁe 5 Bo LC> = sin (;ne 5 fto LC> (2.28)

Maximum coupling is then achieved when the argument of thessequalsr/2

or when \
L.=—~ (2.29)
2(ne — no)

The coupling strength between two symmetric waveguide®rm#p on the
wavelength, cladding, polarization and the actual wawgdimensions. In Fig.
2.21(a), the effective refractive index of the even and odd supele is shown
in function of the gap for two different waveguide widths gmlarization. The
height of both strip waveguides 220 nm. Fig.2.21(b) shows that the coupling
strength decreases exponentially for increasing gap. ©beling strength dif-
ference can vary a lot especially between different padéions. The quasi-TM
polarization is much less confined than the quasi-TE paédr due the physical
asymmetry of the waveguide. For a waveguide widtlo.db xm and waveguide
gap of200 nm, this results in a 4 times larger coupling strength for TMntlier
TE. This difference becomes even larger for larger gaps.€effleet of the waveg-
uide width has a larger effect for the quasi-TE polarizatizem for the quasi-TM
polarization. For a waveguide gap2if0 nm the coupling strength using the quasi-
TE polarization is 0.038 for waveguide width &f zm and 0.06 for waveguide
width of 0.45 um. This difference of almost0% is again related to the mode
confinement which is larger for a wider waveguide.

Using a (side and top) cladding with a lower refractive indeg. water pyy =
1.3 orairnyss = 1, the mode confinement in the silicon waveguide becomgstar
and hence a lower coupling strength is expected. Usifig« 220 nm? waveguide
dimension and the quasi-TE polarization, the couplingsfite between two sym-
metric waveguides with a gap 800 nm is 80% smaller with an air cladding and



2-44 RING RESONATOR DESIGN AND SIMULATION

a) % _
(a) 5 24 Pt . . .
g B
° 22- —e—FEvenTE Even TE Odd TE Width 0.45um
s _ —+—O0dd TE Height = 210nm
§ 2.0 Even TM Oxide cladding
& i —+—0dd TM % =1550nm
E 1.8 - N N N o .
3 e * * * *
é | ot et
M 16 —F T — 71—
(b) 1 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
~~ .. .
g Sss oy —— TM width 0.45um
= o0l e S —e— TM width 0.5um
N o\.\. \'§
< RN —t—, TE width 0.45um
50 N o%. .
g 001 LN e —— TE width 0.5um
b= e 0
17} \. .\
e 1E-3 ~. e
g ~: =
2 .
St 17—
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Gap (um)

Figure 2.21: The calculation of the coupling strength (b) using the effemivactive
index difference between the even and odd supermode (a) for diffeagaguide widths
and polarization. In this case there is an oxide cladding and the height cfttipe
waveguides is 220nm.
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Figure 2.22: lllustration of how to calculate the coupling from a directionaligler with
large bend sections.

14% smaller with an water cladding with respect to a full oxidadding. Using
a higher refractive index cladding (e.g. BCBp = 1.54), the coupling i41%
increased.

As shown earlier, it can be advantageous to remove the ktredgipling sec-
tion and use circular rings. In that case, one typically wwségam-propagation
method or an eigenmode expansion method (e.g. FimmProphtdede the cou-
pling. However, this is a rather time consuming job sincereuii designer needs
several iterations between the required coupling and thdtieg directional cou-
pler physical dimensions. Therefore, a very simple andrfeethod has been de-
veloped in the course of this work to estimate the couplingifthe bend section. It
contains two steps: the first step is the simulation of theliog strength £[1/m])
in function of gap using a 2D mode solver as shown inZR{(b) and the second
step is to calculate the coupling for a certain directiomalpter configuration.

This has been achieved treating the bend sections as aastiof parallel
waveguides with lengtiA L as shown in Fi@.22 We therefore neglect the fact
that the mode in a bend is not equal to a mode in a straight wélegOne can
expect larger deviations for sharper bends.

The entrance coupling:feng is then the sum of smaller coupling sections with
gap G and lengthA L; as expressed in E330

Kbena= Y _ #i(Gi)AL; (2.30)

The full coupling is then the sum of the coupling from the igfiné part (straigh)
with gap (G) and length I, and twice the coupling coming from a bergkng

R = Sin(2:"€bend+ "fstraight) = sin (2 Z Kz(Gz)ALz + ,‘io(Go)Lc> (231)
In Fig.2.23 the resulting power couplings¢) in function of ring radius be-

tween two symmetric strip waveguides with circular bend$mmstraight part (L

= 0) is shown. Both a straight bus and a symmetrically curwesviiaveguide are
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Figure 2.23: Power coupling between two symmetric strip waveguides(gle
polarization) in function of radius, for both a straight (a) and curved (b} lvaveguide.

considered. Other parameters such as géafifm), wavelength § = 1550 nm)
and waveguide dimensiong50 x 220 nm? with oxide cladding) are fixed. The
calculated results using the 2D staircase approach areazechpiith the 3D eigen-
mode expansion tool from Photon Design (FimmProp) and a 3DI-ol from
Lumerical. Since no approximations are made in the latterwil refer to this as
the most accurate one.

From Fig2.23a), it is seen that the 2D staircase approach for a straight b
waveguide matches very well with the Lumerical results. Bmdther hand, the
FimmProp results are deviating increasingly for sharpeidbe We find a differ-
ent situation in Fig2.23b) for the calculation of the symmetrically curved bus
waveguide. In this case, the 2D staircase approach aretidgviargely from
those calculated with Lumerical. The results from the 3Dragphes (FimmProp
and Lumerical) are matching very well. It turns out that tffeaive coupling is
largely underestimated by the 2D staircase approach. @hibe explained by the
fact that the traveling modes are for both the ring and thepisbed towards each
other, resulting in a larger cross coupling. This effectastaken into account us-
ing the 2D staircase approach that uses the coupling ofktraiaveguides. This
seeming discrepancy between the well-matching resultsstfagght bus and the
less-matching results of a curved bus waveguide can beirgglas follows. First,
also in the case of straight bus, the mode traveling in tteewiaveguide is pushed
towards the bus waveguide. This effect not only increaseetiective coupling,
as with using a curved bus, but it also changes the effeaivaative index. This
change is only for the ring waveguide and thus a small phaseatth is intro-
duced which lowers the effective coupling. According to.Eig3b), these two
effects cancel out with a well-matching result as a consecgieFor larger bends,
all three methods converge for both a straight and a curved Binen the 2D
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Figure 2.24: SEM picture of a (a) ring resonator with radi28 ym, waveguide
dimension$00 x 220 nm? and (b) a directional coupler waveguide configuration used to
couple a small portion of the bus light into the ring.

staircase approach becomes superior due its fast congutetie.

2.5.2 Simulating the spectrum of single and higher-order mgs

Using the matrix formalism explained 9], one can easily calculate the spec-
tral characteristics from a first and higher-order ring negor. Higher-order ring
resonators offer a better trade-off between roll-off argkition loss and are typ-
ically used when one requires a wide bandwidth and a steépffdilter char-
acteristic [L7]. The matrix formalism allows for an easy cascade of coupilegl
resonators (also known as coupled resonator optical walegjior CROWsH9).

In Fig.2.24(a), a SEM picture of circular ring resonator is shown withoarn
on the directional coupler in (b). The field at the input of tivegg resonator is
denoted as @and the field after the directional coupler is denoted @s bhe
field that describes the portion of the light coupled to theyris denoted as;b
and consist out ofkay added with the field already inside the ringu(). If the
directional coupler has a certain coupling length, an eptrase difference’’’«
is added with3 the phase speed of the light defined as

27
B ANeff .

(2.32)

This results in the simple matrix relationship shown in Bcg® that connects the
input fields of the directional couplerdand a) with the output fields (pand h).

] [ o
b1 K T ai
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One can then rearrange the E433 to obtain Eq.2.34 such the relationship
(described as matri®) between the bus fieldsq@and k) and the ring fields (a
and h) can be determined.

a i e e a a
1 K K 0 0

= ; =P 2.34
|:b1:| |\_T2;;Nzeiﬁlzc i ] |:b0:| |:b0:| ( )

The relationship between one side of the ring (i.eaad i) and the other side of
the ring (denoted asand k) is determined by a certain phase shift depending on
the length of half the ring (L) and the attenuatioda.

as 0 ae'PLlr ai a
R I R

with L, the distance between and a, typically 7R with R the radius of
the ring. One can calculate the field propagation attenoatifstom the (power)
propagation loss of the waveguide A [dB/cm] as follows:

a= lofALTIOO/QO (236)

where the factor 20 comes from the conversion from power td fienuation
and factor 100 fronem to m. The relationship between, @and b and the out-
put waveguide fields denoted asand I3 is in the case of symmetrical coupling
defined by matrix P. The field transmission from the bysafad k) to the output
waveguide (aand k) is then fully described as

as ao Tio,0) To 1]]
— POP — ’ ' 2.37
{ } @ {bo} [T[LO] Tjy ) (230

With no added signal ¢ga= 0) and unit input (g = 1), the field at the through port
(bo) and drop port (b) is defined as

Tjo,0]
by = — - (2.38)
’ Tip,)
Tio.oT
b = T = = (2.39)

These equations are exactly the same as the analytic faiorulgiven earlier in
Eqg.2.5. However, the true elegance of this matrix formalism id thean be ex-
tended very easily for higher-order ring resonators. Withe amount of coupled
ring resonators the transmission maffixiescribing the field relationship between
input and output waveguide is then scribed as

T = (PQ)"P. (2.40)
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Figure 2.25: Applying different filter parameters conditions that relates$o o in a
second-order ring resonator design. In this cage= 0.35 and the FSR #.3nm. A
constant propagation loss 8fdB/cm is assumed.

2.5.3 Second-order ring resonator design exploration

In this section, we explore the design space for second-oine resonators. By
varying the coupling parameters between the bus and theificsi(x,) and be-
tween the two inner ringsx(), one can achieve many different spectral shapes.
The goal of this section is to create wide bandwidth filteratNEwork on higher-
order ring resonators reported ih7] translates general filter characteristics into
coupling conditions that relates the different couplingapaeters. This coupling
condition for second-order ring resonators is listed infthlewing equation.

KT = 0.25kk; (2.41)

When k=1, this equation resembles thaximally flaffilter condition and for k=3
the (first orderChebyshefilter condition, according tol[7]. We plot the spectrum
of a second-order ring resonator wit§ = 0.35 and FSR =9.3nm in Fig.2.25
Both coupling conditions are applied. A constant propagelibss of8 dB/cm is
assumed (based on some typical results as obtained inrs2c3jo

From this figure, one can see that the maximally flat cond{eni in Eq.2.41))
gives the most narrow bandwidth and a single resonance digeithrough trans-
mission. Using the Chebyshev relationship (i.e. k=3 in £4.)), the extinction
ratio is degraded with more thandB and is showing two resonance dips. More
important, a little dip is seen in the drop response whicHadtocause a higher in-
sertion loss. However, the 3dB BW is increased and is now stichouble that of
the case for k=1. We found that by taking k=2, an intermedigextrum is found
with an increased BW but without any dip in the drop respordso the maxi-
mum level of the extinction ratio is equal to that of k=1. Theésponse with k=2 is
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Figure 2.26: The drop and through transmission from*adnd 2'?-order ring resonator.

The FSR is for all designs3 nm.

Specification| &3 k2 | BWy [nm] | BW;o [nm] | Roll off
1st order 0.073| - 0.14 0.7 0.2
2nd order 0.35 | 0.03 0.82 2 0.41

Table 2.7: Coupling parameters for d&and 2**-order ring resonator design, FSR =

9.3nm. Roll-off factor is defined as BMBW,.

also shown in Fi@.25

In the following, a filter is designed with a constant dropelesf —25 dB at
300 GHz (or 2.3nm) away from the resonance wavelength. This specification

is usually referred to as the crosstalk. The filter is impleted with first- and
second-order ring resonators. Again, a constant propaghiss of8 dB/cm is

assumed. In Fig@.26 the simulated drop and through transmission is shown. The

FSR is9.3nm. The coupling parameters are shown in 2ab. The relation-

ship between the, andx, for the second order ring resonators is determined by

Eq.2.49 using k=2.

From Fig2.2§ it is clear that one can achieve a much wider bandwidth (BW)

using a second-order ring resonator design, and this witheerificing the drop-
ping level at a certain spectral distance away from the peaktfie crosstalk). For
a first-order ring resonator design, we can achieve an 1dB BW, | of 0.14 nm.
This is much larger for second-order ring resonatogqnm). One can also see
that the roll-off (defined as ratio between B\&Whd BW,) is doubled from 0.2 for
a first-order to 0.41 for a second-order ring resonator.
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2.5.4 Channel spacing calculation

By cascading ring resonators in series, one can creaty eadg@imultiplexer where
each ring resonator is responsible for dropping a certaamicél. The channel
spacing (CS) is defined as the spectral distance betweeettiter evavelengths of
two adjacent channels. One can shift the resonance of aggugator by changing
the effective length of the optical path. In other words, cae change the effective
refractive index of the resonating mode or the physicalutirierence of the ring
resonator. In this work, we prefer to increase the circuarfee withA L to shift
the resonance to a longer wavelength. In telecommunicatioa typically uses a
multiple of 100 GHz to define the wavelength grid. Depending on the exact center
wavelength one can calculate the corresponding CS expréssait length, with
f the frequency andthe speed of light:

AN = HA = Af@f. (2.42)

f c

Eq.@.42 indicates that the CS expressed b)) is wavelength dependent. A
channel spacing of00 GHz at 1550 nm is 0.8 nm. During this work we shifted
our preferred wavelength range to slightly shorter wawgles11530 nm, where
the CS become8.78 nm. At 1310nm, a 100 GHZ-CS corresponds to a CS of
0.57nm. A closed-form expression to link a difference in circunefece A\ L) to
a wavelength shift&A\) can be deduced starting from the difference in resonance
condition expressed in EQ.Q).

Nefr(A)(L+ AL) —nepr(A2)(L)

AN= )Xy — A\ = (2.43)
Using the definition of the group index()y defined in EqZ.7), one can derive the
following equation expressing L. as a function of wavelength and circumference.
L= BAp__ng ASAL (2.44)
nepr(A) A nepr(A) ¢
One can ignore the wavelength dependency .gf rand evaluate the expression
based on the wavelength of the center channel. In thatsése a constant. If the
wavelength span becomes very large, one can evalhatéor each intermediate
wavelength);, which is defined as the average wavelength between two elsann
(i = (A1 + A2)/2).

In the following we derive all the parameters of a typicalbaenel demul-
tiplexer with a channel spacing 800 GHz around the wavelength df530 nm.
The FSR is chosen in such a way that there is no overlap bettheefirst and
last channel and is defined 6.7 nm or (4 + 1)A\. Using Eq.R.6), the required
circumference can be calculated. Using a 2D mode solverfiotdga group index
of 4.26 using a waveguide with dimensiofi®) x 210 nm and an oxide cladding
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Channel A L. Gy | Gy FSR
nm pm nm | nm nm

1 1526.2| 7.089| 176 | 276 | 11.656

2 1528.5| 7.154| 178 | 278 | 11.66

3 1530.8| 7.219| 180 | 281 | 11.663

4 1533.1| 7.284| 182 | 283 | 11.666

Table 2.8: All the parameters of a typical 4-chanfied GHz-spaced demultiplexer using
2nd-order ring resonators. The radius ®21 um is kept constant and the waveguide
dimension of both bus and ring waveguide$ x 210 nm. An oxide cladding is assumed.

(around the center wavelength30 nm). The circumference of the ring resonator
is then46.9 pm. Using Eq.R.3), one can calculate the resonance wavelength that
corresponds with this circumference. Based on the couplarfgmeters required,

a coupling length and radius is chosen in such a way that thes# not too small
(e.g9. R > 3 pum) and the resulting gap is wide enough (e.gy S 130nm). In

this example we chose lto be7 ym and the radiu$.21 ym. Additionally, one
can require that the first wavelength is fixed to a certain Vesaggh, e.9.1526 nm,

and slightly change the circumference. In this example, djasa the coupling
length of the first channel t6.089 um. Consequently, the FSR will be slightly
off (in this example only0.15 nm). Once the channel center wavelengths are set,
one can calculat& L = 130 nm using Eq.R.44). In this example, the wavelength
dependency oA L is very small and differences are smaller than the mask grid
(i.e. < 1nm). We implement this circumference difference @ am in coupling
length (i.e.AL/2). The resulting coupling lengths are listed in TAB. Note that

the followed procedure is independent of the ring order.

In this example, we design a second-order ring resonatbr avirosstalk be-
low —20 dB and minimized insertion loss. The coupling parametgrandx? are
respectively 0.38 and 0.072, and related by £41) using k=2. For each channel
we calculate the right gap according the required power laogpIn this calcu-
lation, we take into account the resonance wavelength amadhrect coupling
length as listed in TaB.8. Note that the coupling strength is wavelength depen-
dent but could be neglected when the wavelength range id.silslb, a mask
grid of 1 nm is assumed here. Using a more coarse mask grid one introduces
detrimental error in resonance wavelength and couplirength.

The resulting theoretical spectrum of the four drop porshiewn in Fig2.27.

In Fig.2.28 a typical as-measured spectrum is plot, demonstratingod ggree-
ment with the simulated spectra shown in Big@7. Note that the procedure used
to design the component shown in Ag@8was a simplified version of the design
procedure that is presented in this section. However, teegdearameters are
very similar. The full design description and character@aof this component is
extensively discussed in sectibr on pageb-7.
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Figure 2.27: An as-simulated 4-chanrsgl0 GHz-spaced demultiplexer using 2nd-order
ring resonators.
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Figure 2.28: An as-measured 4-chanBeb GHz-spaced demultiplexer using 2nd-order
ring resonators.
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Figure 2.29: The procedure to normalize a typical ring transmissiopoese.

2.6 Data processing

In Fig.2.29 a typical spectrum of a (under-coupled) ring resonatorsumesl at the
through port is shown and denotedstgicture under testThe measured data has
the typical Gaussian envelope of a fiber grating couplerclvis possibly distorted
by a Fabry-Perot interference pattern. Using a simple ringcgire, these reflec-
tions are typically coming from the grating couplers or frédm mode mismatch
between the chip and fiber. Using more complex structures, raflections from
the structure itself are expected. These patterns are m#kéndata fitting more
difficult and eventually less accurate. The strategy agphethis work is using a
reference waveguide. This reference waveguide shouldthexaame grating cou-
plers and be located very close to the grating couplers fhenstructure under test.
In Fig.2.29 the measured spectrum of a reference waveguide is showaladtw
can be seen that this reference waveguide has the samepmegid oscillations.
If measured with the same resolution and span, one can easityact the refer-
ence from the through port. Possibly these spectra aretdeyebit, for a certain
wavelength range. In this case the structure under test litde aigher transmis-
sion efficiency around530 nm and a little smaller at larger wavelengths around
1565 nm. As a consequence the subtracted data is in this case yglgtatived but
the Gaussian envelope and Fabry-Perot interference pattenicely removed. In
a following step we fit the subtracted data to a second ordwestifan which will
further remove the skewed response. To obtain the fioahalizeddata, we make
sure the maximum transmission(slB by applying a last offset. The meaning
of this last step is only to give the data a more physical wtdading (there is
no gain in the passive structure) and one should be carefotdrpret this value
correctly.
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2.7 Polarization rotating coupler

This chapter ends with a novel ring resonator concept pexpasd demonstrated
during this work. The concept uses a polarization rotatisgnanetrical direc-
tional coupler. Earlier, we have found that using the qUadimoded waveguide
(TM-strip approach) a ring resonator has an improved perémce. However,
using the quasi-TE moded waveguide (TE-strip approachy,aam make ultra-
compact circuits due to small radiation loss in short bentiserefore, we aim
to combine the advantages of both polarizations: use guagelarized light for
compact guiding of the light towards the ring resonator ands@TM polarized
light in the ring to take advantage of the lower propagatmssland backscatter-
ing. This enables the realization of rings with a high Q-dadbr e.g. applications
in large and accurate sensor arrays. To make this polanzatiange possible one
could use a separate polarization rotator in front of a regpnator. However, this
usually requires complicated fabrication steps and irsgedhe footprint of the
device. An elegant and simple solution for a polarizatidatar is using an asym-
metrical directional coupler similar as the one presentef$] and [61], which
is based on the existence of hybrid supermo@é&k [In this paper we go one step
further and use this polarization rotating directionalgleunin the coupling section
of the ring resonator to excite the fundamental quasi-TM eniodthe ring. The
design rules on how a small transition loss and thus a rinlg avitigh Q-factor can
be achieved are explained. Experimental verification ofctbrecept is provided.
We demonstrate the operation principle with two AP ring regors with radius
30 pm, working in the critically coupled regime with a quality tac of 31000 and
in the under-coupled regime with a quality factorl@5000. This work has been
published in IEEE Photonics Technology Lette3s][

2.7.1 Theory

To achieve a high Q-factor ring resonator using TM-polatilight, two condi-
tions need to be fulfilled. The first condition is achievinf§jaént coupling from
the fundamental quasi-TE mode (i in the bus waveguide to the fundamen-
tal quasi-TM mode (TM,) in the ring waveguide and avoiding coupling to other
modes. The second condition is that there should be a lowdb#ise excited
TM;; mode of the ring waveguide at the coupler. In order to anallieepolar-
ization conversion in a ring resonator, an AP ring reson@gatius =30 pm) with

an asymmetrical directional coupler such as presentedg.BDis used. There
are two required levels of asymmetry in this directionalmleu 1) a different
waveguide width for the bus and the ring and 2) an asymmeéitrladding. In
such a vertically asymmetrical waveguide the second anthtfieeigenmode are
hybrid [62] and are anti-crossing aroufids5 pm. In Fig.2.31(a), were the effec-
tive refractive index in function of waveguide width is pldhis anti-crossing is
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Figure 2.30: An AP ring resonator on SOI using a polarization rotatingnasetrical
directional coupler. The fundamental quasi-TE mode in the bus is usedite éhe
fundamental quasi-TM mode using hybrid coupling.

clearly visible. By narrowing the bus waveguide, the;TBus mode is almost
phase matched with both hybrid modes and thus coupling isat&d. This behav-
ior is visible in Fig2.31b, where the supermodes of the asymmetrical directional
coupler in function of bus waveguide width are shown (gaf@&nm). The ring
waveguide is fixed at00 nm. Since the mode overlap between two quasi-phase
matched modes with the same polarization is larger than wWiegnare of opposite
polarization, the coupling from the TEbus mode to the TE-like supermode is
stronger than the coupling to the TMlike supermode. As the excited TElike
supermode travels further in the directional coupler aredyp becomes larger, it
couples due to its hybrid nature rapidly to the fundamentl Tring mode and
only a small part evolves to the leaky JiEring mode. The initially less excited
TM;-like supermode evolves to the TiMring mode and slightly to the TM bus
mode. The supermode evolution of this non-adiabatic supgentaper is shown

in Fig.2.32a and the corresponding field intensity is plotted in R2g32b, calcu-
lated using the rigorous fully-vectorial eigenmode expamsand propagation tool
FimmProp (Photon Design).

To exploit this polarization rotating behavior, the poweupling to the differ-
ent modes for different combinations of bus and ring waveguiidths is simu-
lated for a300 nm gap, shown in Fig.2.33 where the power coupling from the
TE;; bus mode to the TM and TE; ring mode and the TM and TE; bus
mode is shown. Note that for each combination the power cogipbd the TH;
ring mode is negligible due to a huge phase mismatch. Frogrfithire, one can
draw two intermediate conclusions for efficient polariaatconversion. First, one
can see that for each width of the ring waveguide maximum pawapling to
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Figure 2.31: The effective refractive index. ¢n) of (a) the eigenmodes of an isolated
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asymmetrical silicon wires with gal0 nm as a function of the bus width and fixed ring

width (600 nm). The waveguide height 20 nm and operation wavelength i$550 nm.
The mode profiles (intensity) are plotted for both configurations with bus Wwiitlhm
and ring width600 nm.
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Figure 2.32: Supermode evolution (a) and intensity plot of the fields (@) in
asymmetrical directional coupler for a bus and ring waveguide width sfpeetively
0.32 pm and0.6 pm (100 nm gap and30 pm radius). The TE; bus mode is excited.

the TMy; ring mode is achieved for another bus waveguide width whatfions

the corresponding phase matching condition extracted theneigenmodes of an
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Figure 2.33: Power coupling from the TEbus mode towards the TiMand TE; ring

mode and the TM and the Tk, bus mode as a function of varying bus wid?h{nm
gap and30 pm radius). Legend: the color and symbol of the curves explain the ring
waveguide (wg) width and the line type explains to which mode the couplingsocc

isolated waveguide (Fig.31). Although the maximum power coupling occurs for
a ring width of0.6 um, this configuration also leads to the strong excitation ef th
leaky TE; ring mode and the leaky TM bus mode. This can be prevented by
selecting a wider bus waveguide width (.32 xm) or a narrower ring waveguide
width (< 0.6 pum).

The second condition to obtain a high Q-factor ring resanat@ low tran-
sition loss when the resonating TMring mode passes the directional coupler.
Besides the expected (reciprocal) coupling from the; Tkihg mode to the Ty
bus mode, there is also coupling to the T{Mbus mode and to the LEring mode
which results in a transition loss. This is visualized in.Eig4a, where the power
coupling to all these modes is plotted for an input {iMing mode with a bus
waveguide width o820 nm, 300 nm gap and a varying ring waveguide width be-
tween0.5 um and 0.6 um. From this figure one can deduce that the coupling
towards the TM; bus mode becomes smaller using a wider ring waveguide, be-
cause of a higher phase mismatch with @& xm wide bus. On the other hand
the coupling towards the T ring mode becomes larger when using a wider ring
waveguide because of larger hybrid coupling as explainddgr2.31 The total
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Figure 2.34: Power coupling in an asymmetric directional coupler fromTg; ring
mode 820 nm bus width and30 m radius) for (a) gap300 nm and (b) gap600 nm. For
(a) the minimum transition loss occurs at a ring waveguide widih &5 gm which is a

trade-off between the loss induced by phase mismatched coupling totlardiM, bus
mode and the losses due to hybrid coupling towards thg Tieg mode.

transition loss, defined as all the power that goes to anatioele than the Th
bus mode and the TM ring mode, is plotted in Fig2.34as well, resulting in one
optimum ring waveguide width arourtd575 pm for this configuration. For this
width and gap the transition loss4sl % which can be converted to a distributed
loss 0f9.6 dB/cm in a ring with30 pm radius. Together with the waveguide prop-
agation loss 01.95 dB/cm [58], this ring resonator will have an intrinsic Q-factor
of around 54300 or a critically coupled Q-factor of 27000. iAss clear from
Fig.2.34a, the transition losses are relatively insensitive to aadien in the ring
width. The transition loss depends on the exact couplinghftbe bus to ring
waveguide and can be improved by using a more adiabaticicgugction, e.g. a
larger radius or a larger gap such as in Ei§d where the transition loss is only
0.21 % for a gap of600 nm.
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2.7.2 Experiments

The vertical asymmetry to create the hybrid coupling of tTand TE; mode

is achieved using an air top-cladding. Both bus and ring gaikes were defined
by a deep etch 20 nm. To facilitate the characterization of the device, grating
couplers were added to the design using@am shallow etch step. These grating
couplers are highly polarization dependent, with an efitincratio of 50 dB and
ensure only TE-polarized light is coupled in and out of threyniesonator. Light

is guided with single-mode waveguides (widtl) 45 pm) and tapered down to a
width of 0.32 pm at the coupler of the AP ring resonator (radiugof.m). Using

s scanning electron microscope, the width of the ring waidegis measured to
be 0.56 pm, which is slightly off the ideal waveguide width. A wavelghgcan
with 1 pm resolution is used to characterize the resonances beti/26mm and
1540 nm. The measured free spectral range (FSR).4$ nm and corresponds
to the resonating TM mode which has a lower group index,( = 3.58) than
the TE; mode @, = 4.1). Since all the resonances are very similar, their per-
formance is reported as a mean value of the measured ressnaAccritically
coupled AP ring resonator with a mean extinction ratie-@f.8 + 1.2 dB, a mean
Q-factor 0f30858 + 1836 and a mean finesse 88 + 5 is achieved using 300 nm
gap, which is plotted in Fig2.3%. This agrees well with the simulations. When
the gap is increased %00 nm, the under coupled resonance shows a mean ex-
tinction ratio of —2.1 + 0.2 dB, a mean Q-factor 0f24988 + 9698 and a finesse
of 335 + 25.2 over the measured wavelength scan. This shows that theat@sgpn
mode has a lower effective propagation loss correspondiad.B2 % power tran-
sition loss as defined earlier (assumption &5 dB/cm propagation loss). In Fig.
2.3%, an overlap of the resonances are plotted demonstratrgpthd uniformity.

2.7.3 Conclusion

A novel class of ring resonators is proposed which makes fisepolarization

rotating asymmetrical directional coupling section. Aticelly coupled AP filter

showing good performance was demonstrated. This ring a#spis expected to
also be useful for a whole class of compact and high Q-fagipli@ations, e.g. in
large and accurate sensor arra§4] |

2.8 Conclusion

In this chapter we have given an overview of the state-ofattief the ring res-
onator. We have raised the problem of high reflection at r@som wavelength
(RPR) next to the more generally known resonance splitipically present in
high-Q ring resonators. These two phenomena find theirroiigithe counter-
directional coupling of the forward propagating light ittackward propagating
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335).

modes due to overlap with the vertical sidewall roughnesstigh waveguides.
We have shown that this effect severely limits the perforoeanf high-Q or nar-
rowband ring resonators which are needed in this work, engchapter4 as a
ultra-dense WDM demultiplexer. Therefore, we came up with ew waveguide
approaches with a smaller overlap with the vertical sidereaighness. Both the
TE-rib and the TM-strip approach were extensively charastd and optimized
to significantly enhance the performance of standard Tigs@veguides. The re-
duction in counter-directional coupling eliminates remoce splitting and lowers
the high levels of reflected power with almdstdB. Further we gave an overview
of a typical ring resonator design flow and explained thegiesif higher-order

ring resonators. These wide-band filters will extensivedyuked in chaptes and
6.
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High-Performance Photodiodes
Integrated on Silicon

In this chapter the goal is to fabricate a photodiode thatbeaimtegrated on a Si
platform and detects high-speed signals betwi@en40 Gb /s around1550 nm as
efficient as possible. As discussed in the introduction @rajwo attractive mate-
rials are available that can be integrated on silicon. RinstlllI-V compound semi-
conductors such as indium gallium arsenide (InGaAs), bipiepitaxially grown
on an InP wafer. By means of a heterogeneously die-to-diéestodwafer bond-
ing technique, small areas of IlI-V material are integraiadop of a Si waveguide
platform. An alternative for InGaAs is germanium (Ge) whidn be monolith-
ically grown on Si. In this chapter we will discuss both typ#sphotodiodes
regarding design, fabrication and characterization. Ti@alAs p-i-n photodiodes
are designed to be integrated with an in-band label extréatwonvert the incom-
ing label to the electrical domain as we will discuss in ckagt The Ge p-i-n
photodiodes are to be integrated with the DWDM data demebkgal terminating
each WDM data channel as we will discuss in chaptand6.

We start this chapter by explaining the basic propertiesdagign goals in
section3.1 The rest of the chapter is devoted to the design, fabricatia char-
acterization of the evanescently-coupled InGaAs p-i-ntptiode in sectior8.2
and the characterization of the butt-coupled Ge photodigusectior.3.
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Figure 3.1: (a) The schematic cross-section of an evanescentlyezbpg-n photodiode
heterogeneously integrated on a Si waveguide and (b) the band diagraegative biased
p-i-n.

3.1 Introduction and design goals

Most fundamental properties of photodiodes are extensilistussed in various
text books (e.g.J-4]). The concepts that are needed to describe the design goals
and to understand the behaviour of photodiodes are briefiyrgarized in the fol-
lowing section.

3.1.1 Working principle

A schematic view of a heterogeneously-integrated phottedam top of a Si waveg-
uide is shown in Fid.1(a). This photodiode structure consists of thin epitayiall
grown layers of different lattice-matched IlI-V materiatsform a so-called het-
erojunction. The intrinsicallyij doped absorbing layer is sandwiched between
p+ and an— doped layers to form a vertical p-i-n junction. This intim&ayer
is depleted and a created electron-hole pair will be sepaiatd drift towards the
undepleted (doped) regions due to the internal electrid.fi€he internal electric
field can be increased by an externally applied voltage witaraount ofyV: the
so-called bias. This bias is causing the Fermi levelsdsplit and the excited car-
riers are now accelerated even more. This extra drift issw0® if one requires
a fast responding photodiode. The working principle is shawFig.3.1(b). The
mode propagating in the Si waveguide is evanescently cdupléhe absorbing
photodiode mode. A supermode of this coupled mode systenomignating this
coupling is superimposed on top of the schematic inFig.

3.1.2 Own contributions

The two types of photodiodes (IlI-V and Ge) are discusseadstply and use a
slightly different design approach. In the following we gian overview of the
contributed work.
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InGaAs p-i-n photodiodes Both design and fabrication approach are based on
earlier research work from colleagues Joost BrouckaertZmah Sheng. Their
main contributions are summarized ) p] and [6]. In [6], an evanescently cou-
pled p-i-n photodiode with a responsivity bfi A /W using the quasi-TE polarized
mode is demonstrated. The dark current is arokhpA for a reverse voltage of
3 — 5V. However, no results are given on the bandwidth of the devicehis
work, the InGaAs p-i-n photodiode is optimized to be higtdgponsive and have
a large bandwidth at the same time. The target was to reachpansivity of
1A/W and a bandwidth> 10 GHz. Furthermore, a low dark current and a good
manufacturability is required. This photodiode is fabtéchin the cleanroom of
the photonics research group by means of a die-to-die lggremus BCB bond-
ing technique %, 7]. Own contributions are included in the optimization of the
design, fabrication and high-speed characterization. rékelts are discussed in
section3.2

Ge p-i-n photodiodes The design of the Ge p-i-n photodiode has been done by
Joris Van Campenhout working at imec. This component has fudlg fabricated

in the 200 mm pilot line of imec B]. Own contributions around this component
are limited to characterization. This characterizatioveggome valuable feedback
to improve the photodiode design among different generatiorhe results are
discussed in sectioB.3.

3.1.3 High responsivity

To enable a highly responsive photodiode, one needs a wlateat can absorb
light efficiently at a given wavelength. In FR§j2, the wavelength dependency of
this absorption coefficient is given. Materials with bang gader than the energy
of the photons are transparent (such as Si and InP) and nepéibscoccurs. In-
GaAs and Ge have a large absorption coefficieof respectivelyr820 ym—"' and
9000 um~! at 1550 nm [9]. For a certain photon energy per time unit incident on
the absorbing layer (optical powét), there areE% photons withE,, the energy
of a photon that can create an electron-hole pair. This gsobas an efficiency.
Each successful created and extracted electron-holegmthk elementary charge
g. The current flowing (electron chargeer time unit) is then described in Bgl

in function of the optical input poweP.

d@  mqftphotons P Aq
dt dt B, ™ "he 1)
The responsvityR is defined by E@®.2
1 A
R= 2 =pn24 (3.2)

P~ "he
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Figure 3.2: Dependence of absorption coefficient on wavelengthef@ral materials,
figure taken from I]

Maximizing the efficiencyn will hence maximize the responsivity. The maxi-
mum value of the responsivity (with = 1) around1550 nm is 1.25 A/W. Using
an evanescently coupled photodiode, the design optimizatcludes mainly the
reduction of the mode overlap with the non-contributingcaipon of the metal
contacts and avoid carrier recombination in the undepleggins.

3.1.4 Large bandwidth

Once created, each charge carrier needs to reach the metatitsoas fast as pos-
sible. The major limitations on the speed of a p-i-n photddids according to
Bowers et.al. ]]:

1. The time it takes a carrier to drift across the depletigiome
2. The time it takes carriers to diffuse out of undepletedones)

3. The time it takes to charge and discharge the inherentcitapee of the
diode plus any parasitic capacitance

4. Charge trapping at heterojunctions.

The transit time of the depletion region is depending on ttiie eklocity of the
carriers. This drift velocity is saturated when the electiéld over the depletion
thickness (f) is high enough. This requires the full depletion of theiigic layer
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by highly dopecd andn-regions and possibly a reverse bias over the junction. This
reverse bias determines the depletion thickness where agtimsic thicknessd;)

is determined by design and fabrication. One can then appedg the transit-time
limited bandwidth as follows4]:

350
- 2’/Tti

fi (3.3)
with ¥ the average carrier velocity. For InGaAs, valuessdf x 10° cm/s and
4.8 x 10%cm/s for respectively electron and holes have been reportedGh [
In Ge the electrons and holes have respectively a speédnfl3 x 10° cm/s.
The thinner the intrinsic thickness, the faster the tratisie but the larger the
capacitance().

This capacitance determines the time it takes to chargeiaokaige the diode.
The capacitance is formed between the two undepleted reoidhe p-i-n diode.
The magnitude o€, is calculated by

kegA
Cpa = t?

(3.4)

k the dielectric constant ang the free-space permittivity8(85 x 1012 F/m).
The dielectric constarit is for InGaAs 14.1 and for Ge 11.9. Typical values for
the capacitance are betweéh — 500 fF. The bandwidth limitation originating
from this capacitance is inversely proportional to the R@dpict as follows:

1
o 21 RCpq

The resistance includes the metal/semiconductor intedaavell as thé0 2 load
resistance.

Once the carriers drift in an undepleted region, the caraee diffusing to the
metal contacts. Typically this diffusion is fast in highlppgkd regions. Due to
their large effective masseavyholes tend to be trapped at each heterojunction,
especially at the InGaAs/InP junctiof]] The last two effects will not be taken
into account because they contribution is negligible aedakal bandwidth is then
determined by the RC bandwidtlif-) and the transit bandwidttyy):

Iro (3.5)

1

1 1
—_ _|_ —
i Jhe

One says that a bandwidth of a photodiod&?is-limited if either R or C is so
large that the transit time becomes less important. Tylyitlis happens for pho-
todiodes with a very thin depletion region where the tratigie is very short. In
the case of a thick depletion region, the bandwidth of theiqdiode is said to be
transit-time limited.

f3a = (3.6)
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3.1.5 High sensitivity

In the absence of light the photodiode’s dark or leakagesttitominates. Gener-
ally, several effects contribute to the dark current withitkactual magnitudes de-
pending on the bias voltage, material properties, temperand detector design.
In summary, the dominant contributions are generatioosrggnation current in
the depleted region, diffusion current from the undeplgieahd n sides of the
junction, tunneling current and surface leakagle [Depending on the structure
and passivation technique, leakage current in the tenscobipiperes range has
been achieved. In practice it is usually the fabricationligguthat determines the
dark current. If not well optimized, dark current values caach easily several
microamperes.

Dark current increases the total noise of the photodiod®ginth photocurrent
(I,4) and dark current () generates shot noise due to the statistical nature of the
carrier transport and photon detection process. The meaareaqoise current
originating from shot noise is given by

(ighoy) = 2q(Ipa + ) Af 3.7)

with g the elementary charge adyf the system’s bandwidth. Together with the
thermal noise (independent of the dark current and photent); dark current
degrades the signal-to-noise ratio (SNR). The thermalenisislepending on the
temperature T and the (load) resistance R as

() = LAy 38)

with k; the Boltzmann constant. The maximum allowed level of dankesu is
depending on the required signal-to-noise ratio, limitagion the input power and
the system’s bandwidth.

2,
SNR= —— 2% (3.9)
(ighoy + (i)

3.1.6 Photodiode integration on Si

Three approaches are available to integrate photodiodasiicon platform: hy-
brid integration, epitaxial growth and bonding. One can fing:xtensive overview

in [3]. In Fig.3.3, an overview of these three approaches is shown. Using the hy
brid integration platform, a prefabricated photodiode désiponed above the sil-
icon platform using a flip-chip technique. The attachmengrisvided by metal
bumps. Hybrid integration is considered as a very maturedgss but is not suit-
able for large scale integration. The vertical coupling barassisted by a grating
coupler as shown in Fig.3 or a tilted mirror [L1]. The design of the photodiode

is optimized for vertical illumination.
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Figure 3.3: Three approaches for heterogeneous integration. Fréirtoleight - hybrid
integration, bonding and epitaxial growth. Taken frogj [

A second approach is the direct epitaxial growth of InGaA&ematerial on
top of silicon. Typically the quality of the material is degied due to the large
lattice constant mismatch (arounitt for InGaAs-on-Si B] and 4% for Ge-on-
Si[12]). The direct growth of IlI-V material on top of Si has beemited to very
small areas but recently progress has been shown in lowedar&nt selectively
grown InGaAs photodiodes on Sij]. More commonly, high-yield high-quality
selectively grown Ge photodiodes on silicon are reported.

A third approach is die-to-wafer bonding as introducediearlUnprocessed
[1I-V dies with the epitaxial layers facing down to the sditc are bonded very
close to the waveguide. Most bonding techniques are basédaast bonding or
adhesive bonding. In this work we use BCB (benzocyclobytesehe bonding
agent, a technique that has been developed in our own résganaep [L4]. This
process has the advantage that the material is not degradedesices with the
same performance as monolithically integrated photodiede be reached. Com-
pared to hybrid integration, a much larger density can beheé using a bonding
technique since lithographic techniques can be used toedihi@photodiodes after
the bonding. Using a bonding technique, evanescent cayditypically used to
couple the light from the silicon waveguides into the absorplayer. We will use
this approach to integrate InGaAs photodiodes on the silptatform.

3.2 Evanescently-coupled InGaAs p-i-n photodiode

In this section we discuss the design, simulation and fabadn of an evanescently-
coupled InGaAs photodiode. The design and simulation aubrds generic and
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Figure 3.4: Schematic cross section of the evanescently-coupleddatector (drawing
not on scale).

can be used for other epitaxial material as well, e.g. usialm&sSb as an absorp-
tion layer to be used at longer wavelengts-(2.5 ym) [15]. We start this section
with the design overview and design parameters. Later,ithelation approach is
discussed to optimize the bandwidth and responsivity. Ttienfabrication pro-
cess is described. At the end of this section, the charaatem and results are
discussed.

3.2.1 Design

The schematic cross section of the proposed evanescenipled p-i-n photodi-
ode is shown in Fi@.4. It consist of an intrinsic InGaAs layer which is respon-
sible for the absorption of the incoming light. The thickeied this absorption
layer (t,cqas) IS the most important parameter that determines the battidwi
and the responsivity as we will discuss later. To create entiat difference in this
intrinsic layer, enabling the extraction of excited camsjehis layer must be sand-
wiched between a p-doped and a n-doped semiconductor Tey&srm the mesa,
and hence to enable contacting the n-layer from the top,ianrttium phosphide
(InP) layer is used as the n-doped bottom layer. Using InR;ameuse selective
etching of InGaAs. For the top layer, a highly p-doped InGd&y&r is chosen

to foresee an ohmic contact. As discussedindn extra InP layer can be added
between the intrinsic absorption layer and the p-doped AsJayer. This extra
layer with a lowern,. ¢ is used to decrease the mode overlap with the metal con-
tacts and the non-contributing absorption in the p-dopé&zhlis layers. Hence,
this layer increases the efficiengy Another measure to decrease the undesired
absorption of the p-metal contacts is to split these costadhe side of the photo-
diode. This configuration is referred to as a helmet configumd6]. Note that by
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Figure 3.5: Top view of the proposed evanescently-coupled InGhdtegetector.

splitting these p-contacts, the p-metal contact area isedsed. If the photodiode
is RC-limited instead of transit-time limited, the increasede®resistance causes
the bandwidth to decrease.

In Fig.3.5a top view of the proposed photodiode design is shown. Fiest t
strip waveguide450 x 220 nm?) is adiabatically tapered to a broader waveguide
(1 = 3pum x 220nm). The width of this waveguide can be optimized and is an
important parameter to excite the right mode in the photdelas discussed later.
Also the width of the detector mesa is relevant since it deitges the capacitance.
The spacing between the two p-metal contacts above the siespartant to lower
the overlap of the detector mode. On the other hand, usingcolithography, the
minimum width of the p-metal contacts23.m to ensure a well-defined lithogra-
phy. In this work, the spacing is minimuspum. At the edges of the mesa another
1 pm offset is used to relax the alignment during lithographyisTirings the total
minimum width of the mesa t® ym.

Also the length of the photodiode has an influence on the dapae C as well
as on the series resistance R. The longer the photodiodestjes the contact area
and thus the smaller the contact resistance. On the othet, la@ longer the
photodiode, the larger the capacitance. If the p-contaistance is much larger
than the load resistance and the n-contact resistanceh(\ighigpically the case),
the RC product stays constant for a change in photodiodeHehgythe case of a
small contact p-contact resistance, the shorter the aetkstgth, the smaller the
RC product. The length is of course also related to the diségponsivity and the
attainable coupling strength. The longer the detector]atger the responsivity
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(until all the light is absorbed). Hence, a strong couplitrgregth between the Si
waveguide and the photodiode is necessary to limit the neesgH (L). At the end
of the photodiode the mesa is broadened such that there ugkraoea to foresee
a BCB opening (see fabrication).

3.2.2 Simulation

In this section an overview is given on how to optimize the tpdde design
parameters for a high responsivity and a large bandwidthe mbst important
design parameters are

e tr,caas: The thickness of the intrinsic layer
e W,,.sa: The width of the photodiode mesa
e W,,: The width of the silicon waveguide

e L: The mesa length

Optimizing the responsivity and the bandwidth at the same s translated into

a fast (small L) and efficient (high) absorption and an optimized RC- and transit
bandwidth (t,,cq ). All height and width parameters are influencing the detect
modes. Since the photodiode mesa has a rather large ctgsager 9 x 1um?),
tens of modes can be excited, with each a different absarptefficient (different
overlap with the InGaAs layer) and efficiency (different dap with the metal and
the p-InGaAs layer).

2D simulation To gain insight in the absorption coefficient and efficiendy o
each mode, a (complex) 2D-mode solver is used to generateeathodes of the
photodiode mesa. The modes are named based on their hatizmak vertical
electric field lobes. E.g. TE 1-2, is the TE-polarized modéhwaine horizontal
electric field lobe and two vertical electric field lobes. lig.B.6, three modes of
the photodiode mesa are plot. In R, the simulation grid is shown with the
i-InGaAs, n-InP and i-InP layers all)0 nm and the width of the mesa equal to
10 pm. In Fig.3.6(b) the resulting fundamental detector mode (TE 1-1) is show
and in Fig3.6(c) and (d) respectively the first and second order TE mode2(ILE
and TE 3-1). Note that there is no Si waveguide underneatphtbtodiode in this
simulation. From this figure it can be seen that the mode ape#fith the p-metal
contacts (shown as white rectangles) is the smallest for-TEBoth higher-order
modes have an increased mode overlap with the p-metal ¢smatad will exhibit a
smaller absorption efficienaycompared to TE 1-1. Also note that by placing the
Si waveguide underneath the center (and not at the bordénggfhotodiode, the
coupling strength between the fundamental TE-strip modkedirst order mode
will be the minimized. This can be understood by noting thatTE 2-1 has a zero
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Figure 3.6: 2D mode simulation of the detector mesa modes (a) simulatidgrthe
fundamental TE mode (TE 1-1) (c) and (d) the horizontally first-ordesasmode (TE 2-1)
and third -order mode (TE 3-1). The white rectangles are represetti@gnetal contacts.

in the middle of the detector mesa and hence no mode overfapsent between
these two modes. In other words, we need to make sure that tvevBguide

mode is coupled to the TE 1-1 detector mode and not to the higider modes
without a zero in the center (i.e. TE 3-1, TE 5-1, TE 7-1). Wero that this is

possible by using wider silicon waveguides due to a bettetenowerlap. For more
narrow waveguide widths, the coupling between the fundaahdrE-strip mode

and these higher-order modes is increased.

By increasing the InGaAs thickness, also vertically highieter modes start
to appear. It is found that these vertically higher-ordede®that have only one
lobe horizontally (e.g. TE 1-2) also have a very low mode agewith the p-metal
contacts. The higher the InGaAs thickness, the smaller tidesired absorption
of the metal. In FigB.7, the n.; s of these detector modes are plot in function of
the InGaAs thickness with the thickness of n-InP and i-Inehlfixed at100 nm
and this for the TE and TM modes. The thicker the InGaAs thgelathe ny s
of all the modes since there is a larger confinement in the mdeace, one can
expect that the dominant mode that will be excited by the Siegaide mode will
be different for each InGaAs thickness. To make this cléwr,rt ;¢ of both the
quasi-TE and quasi-TM mode of 33um-wide silicon strip waveguide is shown
as well in Fig3.7. One can then choose a certain InGaAs height to find a phase
matching between the waveguide and the detector mode. Onperform this
optimization for one polarization only, or optimize theugtiure in such a way that
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Figure 3.7: The effective refractive index of the detector modes with onlyel lo
horizontally in function of InGaAs thickness, both for TE and TM polarizafidre n s ¢
of a3 pm-wide strip is superimposed.

both polarizations will be detected. The actual couplimgrgjth is more difficult
to calculate since the fundamental detector mode can algadeto various other
modes.

3D simulation Therefore, semi-vectorial 3D simulations (FimmProp) asedu
to calculate the absorption efficiency for both polarizagi@nd this for a varying
InGaAs height. The width of the Si waveguide is fixe® aim, as well as the mesa
width and the p-contact width (respectivalyy xm and2 pm). The BCB thickness
is 100 nm. A typical simulation is shown in Fi8.8 where one can see a side view
of the simulated photodiode structure. Either a quasi-T& guasi-TM is excited
in the Si waveguide. Aftet ym propagation, the photodiode structure starts and
the waveguide mode couples vertically to the photodiodéagiail structure. In
Fig.3.8(a), the side view of detector simulation is shown for an IA&#ickness
of 750 nm and a quasi-TM mode as the input. One can find that dfierm,
nearly all the light has been absorbed. To understand theemdk of the p-metal
contacts, the same structure is simulated but now with otahabsorption (in
the simulation, the absorption of the i-InGaAs layer is setdro). This situation
is shown in Fig3.8(b).

From this figure, one can see the mode bouncing up and dowrebetthe
vertically third-order mode (TM 1-3) in the photodiode arm tquasi-TM strip
waveguide mode. One can see that the intensity is slightlyedsed after bounc-
ing up and down a few times. This is partly due to the absonpicthe p-metal
contacts. Also some coupling is seen to horizontally higireler detector modes.
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Figure 3.8: Side view of a typical 3D FimmProp simulation in (a). (b) Sahmtqdiode
structure but only metal absorption.
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Figure 3.9: The propagation power and the nett absorption in functionefitesa length.

One can see that aft8pm nearly all the light of the Si waveguide is propagating
in the detector indicating a strong and fast coupling. By paring the total optical
power in function of length, for both situations (with andhaut InGaAs absorp-
tion), one can calculate the nett InGaAs absorption or trsomabion efficiency
7. This absorption efficiency in function of mesa length L i®wh in Fig3.9.
From this figure, one can find that the maximum efficiencdi%. We can use the
length for where the maximum absorption is f6i% reached (noted asg}) as a
measure for the coupling strength. In this caseik only 11 gm.

Influence InGaAs thickness on absorption length This simulation can be re-
peated for different InGaAs thicknesses ranging fi@®nm to 1 ym. In Fig.3.1Q
the absorption length ¢s) in function of InGaAs thickness is plot and this for both
the TE and TM mode as input of the Si waveguidgs tanges betweeh ym for
the a TM mode with InGaAs thickne880 nm and60 pm using a300 nm InGaAs
thickness for a TE mode.

Fig.3.1Qa) shows that the absorption length curves for TE and TMsceos
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few times. At these InGaAs thicknesses the absorption eisghe same for TE
and TM, which is interesting when optimizing the photodidaietwo polarization
simultaneously. At a thickness #00 nm (case A), both the TM and the TE mode

of the Si waveguide couple to respectively the TM 1-2 and tBel72 mode, with
mode profiles shown in Fig.1Qb) and (c). The maximum efficienay for TM

and TE is respectivel97% and94%. A similar case happens at a thickness of
750 nm (case B), where the coupling occurs between the TM 1-3 and-BEa4
shown in Fig3.10d) and (e). The maximum efficienoy for both TM and TE
input equal t96%. The resonant behavior is understood by the changing mode
matching conditions.

Influence InGaAs thickness on the bandwidth Also the bandwidth (BW) of
the photodiode mainly depends on the InGaAs thickness. scudsed before
the BW of a photodiode is limited by a combination of the RCduct and the
transit-time limitation as shown in E&.©). In the following we will estimate the
resulting BW in function of the InGaAs thickness. The totdistance is estimated
by a serial contact pad resistancd 012, a load of50 {2 and the contact resistance.
For this estimation we assume that the contact resistardetésmined by the p-
contacts only since these are the smallest in area (s&e%igith a width of2 ym.

A contact resistivity of typically 0.1 td x 10~°Q.cm? can be assumed in an op-
timized process environment, which would correspond tda series resistance
of 110 — 310 for L = 5 um and72 — 122 Q2 for L = 20 um. However, in practice,
larger contact resistances are observed, up@o €2 and more. Therefore, we also
consider the case where the contact resistivityis worse (k =1 x 107%Q.cm?).
With this contact resistance the series resistance forectbetwith length 5 and
20 um is respectively 560 andl’5 2. In Fig.3.11, the BW of these photodiodes
is plot in function of the InGaAs thickness in the case of k < 107° and k =

1 x 10~*. Atop i-InP of 100 nm and a bottom n-InP layer &0 nm is assumed.
The width of the detector mesa i8 um, which is slightly larger than the value
used on the mask.

BW trade-off for normal p-contact resistivity  Fig.3.11(a) illustrates the trade-
off for a normal p-contact resistivity (k £ x 10~°). As discussed before one can
find the transit-time BW (f) decreases with/¢;,,c.4s and the RC BW (k¢) in-
creases linearly with/t, . 45s. The actual BW is determined by E8.6) and has a
local maximum. At this InGaAs thickness,{}..), the bandwidth is maximized for
a certain detector length. One can find that.t is indeed very different for a de-
tector length of 5 and0 pum, respectivel\260 nm and520 nm. On the other hand,
the actual required length of a photodiode is related by bs®mption efficiency
n and the absorption lengthy as shown in Fig.10 which is again depending
on the InGaAs height. E.g. for L &um, the t,,,. is 260 nm. However, for this
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Figure 3.11: Bandwidth trade-off in function of InGaAs thickness with tveotact
resistivities (a) k =1 x 107° (b) k=1 x 10~*, with , the transit-time BW andsf- the RC
BW (frc). Width of the p-contacts um, the total width of the photodiode i ym.
The top i-InP layer isl00 nm and the bottom n-InP layer B0 nm.
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thickness the required lengthd.is 58 ym (assuming a BCB thickness o0 nm).

In other words, the bandwidth will be very high (i& GHz) but the responsivity
very low because the coupling strength to the photodiodesig weak. If one
increases the length of the photodiod@q:m using the same InGaAs thickness,
the BW drops t@5 GHz. For a L=20 um, t,,, is found to be560 nm, which cor-
responds to a maximum bandwidth3¥ GHz and to a lys < 20 um for both the
TE as the TM polarized mode (assuming a BCB thicknesf)0fam) and hence
a better trade-off position is found. If one decreases thgtleof the photodiode
to 5 pm the BW is increased t¢2 GHz but the responsivity will be reduced.

BW trade-off for bad p-contact resistivity In Fig.3.11(b), the same situation is
plot but now with an increased contact resistivity of k x 10~*. This situation
can happen in practice, when e.g. a larger contact resesfammbserved due to
a non-optimized process. One can find that the slope;efi§ greatly reduced
which moves the ... positions for L =5 an@0 pm to higher InGaAs thicknesses.
Indeed, the BW of the photodiode with,t;, 45 €qual to260 nm has been reduced
from 25 — 52 GHz to 10 — 14 GHz for L = 5 and20 ym. In other words, this
component is highly depending on the fabrication qualityisteduction in BW is
much smaller for t,5.4s = 560 nm where the resulting BW is ranging between
16 — 20 GHz for respectively L = 5 an®0 um. We found that by increasing
the InGaAs thickness even more®s0 nm, the contact resistance dependency is
even more reduced. This approach makes the design moret iadpigst non-
ideal contact resistivities. For thig, ;. 45, the bandwidth ranges betwegg —

31 GHz for a length of L =20 um and a varying contact resistivity. From F3gLQ
one can find that with a length a2 m, the absorption efficiency is maximized
and close to 1 (assuming a BCB thicknesd @fnm). Note that also the length
dependency is decreased for higher InGaAs thickness. dsioig the length to
50 pm, using t,qeas = 750 nm, the BW is still between 3 — 20 GHz depending
on the resistivity. This way, the photodiode can be madedoitmovercome BCB
thickness variations.

3.2.3 Resulting parameters

The first generation, proposed by colleague Zhen Sheng, HaGaAs thick-
ness ofl00 nm, optimized to excite the fundamental mode of the photod[&gle
The length of the photodiode i) pm and a high responsivity af.1 A/W was
achieved. The width of the Si waveguide wgsm. After re-fabrication, the band-
width was found to be arourzh0 MHz. Using Fig3.11(b) we can assuming that
this is due to a bad p-contact resistivity. For this thin IA&S#&hickness the capaci-
tance is large260 fF) and the photodiode is fully determined by the RC constant.
With a standard p-contact resistivity, the series resggamestimated to bE22 Q.
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This would results in a BW 05 GHz. In other words, the contact resistivity is
1 x 103, 100x worse than expected.

Besides optimizing the fabrication process, also the delsas been adjusted
to be more robust against higher contact resistivitieshérsecond generation, us-
ing the same architecture, the design was adjusted foltpthia strategy explained
in previous section. By increasing the InGaAs thicknesg0tonm, the photodi-
ode is believed to exhibit a smaller dependency on the cbneadstivity. Note
that this is slightly off the optimized InGaAs height D50 nm. The width of the
SOl waveguide was varied between 1.1, 2 8nahn, which is a trade-off between
better phase matching and a faster coupling. The width nieells wide enough
to ensure primary coupling to the horizontal fundamentaécter mode which
has the lowest overlap with the p-metal contacts in compangith horizontally
higher-order detector modes. With a thin BCB layef 06 nm, all the light cou-
ples evanescently to the photodetector and gets fully Bbddry the InGaAs layer
within 20 um. Because the BCB thickness can vary, the detector lengtéried/
betweenl8 — 90 ym long. With this InGaAs height, the bandwidth is estimated to
be15 — 23 GHz for a contact resistivity of respectively— 10 x 1075,

3.2.4 Fabrication

The fabrication starts with a BCB die-to-wafer bonding ms& This process is
described in3], where one can also find more details about the variousdation
steps. After bonding the IlI-V die onto the patterned SOlsitdie, the InP sub-
strate was removed through a combination of mechanicatligrgnand chemical
etching. Then, we free the alignment markers on the Si platfeuch that new
alignment markers to align the contact mask for the follaplithographic steps
can be defined. This is shown in R3gl2a). Then a pair of InGaAs/InP sacrifi-
cial layers was removed by chemical wet etching, exposiagptinGaAs contact
layer. After that, a Ti/Au p-metal contact is deposited agvahin Fig3.12b).
This metal pattern was lithographically aligned to the utyileg SOl waveguide.
Subsequently, the p-InGaAs layer is etched through by ubiisgo-metal contact
layer as the etching mask. Then the detector mesa is defirgtdhopg through the
p-InP and i-InGaAs layers. The remaining n-InP layer wasoveed where it is not
needed, e.g. on top of the access SOI waveguides and fibarggcauplers. An
AuGe/Ni alloy is used to form an ohmic contact with n-InP6@0 nm-thick BCB
dielectric layer was spin-coated on top of the whole devacel vias are opened
down to the p- and n-metal contacts. An @nd Sk plasma etching process is
used for this purpose. Finally, another Ti/Au metal allopispared as the metal
plugs as well as the probe pads. All the etching of the Ill-\enals was done
with wet chemistry, in order to minimize the damage to thewsialls. Fig3.12c)
shows the top view of a fabricated device before the final lizetéon for plugs
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(a) (b) (©)

Figure 3.12: Microscope pictures of fabrication procesglofum-long InGaAs
photodiode: (a) removing of the InP die on top of the SOI markers @&)(fir)metal
deposition which is used as a hard mask to define the helmet structure)eahe ¢esulting

photodiode before the final metalization.

and pads. In Fi@.13 one can see a SEM picture of the as-fabricated InGaAs
photodiode of the second generation.

3.2.5 Characterization

In this section, the evanescently coupled InGaAs p-i-n @iliotle of the sec-
ond generation is characterized. The responsivity of ttieotler wasl.06 A /W
(quasi-TM) andl.23 A/W (quasi-TE) respectively corresponding to&i¥ and
98% efficiency for thel8um long detector 10 xm mesa length) witt3 zm wide
Si-waveguide. Increasing the length of the photodiode am¢sncrease the re-
sponsivity. This indicates that the BCB-thickness is thiowgh and all the light
is absorbed as predicted in RBdLO If the Si-waveguide width is decreased to
1.1 um, the efficiency is slightly lower for the TE polarizatidin.03 A/W) due
to coupling to horizontally higher-order modes. These aigbrder modes have
a larger overlap with the non-contributing metal absorptis simulated in previ-
ous section. The efficiency of the TM-polarized mode couldusther increased
by increasing the spacing between the p-contacts (e.§uto), but this will in-
crease the capacitance of the photodiode. The dark curk¢m aletector ranges
between3 — 5nA for a bias voltage of-3 V. This bias is needed to work under
high power illumination and/or at high speed, otherwisera béas is sufficient to
reach the maximum responsivity. The dark current versubeapyoltage is shown
in Fig.3.14a) for the different detector lengths. From the forwardeat one can
estimate the series resistance by taking the derivati@w/)dlV). This series resis-
tance is shown in Fi§.14b). One can observe that after rapid thermal annealing
of the sample the series resistance drastically droppddanfiactor of 4 to 5. Be-
fore annealing the resistance of a device with R05um is 870 €2, which would
correspond to a p-contact resistancesof 10~*. After annealing the estimated
p-contact resistance isx 1074,

The measured capacitance versus detector length is shokig.&15for an
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Figure 3.13: SEM picture of the as fabricated InGaAs photodiode (geiwerll). A FIB is

used to make a cross-section of the photodiode after depositing a Pt mégix of the
photodiode.
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Figure 3.15: The observed capacitance versus detector length.

external bias of~-1V. Based on the resistance and the capacitance we can cal-
culate the RC bandwidth to be aroudd:Hz before annealing ant3 GHz after
annealing. From Fi@.11one can find the transit-time bandwidth of photodiode
to be34 GHz and hence we can say that in both cases the BW of the photodiode
is RC limited. Due to the large values of the series resigtatie bandwidth of

the photodiode is independent of the length. If a largermsavbias is applied, the
bandwidth is expected to increase even further.

In the following we perform a large signal analysis. Therefa20 GHz mod-
ulator driven by a pulse pattern generator using a pseutisra bit sequence
(PRBS) signal of lengtf23' — 1 was used. The wavelength 1§50 nm, with
an output power (end of fiber tip) &mW and using a TE polarized mode. To
visualize the response of the photodiode biased®Y, we use an electrical os-
cilloscope (Agilent 86100B). The setup configuration iswghan Fig.3.16 In
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Figure 3.16: The setup configuration for a large signal analysis of tratqdiode.

Figure 3.17:10 Gb/s open-eye diagram of 20 um-long InGaAs photodiode of
generation Il before rapid thermal annealing.

Fig.3.17, a10 Gb/s open-eye diagram is shown of28 pm-long photodiode be-
fore rapid thermal annealing with length.

After thermal annealing, the response of the photodiodébbas remeasured
using a different setup (different lab). The modulator hasadwidth of12 Gb/s
and is driven by an Anritsu pulse pattern generator (maxinB¥w 12.5 Gb/s)
using a PRBS signal with leng@¥! — 1 and a0.8 V output. The noise level on
the 100 GHz Lecroy electrical oscilloscope is largéiaV) and hence rather large
input powers around0 — 15 mW are needed to overcome the system noise. From
Fig.3.18 an improved response is found with a very low BER76fx 1072,
By comparing these results using a reference photodiode avibvandwidth of
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Figure 3.18:12 Gb/s open-eye diagram of 20 um-long InGaAs photodiode of
generation Il after annealing. A very low bit-error-rate is achievgd & 10~'2). Eye
amplitude is37 mV and the jitter5.3 ps.

100 Gb/s, the jitter is found to be the sam&.§ ps). This indicates that the mod-
ulator and pulse pattern generator are limiting the maxinbamdwidth of the
photodiode in this setup.

The output current of the photodiode might not be large ehdagufficiently
overcome the system noise typically present in high-speeill@scopes. This
could happen when e.g. the responsivity is too low or the maxi input power
is limited. Also higher input powers require larger biastagke to overcome the
internal drop of the electric field due to space charge effgdt The increase of
bias could lead to higher dark current levels and a highermai temperature. This
higher temperature increases the dark current and theglibd®mcan be destroyed
(thermal break-down). In that case, one could also add airiglel amplifier
between the photodiode and the oscilloscope. Howeverdilpiextra noise is
added and a careful noise trade-off is advised.

3.2.6 Outlook

At the end of this work, the design is once more improved (ggian Il1). This
photodiode is optimized for both a vertical (see Bi§) and an evanescent cou-
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P-InGaAs
i-InGaAs

Figure 3.19: Design proposition for generation Ill. With an increase@d@\s thickness
this epitaxial stack can act as a vertically and evanescently coupled pbdsdCompared
to generation I, no i-InP sandwich layer is used to decrease the catna@isit time.

pling scheme. The main difference with generation Il is theklof a sandwich
i-InP layer that was used to guide the optical mode away fioerelectrical con-
tacts. The design proposal is shown in Bid@9 (only one n-contact is shown).

We found that for large InGaAs heights and using a TE-patarimode, the
overlap with the metal is very limited. By increasing thedieiof the InGaAs even
further compared to generation Il, we make this componegm evore transit-time
limited and hence more robust against fabrication tolexandNe optimized the
stack in such a way that for both coupling schemes a high biatlchend high
responsivity is achieved. This flexibility can be advantagewhen one wants to
integrate different types of photodiodes close to eachrdtiveshared among dif-
ferent designers). Due to the increased InGaAs thicknesssauld consider a full
mesa-covering p-contact instead of a split p-contact. iRci®ased p-contact area
will further reduce the influence of contact resistivity dre BW of the photodi-
ode. Furthermore, when a vertical coupling is used, thiarged p-contact metal
can act as mirror such that light, which is not absorbed aft®ngle propagation
through the InGaAs layer is bounced back.

In Fig.3.20 a 3D simulation to obtain the absorption lengtf in function of
InGaAs thickness is shown. This is a similar simulation amshearlier in Fig3.9
but now for a InGaAs thickness starting frafl0 nm up to 1300 nm and without
the 100 nm-thick i-InP layer. The maximum efficiency that is reachedlé@noted
in the figure as a label. P-contacts anem.

From Fig3.20 the optimal thickness of the intrinsic layerlis50 nm. For this
thickness, the responsivity is maximized and the absarpgéngth is minimized
for both polarizations. In an evanescently-coupled iraggn scheme, all the light
is absorbed aftet0 um assuming a BCB thickness ®00 nm. This would cor-
respond to a responsivity of around A/W and a 3-dB bandwidth df5 GHz.
When used in a vertical coupling scheme, e.g. on top of a gratiupler, the
responsivity is estimated to e85 A/W with a bandwidth estimated between
13 — 17 GHz. This calculation is without taking into account the ingmrtloss of
the grating coupler.
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Figure 3.20: Design space for generation Ill photodiodes. The agiigmr length (lgs) is
plot in function of InGaAs thickness and this for both the TE and TM Si wideguode.
A BCB thickness af00 nm is assumed.

3.3 Butt-coupled Ge p-i-n photodiodes

Two types of Ge photodiodes are investigated: a lateral argdtecal p-i-n photo-
diode. Germanium is monolithically grown on a shallowlytetd waveguide such
that light is almost directly incident on the photodiode eTéfore the photodiode is
said to be butt coupled. The design and fabrication procags been fully devel-
oped by the iSIPP team of imec, with Joris Van Campenhout ater Reerheyen
as the two main contributors. The design is explainedjrtggether with some
preliminary characterization results. The design is o using similar trade-
off techniques we have presented for InGaAs photodiodeseiiqus section. The
process is fully CMOS compatible and is fabricated in thép-bf the200 mm
cleanroom of imec. A schematic and TEM picture of a laterghpphotodiode
is given in Fig3.21(a) and (b). One can notice that the Ge is laterally overgrown
which helps to minimize the absorption of the metal contatisFig.3.21(c), a
top-view schematic of the laterial p-i-n photodiode is show taper of deposited
poly-Si on top of the Si waveguide is used to facilitate th& baupling to the Ge
region B]. In a vertical p-i-n photodiode, the top p-metal contactsia the middle
of the Ge photodiode which reduces a bit the efficiency (se®filg3.21(d). The
fabrication flow is covered inlg].

The responsivity of the photodiodes have been measuredt® be0.8 A /W
and is depending on the various parameters. Among othésgies, increasing the
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Figure 3.21: (a) A cross section and (b) a TEM picture of a lateral péG& photodiode
schematic. In (c) a top view of the lateral and (d) vertical p-i-n Ge design
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Figure 3.22: Wafer-level measurements of a lateral and vertical gsierphotodiode of the
(a) responsivity and (b) the dark current.

thickness of Ge has been considered to decrease the efféa ofetal contacts
and improve the responsivity even further. Both photodéduve a very low dark
current ( — 10nA at —1.2V). This has been achieved by both optimizing the
quality of the Ge and the design of the photodiode. One apprizato design the
contacts in such a way that the electrical field is minimizettiase edges were the
quality of the Ge is the worst. Wafer-scale measurementstitited in Fig3.22
are showing a very high yield for both responsivity and dankent.

The bandwidth of the photodiodes has been characterized) @50 GHz
Lightwave network analyzer. ;$-parameters reveal a bandwidth 2f GHz for
a lateral p-i-n photodiode and>a 50 GHz for a vertical p-i-n photodiodes using a
bias voltage of-2 V. The bandwidth is for both photodiodes slightly reduced for
a bias voltage of-1V, respectivelyl8 GHz and47 GHz. We also found a clear
influence of the amount of contacts on the top of the vertigah photodiode. The
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Figure 3.23: Eye diagram using a PRBS with length— 1 and a bias voltage of-1V at
(a) 20 Gb/s using a lateral and (b}0 Gb/s using a vertical p-i-n photodiode.

more contacts and hence a smaller spacing between therarglee the bandwidth
and the lower the responsivity. This can be understood byeittehat bandwidth

is largely depending on the contact resistance of the pactsit An eye diagram
showing the20 Gb/s response of the lateral p-i-n photodiode with lengfhm

and a bias voltage-1V using a pseudo-random bit sequence (PRBS) of length
27 —1is shown in Fig3.23a). Fig3.23b) shows the response ofia Gb/s PRBS
signal using a vertical p-i-n photodiode with a lengthl6fum and a bias voltage

of —1V.

3.4 Conclusion

In this chapter we have reviewed the development of higfepaance evanescently-
coupled InGaAs and butt-coupled Ge photodiodes. Most optelnavas con-
tributed to the design trade-off between responsivity aaddwidth for an In-
GaAs photodiode. Fabricated InGaAs photodiodes, hetaemesly integrated
on Si, are showing promising results with very low dark cotrevels between
3 — 5nA at high reverse bias voltages indicating a well-controlied etch pro-
cess. A high responsivity betwedr06 A/W and1.23 A/W for respectively a
quasi-TM and quasi-TE mode is achieved. With this efficideugls (respectively
89% and98%), these photodiodes are the best in class. The bandwidthewas
improved from a poor (RC-limited)00 MHz to open-eye diagrams ag Gb/s.
This improvement is partly due to an improved p-contactstesiy but also due
to an improved design. This design is optimized to exhibinalter dependency
to a varying contact resistivity. By reducing this deperaerthe bandwidth of
the photodiode becomes less RC-limited and more tramsé-timited. Another
consequence is that this photodiode becomes less depenithg exact length
of the photodiode. The possibility to increase the lengttre@ses the influence
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of the exact BCB thickness to the overall responsivity. A m®gign is proposed
with an increased flexibility and robustness that exhibitgi mesponsivity and a
high bandwidth both using a vertical and evanescent cogigliheme.

Monolithically-grown butt-coupled Ge photodiodes arepatbaracterized re-
garding responsivity, dark current and bandwidth. Regaltexmarized in section
3.3) are showing promising results wittba GHz bandwidth and wafer-scale mea-
sured dark current levels of belol® nA as the main highlight. Further investiga-
tion is devoted to increase the responsivity. By increa#iiggbias voltage up to
several volts, one can create an avalanche effect of higigetieelectrons. These
avalanche photodiodes (APD) could have an internal gai) dB and could sig-
nificantly increase the sensitivity of a receiver.
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In-band label extraction for all optical
packet switching

In this chapter we demonstrate in-band label extractiomfrvery high speedi() —
160 Gb/s) optical data packets using narrowband silicon ring resmaaBased on
the information encoded in the label, a switch will then eotlite optical packet to
the right direction. An efficient label extraction is an innfamt step to all-optical
packet switching. All-optical or transparent networkséavany advantages with
respect to electrical switched networks as there is no negti@re to convert the
whole data into the electrical domain at each node. The kktehction must be
scalable in terms of the number of possible addresses butaisesfit in a system
which can be scaled to large number of ports (in and output}fsis at minimized
latency.

High performance narrowband ring resonators and highlyaesive photodi-
odes, both covered separately in the previous two chameFsour two building
blocks to create a photonic integrated WDM-label extragtailicon. By cascad-
ing these narrowband ring resonators, an ultra-dense eyt division multi-
plexing (UDWDM) demultiplexer is formed.

We start this chapter by reviewing several techniques tmaeia label. The
design, fabrication and characterization is explainectatien4.2 The UDWDM
demultiplexer was then employed in system experimentsvikea¢ performed in
the COBRA labs of the Eindhoven University of Technology (&).bf Prof. Harm
Dorren using the expertise of Jun Luo, Nicola Calabretta%tetano Di Lucente.
Two system experiments are discussed at the end of thiserthépsectiort.3, an
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in-band label using four wavelengths is error-free exeddtom160Gb/ s optical
packets. In the last sectiod.f), 40 Gb/s optical packets were used to demon-
strate the combination of a dense WDM data demultiplexer anid-dand label
extractor.

4.1 Introduction

Several techniques to extract an optical label have be@aresed over the last
20 years. We start this section by comparing the in-band tebbnique to other
alternatives. Next, we discuss the position of the enviiblabel extractor in an
all-optical packet switch.

4.1.1 In-band label technique

One can add an address (containing the forwarding infoomptd an optical bit
stream (thgpayload in various ways. One can make a strict distinction between
serial and parallel processed address extraction. In tfeiag we will discuss
both classes.

Serial processing Following a typical structure of an IP packet, a popular rodth
is to encode the address in a bit stream in front of the paylbst]. Usually this
technique is referred to as time-division multiplexing (Wband the address as the
header One can encode the address in a synchronous or asynchrwaguSyn-
chronous read-out of the header requires ultra-fast eleictiprocessing. Asyn-
chronous headers (header at a lower speed than the payl@kesthe header
much longer with respect to the payload and consequentlgriothe throughput.
To synchronize the receiver, one typically also needs somehsonization bits.
Long guard times are needed to effectively erase the headeneat distort the
payload. Ultra-fast all-optical header recognition meihbave been proposed to
minimize these limitations by extracting the address ingame (optical) physi-
cal layer and thus making the switch completely all-optjéhl Non-linearities in
semiconductor optical amplifiers (SOA) are a common way toetate a header
with an address in a predefined routing table. A good overoigivese techniques
can be found in§-8]. Complete routing experiments were demonstrated, e.g. a
160 Gb/s optical packet switch over B10 km field installed fiber in 4] using op-
tical flip-flops as memory element. However most techniquesather limited in
scalability due to their large number of optical componglaisg guard times and
exponential latency for larger routing tables. A significemaller routing table has
been achieved and thereby solving partly the scalabiktyéaising pulse-position
modulation techniques]. However long guard times are still present.
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Parallel processing To maximize the send time for the payload, parallel process-
ing techniquesd-12] were invented where the address is encoded along or within
the payload and not in series as in the case of TDM. This etitemguard times
and thus latency. A good overview of these techniques cauedfin [L0, 13]

and typically allow asynchronous (low-speed) processinthe labels and con-
sume potentially therefore less power. However, amongettexshniques one can
note that the label is still encoded in the time domain. Itstones extra time to
synchronize, read, buffer and process the informationrbefending a control sig-
nal to the switch 13]. This processing time can be much longer than the payload
itself which is not acceptable, e.g. it tak#¥) ns to recognize the label for & ns

long 160 Gb/s payload [L3].

To fully minimize the latency coming from address extracti@lso the la-
bel processing can be performed in parallel instead of irerserThis has been
proposed and demonstrated first1d], where parallel coded multiple label wave-
lengths are used to encode the address. These optical kelsansmitted in-
band, in other words, within the signal bandwidth of the paglto maximize the
spectral efficiency. These labels are transmitted usingragptransmitters which
is the main drawback of this technique since this adds exivgep consumption
and component cost. The labels are extracted using narraidgatical filters and
can be processed immediately. The labels are used as a bodayto encode the
address. With N labels or N wavelengths one can route therimgppayload to
2N addresses. More addresses will not increase the labelgsiogetime. A very
low latency (time to process and send a control signal to wiecls) of < 3ns
has been achieved in4] to switch between 64 addresses (using 6 labels). One
should note thad ns is still a very long time to optically buffer the payload. §hi
long delay could eventually prevent a photonic integratdten [15]. Using a
long spiral using SOl waveguides3as delay corresponds to3 cm delay line.
With a typical loss o8 dB/cm, this would result in a total insertion loss @ dB,
which is not practical. However, waveguide losses areistfiiroving, e.g. using
a more advance8D0 mm platform waveguide losses are reduced .t dB/cm.
In this case &0 cm delay line would only add 3.5 dB of insertion loss. Using
rib waveguides, the propagation loss is further decrease@T dB/cm [16] with
only 8.1 dB total insertion loss. However, one should minimize thiscpssing
time as much as possible since the total power consumptidrnence the scal-
ability is highly depending on the loss of this delay line.rthermore, an extra
power penalty can be expected from this high loss.

The duration of the labels is the same as the total lengtheopétyload. As a
consequence the optical label has a much smaller bandvhigththe payload and
the detection becomes straight forward by using low-speednloise receivers
(one says the label detection is asynchrondd$)|[ This in-band label technique
is visualized in Figd.1 where four wavelengths are used which could encode 16
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Figure 4.1: In-band label technique using 4 parallel coded multiple incbavavelengths.

addresses in total. The label extractor extracts then tfresewavelength and
sends them to the label processor/switch controller. Ifatraglable optical band-
width is limited one can easily increase the number of add®through the use
of RF tone coding 13]. With M different RF tones one can encod&** ad-
dresses. The main drawback is the increase in processemnriaby7 ns which
could prevent a fully photonic integrated solution as désed earlier. Still, one
should improve the processing time of the switch both to kbegatency small
but also to not degrade the payload due to a high on-chiptiosdoss. In the
following we will position the envisioned label extractar @n all-optical packet
switch.

4.1.2 A modular all-optical packet switch

Packets entering the OPS are labeled with forwarding inftion to properly con-
figure the switch and set the packet destination. A novel famduavelength di-
vision multiplexed (WDM) optical packet switch architeawrsing parallel multi-
plexed coding together with an in-band optical label teghaihas been proposed
and demonstrated both numerically and experimentally ByGBOBRA group of
the TU/e [L3, 17]. This architecture will be used in this chapter. The egakparts
are explained in the following but for a full description oseeferred to 17].

In this architecture (shown in Fig.2(a)), there are N clusters of M server racks
(with N and M arbitrary numbers) which can send informatioe&ch other. The
information of all the servers is synchronized and wavelledgision multiplexed.
Each server rack in a certain cluster has a certain wavdleriginnel (M WDM
packets denoted as ... A\j;). Each cluster has one physical optical fiber to the
optical switch module. The optical switch module has forhedcister a separate
WDM optical module. Each module forwards the M WDM packets toutpat
ports, based on the information encoded in the optical lghath an optical mod-
ule is shown in Figt.2(b). In each of those optical modules, the M WDM packets
are demultiplexed, e.g. by an arrayed waveguide grating (Ave@d each packet
enters al x N optical switch module. This optical switch consists of aglladx-
tractor and a x N switch. The output port of the switch is set by a centralized
switch controller. The centralized controller will makesthere is only one chan-
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nel going to the same destination port. If there is more thenWDM packet for a
certain output port, a re-transmit request can be send teettver from which the
transmitted packet was blocked. This means that contentioars only for chan-
nels from the same input port. At the output port contentietwleen channels
coming from different input ports is prevented by the fixedvelangth conver-
sion (WC). This allows the optical packet switch to have a ntadarchitecture in
which the optical modules are exact copies. The fixed WC carabechon cross-
gain modulation in a semiconductor optical amplifier (SOAp( B]). In [18], the
experimental results for af x 8 OPS optical module with forwarding operation
of 8 input WDM channels at0 Gb/s to 8 output ports with a record low latency
of 25 ns were shown. A large optical packet switch with N=64 and M=ig4tal
4096 ports) has been numerically investigatedlifj,[showing a total throughput
of 50 Th/s and sub-microsecond latency.

4.2 Label extractor - Design & fabrication

To drastically decrease the size, unit cost and power coptomof the proposed
OPS and to be able to compete with power efficient electromitckes, integration
of the different optical building blocks is absolutely nesary. In [L3] an optical
packet switch built using integrated InPx 4 optical wavelength-space switching
modules was shown to exhibit a reduced power consumptiostilutised a dis-
crete and bulky optical label processor. Enabling the psedaspectral-efficient
in-band labeling requires narrowband filters to extractltivespeed labels from
a high-speed payload. This filter could be an integrated r@spnator as was
demonstrated inl[9) were signals at60 Gb/s were successfully switched. In that
demonstration a singl&i;N, ring resonator ring followed by an external arrayed
waveguide grating was used to extract an in-band label stingiof two wave-
lengths.

In this work we demonstrate a four-wavelength in-band lalsgtactor consist-
ing of cascaded narrowband ring resonators implemente&dlavaveguide plat-
form. A higher-index contrast system such as SOI confinebghemore strongly
and hence allows smaller bending radii. In general, thasadlfabricating narrow-
band filters with larger FSR. It also permits a higher intégradensity compared
to lower-index contrast systems such as those based on I8Ndrased systems
which is essential when scaling to larger port numbers. ¢ME3, a schematic of
the design is shown. A label consisting of four in-band wewgths is extracted
by four cascaded narrowband ring resonators and convetedhie electrical do-
main. The narrow bandwidth of the ring resonators enabkpassibility to place
the labels anywhere in the payload band which is an impontamtovement with
earlier experiments.

In the framework of the ICT-BOOM project (running from 20@842), sev-



CHAPTER4 4-7

Input: data + label Output: only data
M, O O O O
Label 1 Label 2 Label 3 Label 4
— - -
A A, As A,

[ Efficient photodiodes
O Narrow-bandwidth filters
High speed payload A Heating Tungsten wire High speed payload

Figure 4.3: Schematic of the proposed 4 in-band label extractor.

Channel spacing 0.1nm
Crosstalk (XT) [dB] < -20dB
Free spectral range (FSR) > 5nm
PD Responsivity 1.1A/W
PD Dark Current < 5nA

Table 4.1: Specifications of UDWDM 4-channel InGaAs receiver.

eral design goals were set at the beginning of the projecte [&bel extractor
was described as an ultra-dense wavelength division ntextig (UDWDM) de-
multiplexer with a very narrow channel spacing(of nm and a crosstalk below
—20dB. The free spectral range (FSR) of the ring resonators i©ds t 5 nm
such that only one resonance per filter is present within2théB band of the
payload (modulated dt50 Gb/s). The photodiodes (PD) should have small dark
current & 5nA) and have an high responsivity (R1=1 A/W). The bandwidth
of the photodiodes should be larger tha@Hz but faster bandwidth would enable
the switching of shorter packets. The specifications aredis Tab4.1

The rest of the section about the design and fabricationeolfaibel extractor is
structured as follows. We start by discussing the full fedibn strategy in section
4.2.1 To place the achieved results in the right context, somkngireary work
from PhD colleague Shen Zhen between 2008-2009 is reparntsddtion4.2.2
which has been a very useful starting point for the rest ofitbek. Next, the first
generation of the UDWDM label extractor is discussed in secti2.3 Although
the results were not sufficient, specific problems could headed. New design
strategies have led to the successful results of generatiwhich are extensively
reported in sectiod.2.4and partly published inZ[(].

4.2.1 Fabrication flow

The UDWDM demultiplexer was fabricated at imec o208 mm SOl wafer with

2 um buried oxide (BOX) an@20 nm top c-Si layer. Two silicon patterning steps
were carried out in which respectivel¥) nm and220 nm of the c-Si layer were
locally etched to define fiber-grating couplers as well asrihg filter and the



IN-BAND LABEL EXTRACTION FOR ALL OPTICAL PACKET SWITCHING

BCB
InGaAs PD
E si ] L si |
BOX

Figure 4.4: Overview fabrication strategy: schematic cross-sectionefritsaAs
photodetector (PD), titanium (Ti) heater, and silicon (Si) waveguides.

access waveguides. The evanescently coupled InGaAs phdéscare integrated
on the Si platform using an adhesive bonding technique,-pastessed in the
cleanroom facility of our group. The BCB thickness is choserbe between
100 — 200 nm to maximize the coupling strength between the Si waveguidke a
the photodiode. Detailed processing details of the photteti can be found in
chapter3.

In Fig.4.40ne can find a cross-section of the InGaAs p-i-n photodioderbe
geneously integrated on top of the Si waveguides. The teatarsist of Ti/Au
alloy (respectivelyl20 nm and 10 nm) deposited on &.6 — 1.5 um thick BCB
layer to avoid optical absorption of the optical mode. ThatBemodule is pro-
cessed after the photodiode module. The final BCB openingragtdl contacting
is combined for the heaters and photodiodes.

4.2.2 Generation0

The work described in this section was carried out by PhDeegllie Zhen Sheng.
To meet the narrow bandwidth goals set by the BOOM projecy, sall coupling
between the bus and ring waveguides of the ring resonategisned. Assuming

a waveguide propagation loss ®fiB/cm, the design goals (Tehl) can be met
with first order ring resonators with a radius Bf um and al% power coupling
between bus and ring. The first-order ring resonators usiagre-strip waveg-
uide were marked by serious wavelength-dependent resersgiitting R1]. A
typical spectrum of a 4-channel UDWDM demultiplexer with dam resonance
splitting is shown in Figt.5@). One can notice an insertion loss (IL) ranging from
—12.5dB to —18dB. Channel 3 seems to have even a higher IL but is proba-
bly due to the close spectral proximity of channel 2. In &i§b), the best out
of four resonances is shown. The asymmetric shape of th@aase is due to

a bad characterization (too much optical power) and thdtmegXT of —15dB
reported in 1] is therefore wrong. In Fig.5c), typical resonance splitting is
shown (channel 2). We can conclude that even for peaks witlesanance split-
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Figure 4.5: Generation O: preliminary work around UDWDM implementéith first order
ring resonators. Data taken from Zheng Shefd][ Unacceptable high IL and
wavelength dependent resonance splitting has been detected.

ting, the IL is unacceptably high. Notice that the four rirggonators are exact
copies from each other but the resonances are 0 tom away from each other.
Therefore heaters will be necessary to tune the resonamties ¢xpected spectral
position. Titanium heaters were fabricated on top of the-&rder ring resonator
and a tuning efficiency df.04 nm/mW has been realized. However the maximum
wavelength shift wag.6 nm, which is not enough to sweep over the whole FSR
of 5nm. The photodiode itself has been fabricated and charaeteseparately
from the demultiplexer chip. The responsivity has been mneakto bel.1 A /W,
also reported ing2]. However, a poor bandwidth @00 MHz was found which is
probably due to a high series resistance coming from a ntimized process.

4.2.3 Generation |

Generation 1 (2009-2010) of the label extractor tries toesthhe problems that
were detected during the characterization of generatioh foll characterization
of generation 1, i.e. the spectrum of the resonances tunetthemight spectral
position is missing due to several design and processinglgres as discussed
further.

Design improvements To solve the high IL and low XT detected in generation
0 devices, second-order ring resonators were designeldottetter trade-off be-
tween IL and XT with respect to first-order ring resonatorbe iew SOI design
consists out of 22 slightly different 4-channel demultigles anticipating for dif-
ferent propagation losses in the ring resonators. Fpia/cm waveguide prop-
agation loss, the power coupling between bus and ring hasdesigned t3.2%
and between the two rings029%. With a radius ofl9 um this results in a gap
of respectively255 nm between bus and ring waveguide & nm between the
two rings. The demultiplexers were designed in such a walyttiey could be
characterized with a fiber array with a pitch 250 um. A microscope picture
of a fabricated device is shown in Fig6(a), with a focus on one of the heaters
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Figure 4.6: Microscope picture of the fabricated UDWDM label extractger(eration I),
with a zoom-in on the double heater structure (b) and the photodiode i (gicture of
how to measure this device is shown in (d).

(b) and the photodiode (c). Each second-order ring resohat® separate heat-
ing element for each ring resonator. Contact pads are ldhveitn H1, H2 and

G, respectively annotating the two heater control sigrtdis«) and the common
ground (G). Practically, two heaters for one filter requinesny driving signals
and one needs a probe card to measure them simultaneousttufepf a typical
setup is shown in Fig.6(d), with a Cascade SG high-speed probe to measure the
response of the photodiode and three DC probes to contrbleaters separately.

Design problem: lack of test structures This design (mask set PICSOI31) was
taped out only 2 months after the start of this work and wakethwith many but
typical shortcomings. First, test structures that can laeaztierized using a single
fiber (instead of a fiber array) is much more flexible, whichlddwave greatly
helped the characterization of this design. We also forgatference photodi-
ode positioned close to demultiplexer design, which is sgagy to quantify the
responsivity correctly.

Fabrication problem: BCB non-uniformity At that time bonding of a lll-V die
was performed manually, i.e. with manual and thus difficoltontrol pressure.
In Fig.4.7(a), a microscope picture during fabrication is shown. Thetpdiodes
are already defined but not yet the contact pads and most df-elie is etched
away. From this figure a clear color variation is detectedcWltiorresponds to a
change in BCB thickness. Using a small knife, BCB has beerovenh next to
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Figure 4.7: lllustration of the non-uniformity of the BCB layer. This is a mscape
picture taken before the processing of the photodiode contact pads.

the sample. Using a profilometer we could measure the BCRrth&s variation
with respect to the underlying Si layer as labeled in &ig. A well-controlled
BCB thickness is essential for a uniform photodiode respdys In Fig.4.7(b),
the responsivities of the fabricated photodiodes from cieviumber 2 are simu-
lated based on this BCB thickness variation. The estimatBteB thickness of
respectively detector 1 i®25 nm and270 nm resulting in an estimated responsiv-
ity of 0.05A/W and0.6 A/W. This would result in approximateli0 dB lower
response for channel 1 than for channel 4 which is unaccleptab

Photodiode problem: high series resistance Investigation of the forward IV
curve showed that the photodiodes are marked by a very |lamgessesistance
of around15 k€. This corresponds to contact resistanced®S cm? which
makes the bandwidth of the photodiode RC limited betwien 200 MHz. Nor-
mal contact resistances are expected to be several ordenggiitude smaller
(10=°Qcm?). The lack of test structures prohibited us to characteheaespon-
sivity of the multiple photodiodes of the demultiplexer. eTtark current of adja-
cent photodiodes is shown in Hg8(a) and is belows nA at —0.75 V. However,
it is clear from this graph that the dark current varies a ktineen the different
photodiodes and that the fabrication has a rather bad yield.

Filter characteristics In Fig.4.8(b), a typical optical-to-electrical (OE) spectrum
of a single channel is shown (demultiplexer number 2 as shioviaig.4.7). The
integrated Ti heaters are used to optimize the channelmsspé{ and H, indicate
the voltages applied to the two heaters of the double ringrfds explained in
Fig.4.6. Because this is the last channel of the four cascaded sexded ring
filters, some distortion from the previous channels can lgeeted. When no
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Figure 4.8: (a) Dark current curves of the measured photodiodes(a) the OE response
of channel 4 for different heater voltages.

voltage is applied (i.e. B0V and H,=0V), one can see that the resonance is
showing some splitting. This can be explained by the fact Iblaéh resonances
of the second-order ring resonator are a little bit deturrechfeach other. In
this case the deviation is rather limited but can be verydagwell. E.g. a very
local and small air void can arise during BCB planarizatianging the resonances
to detune severely. Applying.5V to H, shifts one of the two resonances by
100 pm and increases the response WitfiB. This voltage corresponds fanW
power consumption and thus an efficiency0od5 nm/mW is achieved to shift
one ring resonator. The resulting XT (right side}-i$4.2 dB at a channel spacing
of 0.1 nm. Increasing the voltage on,Ho 3 V, the shift is0.35 nm and the power
consumption iS mW. Applying now2.5V to Hy, the entire resonance is shifted
0.25nm. The efficiency of the whole heater is thti$25 nm/mW. Assuming a
responsivity 0f0.6 A/W, the insertion loss of the filter is estimated to ialB.
Part of this loss could come from the integrated heatergtmtnated too close to
the optical waveguide.

Conclusion An overview of the results is listed in Tab2 Many lessons can be
drawn regarding design (demultiplexer test structureg, mesonators and photodi-
ode) and fabrication (dark current yield and BCB uniforiitifferent strategies
to solve this problems are discussed in the next sectiore(géan ).

4.2.4 Generation Il

Due to the many problems that generation | encountered, sidettto start with
a new Si circuit design. The design breakthrough to real@eomwband ring res-
onators (discussed in chap®is implemented in generation Il of the label extrac-
tor. Also, an improved contact mask with many test structaed an improved
[1I-V to BCB die bonding technique were used. Results confiog this design
were accepted as a contributed talk at the Asian Photonioge@mce (2012) in
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Specification Design goal| Achievement
Channel spacing [nm] 0.1 -
Crosstalk (XT) [dB] < -20 —15
Insertion loss (IL) [dB] <b 10—-15
Free spectral range (FSR) [nm] > 5 5

PD Responsivity [A/W] 1.1 0.05 - 0.6
PD Dark current [nA] < Highly varying
PD Bandwidth 1 GHz 10 — 200 MHz
Heater efficiency [nm/mW] - 0.025

Table 4.2: Specifications and achievements of Generation | UDWDM#Aneh INnGaAs
receiver.

Guangzhou, China.

Ring design improvements Due to the lack of proper test structures, we could
not fully investigate the cause of the high insertion losthefnarrowband second-
order ring resonators. However, it was clear from a measamnempoint of view
that second-order ring resonators where highly unprdcespecially when they
are cascaded, because it requires the fine tuning of 8 heaters

As explained in chapte2, a more elegant solution to reach the filter specifi-
cation is to use the quasi-TM mode instead of the quasi-TEemdche use of
the TM lowers significantly the backscattering on the sw@femughness on the
vertical sidewalls of the Si waveguide. It has been showechapter2 that the
TM-strip waveguide approach effectively decreases battexing and makes res-
onances free of wavelength-dependent resonance spliftirig enabled us to use
first-order ring resonators instead of second-order risgmators and reaches the
required narrowband behaviour. An alternative is to usegtreesi-TE mode in a
partially etched rib waveguide (TE-rib). Also this apprbadlows to lower the
overlap with vertical sidewall roughness and has been prove=nable narrow-
band filters (chapte®). In both cases the waveguide confinement decreases, re-
quiring somewhat higher bend radii and hence limiting tiee fspectral range to
4.5 — 5nm.

The design and characterization is fully explained in chapgt Here, we
shortly describe the demultiplexer design used in this ggiman. The TM-strip
approach requires a waveguide dimension of he@tnm and width 500 nm
and the ring resonator is designed to have a gap between shenlduing waveg-
uide of 900 nm and a radius o3 um. For the TE-rib approach the waveguide is
defined using a partial etch @0 nm, the height of the rib i220 nm and the width
is 600nm. The coupling length of the racetrack ring resonatot jen and the
radius is24 ym. The gap between bus and ring waveguidesi@nm. All ports of
the ring are tapered to strip waveguides to allow compadiggiof the light.
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Figure 4.9: Design schematic and microscope picture of the integrates &diractor.

Photodetector improvements Since the origin of the high internal resistance
was initially unknown, we have tried to tackle the problensaveral ways. From
a fabrication point of view, the process flow was adapted tainmize the chance
of contamination of the surface prior to metal depositiormsure a good metal
to semiconductor contact and alloy formation. Also from aigle point of view
the IlI-V epitaxial layers were adapted to ensure the phetctor is more transit
time limited than RC limited (as covered in chap8r This could enhance the
bandwidth uniformity and at the same time improve the fairmn tolerances.

BCB uniformity improvement  The cause of this problem originated in the way
the 111-V dies were attached to the SOI die. It was decidedatiich from a man-
ual based to a machine based bonding process. This helpddaio onore uni-
form bonding thicknesses and hence a uniform photodiog®nrssvity. This tech-
nigue has been developed and optimized by PhD colleaguesrSsancovic and
Shahram Keyvaninia2[3]. Machine based bonding not only increased the unifor-
mity of the BCB thickness but also allowed a thinner bondhiigkness € 50 nm

in comparison witht250 nm typically achieved for manual bonding) without de-
creasing the bonding yield. The thinner bonding thicknassgases the coupling
strength between waveguide and photodetector and thus shorter photode-
tector. Shorten the length of the photodetector lowers oted tapacitance but
increases the total resistance, leaving us with the samedittRC.
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Figure 4.10: The optical-to-electrical spectrum of a four-channel UDM/using a TE-rib
approach with channels tuned ord&2 nm grid and a crosstalk< —15dB XT.

Optical-to-electrical spectrum - TE rib approach Devices fabricated using the
TE-rib approach were characterized on a fully integrate@ eimd the resulting
optical-to-electrical spectrum is shown in FdLO The filters are tuned to a uni-
form 0.25 nm grid with a resulting—15dB XT. Although this result is not meet-
ing the specifications of20dB XT on a grid of(0.1 nm, this result is still very
promising and a huge improvement with respect to generatiearther improve-
ments include the removal of the straight waveguide in thectional coupler of
the ring, which decrease the ring performance as demoadtiaEig2.18on page
2-37. The on-chip efficiency i$.4 A/W and the external efficiency of the la-
bel extractor i9).13 A/W. The heater efficiency for the TE-rib ring resonators is
36 pm/mW and for this devicd mW is needed to tune the heaters on the right
grid.

Optical-to-optical spectrum - TM strip approach The TM-strip approach is
optically characterized showing very good filter charastis: a crosstalk on the
0.1nm UDWDM grid of —17dB (XTg.1), a 20 dB-bandwidth (BW) 0f0.3 nm
and an insertion loss (IL) of onlgdB, which is shown in Figl.11 The heaters
are performing inefficient’3 pm/mW) because of the low confinement in the
Si-waveguide and the thick BCB spacer layer (.9 um). This is an important
drawback of the TM-strip approach but could be resolvedgisilternative ap-
proaches for heater integration, e.g. by using side heatedemonstrated in the
next chapters. The FSR of the filter (for both approacheshis.
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Figure 4.11: The optical-to-optical TM-strip approach with no post-gs&ing. Filters
exhibit excellent filter characteristics.

Photodiode response The detector was characterized for both polarizations as
a standalone component and in a demultiplexer configurafidre responsivity

of the detector i4.06 A/W (quasi-TM) and1.23 A/W (quasi-TE) respectively
corresponding to as5% and 98% efficiency. The dark current of the detector
ranges betweed — 5 nA for a bias voltage of-3 V which is a huge improvement
with respect to earlier generations. This bias is neededt& wnder high power
illumination and/or at high speed, otherwise a zero biasificgent to reach the
maximum responsivity. In sectidh2 - Fig.3.18 a12 Gb/s open-eye diagram of
this photodiode (after annealing the contacts) is shown.

Conclusion In Tab4.3, a full overview of the achieved results has been listed.
The second generation is marked by a very good improvemgatding ring char-
acteristics with the best performance achieved by the Tig-approach, a thin and
highly uniform BCB thickness due to machine bonding, higlelsponsive and low
dark current high-speed photodiodes.

4.2.5 Packaging

The goal is to package the UDWDM receiver with four high-speaads-impedance
amplifiers (TIA). The packaging design and assembly has pediormed at the
Fraunhofer Institute for Reliability and Microintegrati¢lZM) with the expertise
of Tolga Tekin and his colleagues. The wire bonding is penfedt at the Fraun-
hofer Institute HHI by Detlef Pech. The TIA's were providegllbars Zimmerman
from IHP).

The demultiplexer design from generation Il is first furtbptimized for pack-
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Spec Goal Genl Genll TM-strip | Genll TE-rib
CS [nm] 0.1 0.1 0.25

XT [dB] < =20 —15 —17 —15

IL [dB] <5 10— 15 3 5

FSR [nm] >5 5 5 5

PD R [A/W] 1.1 0.05—0.6 11 1.25

PD DC [nA] <5 High 3—-5 3—-5

PD BW [GHZ] 1 < 0.2 10 10

Eff [nm/mW] - 0.025 0.005 0.036

Table 4.3: Specifications and achievements of generation 1 and 2/((pehthe UDWDM
4-channel InGaAs receiver. Following abbreviations are used for titquliode (PD)
responsivity (R), dark current (DC) and bandwidth (BW) and hedfaiency (Eff).

aging purposes. In the packaging process flow, a relatiaetel fiber array (V-
groove technology) is used to align the optical fiber to thd $ier coupler.
Therefore we need an extension of the power lines (heatedd)igh-speed copla-
nar waveguide lines (photodetectors) over several mitlnse Few extra post-
processing steps are introduced. First, an extra plananziayer of BCB is used
that will act as an insulation layer between the two metaéiay Vias through
the BCB are defined by normal lithography and a dry-etch stagsed to open
these vias. The long metal connecting lines are defined bgdiaphy and an
thick layer of gold (Au) is deposited. After metal lift offné¢ UDWDM is ready

to be packaged. Rcm x 2cm ceramic sub mount has been designed according
to our SOI chip size. The extended coplanar waveguides gbtibéodiode array
and the 5 signal lines from the heaters are wire bonded t@énemic sub mount
design. An overview of the fully packaged UDWDM label extadts shown in
Fig.4.12with in (a) a top view and (b) from a birds-eye perspective @z@n the
SOl chip. Four integrated0 Gb/s TIAs are integrated on top of the same sub
mount. The effective impedance is converted from an eséid2it() of the copla-
nar waveguides, to 80 €2 standard input impedance of the TIA, using a coplanar
stub. This impedance matching is narrowband and optimiaed bandwidth of

1 Gb/s. Each TIA has a differential output (SMA connector).

To control the on-chip heaters, 5 DC bias lines are providesimmon ground
and 4 signal lines to control the 4 heaters. Each TIA is cdletidoy several bias
voltages to control the jitter, bias and gain.

The primary reason to use a TIA is to have a higher output geltan the
following we will estimate the efficiency of the whole paclkaddue to time con-
straints we were not able to test the sample before the filbay aras attached.
What follows is an estimation based on reference structuoses & different chip.
The photodiodes using a TM polarization are estimated te havinternal respon-
sivity of 1.08 A/W. With a fiber coupler loss of6 dB, the external efficiency of
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Figure 4.12: Picture of the packaged label extractor. (a) Top viewz@imm in on the chip.
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Figure 4.13: The electrical open-eye diagram of one wavelength dabied.

the TM photodiode i9.275 A/W. The IL of the ring resonators is estimated to be
—5dB and thus the total responsivity is estimated t@li® A/W. In Fig4.13 a
clear open-eye diagram of a label modulated @b /s is shown.

The large signal analysis is performed using0ds=Hz modulator driven by a
2311 pulse. The eye amplitude i90mV but the on and off levels are saturated
around this value. An optical input &5dBm (7.08 mW) is used and thus an
external efficiency 0f).35 A/W has been achieved. By comparing this with the
(estimated) external responsivity @09 A /W achieved without the TIA integra-
tion, we can conclude the TIA showed gain of almost a factoindreasing the
bit rate to2 Gb/s resulted in a nearly closed eye diagram due to the narrowband
impedance matching circuit between the SOI chip and the Ni#te that only one
channel is shown. That is because the TIAs were very difficuttrive, and the
results shown in Fig.13were only achieved after pushing the TIAs to the limits.
Testing of the other channels ended in a device failure.

4.2.6 Conclusion

An ultra-dense WDM demultiplexer with.1 nm and 0.25 nm channel spacing
was designed using the TM-polarization with strip wavegsidnd using the TE-
polarization with rib waveguides to improve the filter chaeaistics using stan-
dard waveguides. From a technological point of view, hugerovements in the
quality and reliability of the processing of the heterogarsy integrated InGaAs
photodetectors were achieved with the following milestone

1. 99% IlI-V/BCB bonding yield
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2. 50 nm thick BCB layer with high uniformity
3. 10x decrease in series resistance and PD bandwidth

This results in very promising device performances. Theal§&photodetector is
heterogeneously bonded on a SOI platform and has a very dficidrmrcy for both
TM and TE polarization, respectively05 A /W and1.25 A/W.The dark current
is low (< 5nA for —3 V). A successful packaging the UDWDM with a TIA array
showed a clearly open-eye diagramld&thb/s with an overall external efficiency
of 0.35 A/W.

The performance of such an UDWDM demultiplexer acting as dyeaind label
extractor for all-optical packet switching is investigate the next section (section
4.3). We packaged the demultiplexer initially to ease the systeperiments since
in that case no optical setup or electrical probes were rkadgmore. However,
the problems with the failure of some of the integrated TlAscéd us to use
optical-to-optical demultiplexers, without IlI-V or heatintegration. Using the
integrated photodiodes to convert the optical labels telbetrical domain without
an integrated TIA is giving a worse signal-to-noise ratisystem experiment than
using the optical-to-optical chip variant and having théoeglectronic conversion
externally performed by a low-noise photoreceiver.

4.3 A four-channel in-band label extractor for 160
Gb/s optical packets

In this section, a four-channel UDWDM is used to extract allabasisting of four
wavelengths from 60 Gb/s optical packets. This experiment is performed in the
COBRA labs of the Eindhoven University of Technology (TUdé)Prof. Harm
Dorren using the expertise of Jun Luo, Nicola Calabrettastefano Di Lucente.
The ring resonators are using the low-loss and less-confjoedi-TM mode and
can be used to create resonances with a bandwidth as narréWwpas. This
TM-strip waveguide approach has been extensively chaiaetein sectior2.4.3
The performance of the ring regarding insertion loss, ekitim ratio and BW is
shown to have a large influence on the quality of the extrdeteel and forwarded
payload and a trade-off between different devices and patemis studied. The
minimum required label power relative to the payload to heacertain bit-error
rate is also investigated. We found that this power dependsespectral position
of the label with respect to the center of the payload. Thieiohg results were
submitted for publication in Journal of Lightwave Techrgiks.

To explore the effect of the bandwidth of the ring resonatwe, gap between
the bus and ring waveguide was swept betw@éh ym and1.1 ym. All four rings
were designed equally but due to some local non-uniforrhiyresonances of the



CHAPTER4 4-21

m 0
o] (@) g (b)
~ I © 4
< * E= P
2 i@} g -10 . @
L2 5 o A
5 N % g -20 - &
2 1 £
2 s} ¥
= 210
125, © d
1007 100k e
= 75{ i A
B % S ’,,»
m 50 .. S S
=) e C'>‘ »
o 254 o @ . <
0 ‘ ‘ . 10k ‘ ‘ ‘
0.6 0.8 1.0 1206 0.8 1.0 12
Gap (um) Gap (um)

Figure 4.14: Overview of the main characteristics of the ring resonatweith (a) the
insertion loss, (b) the extinction ratio, (c) the 3dB bandwidth (BW) and @ actor, all
as function of the gap width. For a larger gap, the insertion loss and Q-fantwease,
while the extinction ratio and bandwidth decrease. The performance deastor the
chosen device with gap95 pm are denoted with a circle.

ring resonator are not overlapping. The quasi-TM mode isqaarly sensitive to
height deviations of the silicon waveguide due to its tighttical confinement of
the electrical field.

We start this section with the characterization of the riagonator and dis-
cussing how the different filter specifications change ircfiom of the bus-to-ring
waveguide coupling. Then, using the optimized ring resmsatwe demonstrate
the extraction of four in-band labels fromi&0 Gb/s payload.

4.3.1 Characterization of the ring resonator

The label extractor was characterized using a tunable {sgkra resolution of
1 pm centered arountb50 nm. Fig4.14shows how the main characteristics of the
label filter vary as function of the bus-to-ring waveguide gaith (a) the insertion
loss (IL), (b) the extinction ratio (ER) defined by the dropyeo at resonance with
respect to off resonance, (c) theB BW and (d) the Q-factor.

These results show that there is a trade-off between efigiehthe label ex-
traction and power penalties induced on the forwarded palyldo minimize the
power penalty on the payload the ring resonators with thdlestdandwidth are
preferred since these will erase the smallest amount oabmpwer of the payload.
In Fig.4.15 the effect of the resonance bandwidth on the payload istigated.
The BER of the payload with a fixed input power versus the Qefacf the four
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Figure 4.15: The relationship between the BER of the payload and thenleiid
(Q-factor) of the four label extractors. The power of the payload is kepstant and
received as-9 dBm. The larger the Q-factor, the less signal power of the payload is

erased and thus the better the BER.

rings is plotted. The full setup is explained in the follogisection (sectiod.3.2.
Note that no labels were added to the payload in this caserédmmance wave-
lengths of the ring resonators are different for each deviteall of them are close
to the center of the payload and none of them is overlappirtly &riother. One
can see that the BER of the payload is indeed improving dektifor increasing
Q-factor as expected, which is the result of both a smallea&fRa more narrow
BW for the higher Q-factor devices.

Another positive effect of using ring filters with a smallearflwidth is the
decreasing fraction of the payload that is found in the deaidpbel, resulting in an
improved optical signal to noise ratio for constant label payload input power.
However, at the same time the IL becomes larger &igh) exceedindg dB for
a gap> 1.05pum. This can be understood from the fact that the light is loriger
the ring before it can exit the ring and therefore exhibitgenattenuation due to
waveguide losses. For the same reason also the ER is snaalterfowband ring
resonators. This results in more power of the label remgiirirthe payload and
thus potentially lowers the quality of the payload.

Based on these figures of merit, we choose to use the deviberiwg res-

onators with gap 06.95 um to perform a system test. The spectral characteristics

of this label extractor are shown in Figlé The FSR i$5.5 nm, the IL is between
2.5 — 3.5dB depending on the channel and the ER(sIB. The non uniformity
between the channels IL and ER is most likely coming from satiations in
waveguide losses. The quality factor (Q) of each ring reswria around76000,
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Figure 4.16: Filter characterization of the 4-channel label extractoséd on high-Q ring
resonators using the quasi-TM mode.
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Figure 4.17: The setup consisting of label and payload creation, cdupligether into the
DUT. After label extraction the payload is demultiplexed®dGb /s for BER
measurements.

corresponding with 8 dB BW of 21 pm.

4.3.2 Label extraction experiment

The experimental setup employed is shown in &ijz. The small bandwidth
of the filters requires a stable temperature which is enshyed temperature-
controlled chip stage. The spectrum of the label extracjout signal consisting of
a160 Gb/s modulated payload and four labels modulatetl.aGb/s is shown in
Fig.4.18@a). The payload is generated by time-quadruplidg &b/s data stream
consisting 0f256 return-to-zero bits into 460 Gb/s data stream using a passive
pulse interleaver. Each pulse has a duration.dfs resulting in a20 dB band-
width of the payload nm. The center wavelength of the payloadl&E2.2 nm
and has a total input power 8f7 dBm.
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Figure 4.18: Optical spectra from the input and output ports of the lakihetor with in
(a) the input spectrum of the label extractor consisting @6& Gb/s modulated payload
signal centered at552.2 nm and four1.3 Gb/s modulated label signals, placed in-band
close to.enter Of the payload and the output spectra of (b) the through port and (c) the
four drop ports containing the WDM label. In (d) the through port of the labéractor of
only the payload as input (no label).
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Figure 4.19: Bit-error rate measurements of the payload after labebetitsn. The power
penalty introduced compared with the payload without labels before theed@énoted as
back-to-back) is less than5 dB.

The four labels are generated with four tunable continueage lasers and are
placed right on the resonances of the ring filters, with wawvglhs as denoted in
Fig4.18a). The power of each label is set .9 dBm making the total label
power equal to-2.9dBm. At this power level, the payload after label extrac-
tion is error free (error rate ¥0~°). The output spectrum of payload after label
extraction, measured at the through port of the cascadgdiliers, is shown in
Fig.4.18Db). Each label is dropped by 10 dB with respect to the payload, which
corresponds to the ER of the ring resonator plotted ind-ig. In Fig4.18d),
the output spectrum of the payload is shown without the WDMellalilhe to-
tal output power of the payload is9.2 dBm at the through port of our device,
showing a total IL ofl2.9dB. We can contribute most of the loss to the grating
couplers.The output spectra measured at the drop porte oirty filters are plot-
ted in Fig4.18c). Each WDM-label signal has an amount of noise coming from
the payload signal. One can see that the amount of noisegex ffr label 4, which
is located just next to the center of the paylo@d (m) than for label 1, located
1.9 nm away from the center. One can also see a smaller amount & aéforter
wavelengths coming from the adjacent resonances of thdiltiexg. The quality of
the payload after label extraction is assessed throughexioit rate measurement
of the four demultiplexed0 Gb/s signals and is compared with the case where the
payload without labels is sent directly to the receiver (ded as back-to-back).
The results are shown in Fig19 One can see that the power penalty introduced
by the label extractor isc 1.5dB. This power penalty partly results from the fact
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Figure 4.20: Bit-error rate measurements of the four labels compaigdtive input
condition of the label (back-to-back). The power of the payload isé¢@pdétant to provide
more insight based on the optical signal-to-noise ratio (OSNR). Labaklatsmaller
power penalty then label 4 due to its spectral position further away from thiecef the
payload.

that some signal power of the payload is filtered out whenipgdkrough the la-
bel extractor and partly from the four labels which are nafgetly removed and
therefore are adding an extra noise floor to the payload.

The quality of the four in-band labels after extraction frima payload is eval-
uated as well and compared to the input condition of the Jaleloted as back-to-
back in Fig4.20 To provide more insight, only the power of the label is cheohg
while keeping the power of the payload constant. Since tipeasibandwidth of
the label modulated at.3 Gb/s is small 8 dB BW of 7.2 pm), no distortion is
expected from the ring resonator witt8aB BW of 21 pm. In other words, the
optical lifetime of the signal in the ring is short enough tt @affect the signal
quality of the label. The only noise is coming from the fraatiof the payload
passing through to the drop port. Increasing the power gbélydoad therefore de-
creases the optical signal-to-noise ratio (OSNR) and theibit error rate (BER).
This ratio is defined by the amount of label power divided by playload power
both measured separately at a certain drop port of the latralotor and is denoted
explicitly for each data point in Fig.20 The difference in spectral position with
respect to the center wavelength of the payload has a clg@cinon the power
penalty of the different labels. Label 1, which is furtheragwfrom the center
wavelength, only has a power penalty of approximatel3 while label4, which
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Figure 4.21: The bit-error rate versus the optical signal-to-noise ra®@®\R) for the
different labels, each for different payload and label power. Lab&ldnd 3 are following
a similar trend, where as label 4 has a slightly different trend due to closetsgd distance

to the center of the payload.

is near the center of the payload, has the largest powertyesfal dB. One can
also see that an OSNR closeltb is a necessary condition to achieve error-free
(EF) operation of the label (i.e. error ratelg—?), independent from the spectral
position of the label. An exception is label 4, where the OSK&uired for EF
operation is onlyf).5, which is probably due to the fact that this label is very elos
to the center of the payload.

The relationship between the BER and the OSNR is plotted iffereht way
in Fig.4.21, where one can indeed see that label 1, 2 and 3 are followagame
trend while label 4 is shifted. The power of each label can hewdjusted depend-
ing on the spectral distance away from the center wavelesgtion the required
BER. The spectra of the EF received labels are plotted idFAgwith input pow-
ers of —10.1dBm, —9.6dBm, —7.4dBm and —5.9 dBm for respectively label
1, 2, 3 and 4. This brings the total power of the 4-channelllabe-1.89 dBm
which is1dB more than the total label power used initially to assess tiaity
of the payload. Figt.22also shows the eye diagrams of the four different labels at
EF operation, plotted on the same scale, where labek indeed the largest noise
level.

If the system requires smaller label input powers, e.g. dg®tver limitations,
one can shift the resonances with respect to the payload aridailower power
penalties for the labels.
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Power (dBm)

1552.0 1552.5 1553.0 1553.5 1554.0 1554.5 1555.0
Wavelength (nm)

Drop 1 Drop 2 Drop 3 ' Drop 4
Drop 1 Drop 2 Drop 3 Drop 4
Label input power (dBm) -10.1 -9.6 -7.4 -5.9
Total output power (dBm) -27.5 -26.9 -24.8 -23.9
Payload output power (dBm) -38.4 -37.9 -36.1 -34
OSNR (Power label/payload) 10.93 10.87 10.9 9.6

Figure 4.22: The spectra of the four received labels at error free (BER ) condition.
The signal power of the different labels before and after the chip aretddrio the table,
as well as the received amount of payload per label channel and shdtireg optical

signal-to-noise ratio (OSNR).
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4.3.3 Conclusion

In this section an in-band label extractor based on narrodisdlicon ring res-
onators using the low-loss quasi-TM mode was investigaieade-off between
different ring resonator designs regarding relevant faecifications such as in-
sertion loss, extinction ratio and bandwidth is made. Thecsed device consisting
of four cascaded ring filters with an insertion loss3efB, and extinction ratio of
10dB and a bandwidth o1 pm, was shown to be able to extract four in-band la-
bels modulated at.3 Gb/s from a160 Gb/s payload. The quality of the payload
as well as the quality of the four labels was evaluated shgeiror free operation
at< 1.5 dB power penalty for the payload. The power penalty of the ldbpkends
on the exact spectral position with respect to the centaneptyload and ranges
betweenl dB and4 dB in our study. It has been shown before that filter position
can be tuned using integrated heat&}d.[ This gives the designer the freedom
to optimize the exact spectral position of the labels baseslystem requirements
regarding bit-error rate, power limitations, amount ofdibetc. Positioning extra
labels further from the center will not add extra distortiorthe payload and lower
label powers can be used. The amount of labels can then fun¢heaultiplied by
using several RF tone&T, 24] making this label approach flexible and scalable in
terms of amount of labels.

4.4 Demultiplexer for 40Gb/s optical packets and in-
band label extractor

In this section we demonstrate a compact integratedb /s packet demultiplexer
integrated with a single in-band label extractor. One cémeeiadd extra wave-
length labels 24] and/or modulate this one label with RF tonég][to create up
to 32 addresses. Thex lower bit rate of the payload with respect to the previ-
ous section makes it relatively more difficult to positionaanowband filter within
the spectrum of the payload. That is because relatively rpaydoad power is
dropped due to a smaller payload spectral bandwidth. Theedigsinctionality is
realized using 82 x 200 GHz AWG filter followed by a ring resonator using a
TE-strip approach. The potential advantage of using theiffBpproach instead
of the TM-strip approach is a more efficient (top) heater astie®n shown in sec-
tion 4.2.4 Experimental results confirmed a channel crosstalk loan 18 dB
and error-free operation with less théud dB penalty after the AWG and the la-
bel extractor filtering. Also the label, modulatediat Gb/s has been error-free
detected after the label extracted with a power penalty.®flB. The chip was
designed by colleague Andrea Trita (based on the AWG sinaulakpertise of
Shibnath Pathak?p]). The following results were accepted for a contributdl ta
at the European Conference and Exhibition on Optical Conication (ECOC)
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Figure 4.23: Architecture of the modular WDM OPS with in blue the demotestra
functionality in this work.

2013 in London 26]. In fig.4.23 the presented functionality is shown in blue.

4.4.1 Design

The label extracting ring resonator must be narrowbandderto not distort the
payload and to minimize the crosstalk of the payload on thellas been shown in
previous sectio.3. The ring resonator is using the TE-rib waveguide approach
as discussed extensively in sectd.2 To realize the rib, a shallow etch step of
70nm is used. This etch step is also used to realize input and dfilgw grating
couplers as well as the star-coupler of the AWZ5,[27]. An AWG consist of
two free propagation regions (which are known as star-@replnd an array of
waveguides with successive increment of length. We useltbaia etched (or
rib) waveguide apertures as inputs and outputs of the stgpters to reduce the
reflections. To design th&2 x 200 GHz AWG, 90 waveguides were used in the
array. A microscope picture can be found in the inset of &3t The radius of
the ring resonator i85 um which corresponds to a free spectral range (FSR) of
2.92nm. This FSR is large enough to avoid any extra distortion ofiticeming
payload. The waveguide width of the ring resonatd5ignm and the gap between
bus and ring waveguide &0 nm. A microscope picture can be found in the inset
of Fig.4.25 In section, we have seen that rib waveguides using broaal@guides
(650 — 700 nm) have smaller bend and propagation losses which will imptbe
performance of the ring resonator further.

4.4.2 Device characterization

Both components were characterized first isolated from e#uodr. In Figd.24

the optical spectrum of the isolated AWG is plotted. The aecit@nnel insertion
loss is small £1.2 dB) and thel dB bandwidth (BW) is wide .56 nm). With a
roll-off factor (defined as the ratio of thedB BW over the10dB BW) of 0.33,
and a crosstalk below 18 dB, this filter exhibits an appropriate channel response
to successful demultiple0 Gb/s signals. The spectrum of the isolated ring res-
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Figure 4.24: Optical spectrum of the isolated 32x200 GHz AWG (coudaShibnath
Pathak). In the inset a microscope picture of the AWG (courtasy ofeanthita).
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Figure 4.25: Spectrum of the isolated ring resonator.
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Figure 4.26: Schematic of the experimental setup

onator is plotted in Figl.25 The extinction ratio (ER) of the through port is large
(—22.5dB) and the IL for the drop smalk{ 0.5 dB). The3 dB bandwidth (BW) is
narrow (77 pm). In principle the BW of this ring resonator could have beamch
smaller when a smaller bus-ring coupling was used. Howéveidecrease in BW
will go at the expense of an increased IL and a decreased ERwastl-considered
trade-off should be made.

4.4.3 Label extraction experiment

Fig.4.26 shows the experimental setup employed to demonstrate tiefpde-
multiplexer and label extractor. The system is evaluatetbémvs. Three car-
rier wavelengths 1(548.16 nm, 1549.67nm and 1551.15nm) are modulated at
40 Gb/s and combined with one label modulatediad Gb/s at 1549.08 nm. The
power of a single payload channelis dBm and the label is transmitted at a
power of —6 dBm, 8 dB smaller than the payload. The input spectrum of the ex-
periment is plotted in Fig.27@a). The goal of our experiment is to successfully
demultiplex the center payload channel (0) from two adjaparyload channels
(denoted as -1 and 1), and to extract the in-band label of tHdlenpayload with-
out distorting the payload itself.

In the following we evaluate the spectrum at the through (¥ig.4.271b)) and
the drop port 4.27c)) of the cascaded ring resonator, both using a tunabde las
(blue) and the input spectrum shown in Bi@7a).

In Fig.4.25b), the spectrum of the through port of the ring resonatehswvn,
presenting the demultiplexed payload without label. Inj@eme can see that both
adjacent payload channels are successfully dropped witBRaof respectively
—20.4dB and—17.6 dB. The label has an extra23 dB drop with respect to the
power of payload 0, which is the combination of the ER of thg and the IL of the
AWG. This is more clear if one looks at the cascaded deviceacheristic using
a tunable laser (blue overlay curve). The total IL of payl@ad 14.8 dB which
includes the IL of both input and output fiber grating coupléach~ 6dB),
waveguide lossed (B) and the (center) IL of the AWGI(8 dB).
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Figure 4.27: Three transmission spectra (sharing the same wavelengthof (a) the
input of our experiment with three payloads modulatedatb/s with one label
modulated afi.3 Gb/s (b) the through port of the ring resonator cascaded behind the
AWG with channel -1 and 1 dropped with at least8 dB and (c) the drop port of the ring
resonator where the power ratio between label and paylod@ i$B.
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Figure 4.28: BER curves of (a) the extracted Gb/s label and (b) the forwarded
40 Gb/s payload, both back-to-back and after the label extraction. Only a very low
penalty is detected for both label and payload. In (c) the error-free agyendiagram of
extracted label. The error-free open-eye diagram of (d) the badattk payload and (e)
after label extraction.

In Fig.4.25c), the spectrum of the drop port of the ring resonator issh@re-
senting the extracted label output. Also in this graph, lzothinable laser (shown
in blue) and the system input (shown in black) are used toacharize the system.
One can find d2 dB power ratio between the label and the payload of channel 0,
predicting a good optical signal to noise ratio of the label.

To evaluate the transmission quality of both payload anelabBER curve is
for both plotted in Figd.28a) and (b) respectively. One can notice for both signals
error free operation with only a small power penalty<of).5 dB compared with
the back-to-back situation (not through the SOI chip).

4.4.4 Discussion

Using Fig4.25b) and (c), the position of the label with respect to the pasgil
could be further optimized. In this case, the spectral lggmsition is0.58 nm
away from the center wavelength of the payload which resuolggod extinction
ratios and very limited distortion. One can play with thiktie position by using
the integrated Ti heater. If we make the label offset smadler. because extra label
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wavelengths are needed, the signal ratios will change. Rrtabel perspective, a
larger amount of payload will be present in the label and &pkibe optical signal
to noise ratio constant, the label input power should beemeed. At the same
time also the absolute power of the extracted label willéase, because of the
decreased suppression of the AWG channel response. Fronoagggrspective,
a smaller offset of the label wavelength causes a relatieefyer distortion of the
payload. The general effect of a filter with a bandwidth6éfHz or 50 pm on
the quality of40 Gb/s payloads is investigated irl§]. For a label offset smaller
than20 GHz or 0.12nm, a significant distortion on the payload is noticéd]|
Based on this information we could decrease the label aifggtoximatelyd.3 nm
without distorting the payload.

The label extractor itself has a very large ER-6f2.5 dB, which results in a
total ER of —31 dB at a label spectral offset @58 nm. This high ER gives the
ring resonator designer the room to decrease the BW furtiteatbthe expense
of a higher IL of the ring resonator (and thus a lower labebat)t However,
decreasing the BW of the ring resonator could even furtheredse the impact
on the payload and a smaller label offset can be used. By wassmaller label
offset, the cascaded IL of the label is drastically improdee to decreased IL of
the AWG channel response.

4.45 Conclusion

We demonstrated a compact SOl-integrat@dx 200 GHz AWG followed by a
narrowband ring resonator to establish the demultiplexifithree40 Gb/s pay-
loads and the extraction of the in-band optical label, baith wower penalty of
< 0.5dB. This result is promising for the realization of a compaajésport-count
and low-latency photonic integrated optical packet swittle have discussed pos-
sible system improvements based on spectral offset of b Veith respect to the
payload. The channel spacing2if0 GHz is relatively a bit broad fot0 Gb/s and
one could decrease the channel spacing dowii@o- 150 GHz.

45 Conclusion and outlook

In this chapter we investigated an integrated label exdramt SOI based on high
performance ring resonators and photodiodes. The trenosnplmgress in the
quality of both building blocks enabled us to successfidlyricate a four-channel
UDWDM demultiplexer with high-speed optical-to-electili@nversion which

could be used as label extractor. Two systems tests in coliibn with the CO-

BRA group of the TU/e have shown the feasibility of ultra-quamt SOI compo-

nents as a potential low-cost solution in large port lowrayeall-optical packet
switches.
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Dense wavelength division
demultiplexing Ge receivers

Using multiple wavelengths on a single optical link (wavejth-division multi-
plexing or WDM) to effectively increase the bandwidth is a @lidused approach
in long-haul communication for more than 2 decades. In thapter we explore
the adoption of WDM in highly-confined Si photonics for rea® for short to
intermediate-reach communicatioat 2 km). For these applications, a low cost
and low-power consumption are the primary requirementph8ionics offers this
low-cost requirement and its availability to create comgawictures can improve
the power consumption as well.

In this chapter we explore WDM in Si as a first approach to irseehe ag-
gregate bandwidth per fiber. We demonstrate a polarizatieensitive 5-channel
dense WDM (DWDM) receiver witt300 GHz (2.34 nm) channel spacing around
1540 nm wavelength and high-spee2l(Gb/s) Ge photodiodes to terminate each
channel. An aggregate bandwidth1®0 Gb/s is hereby reached.

We start this chapter by discussing the system specifictbman intra data
center optical interconnect (Ol) in secti®l and how these specifications are
translated in WDM component specifications in sectiod Several challenges
of WDM in Si regarding manufacturability and control are givie section5.4.

In the rest of the chapter we discuss the design of a 4 and fineha00 GHz

demultiplexer and characterize extensively their martufability based on wafer-
scale measurements. In the next chapter, we investigateatigwidth-scalability
of this component with respect to an increased amount ofreilarand several
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strategies to lower the consumption.

5.1 System specifications

Typically standarized pluggable modules (e.g. SFP) ard tmean Ol with a
transmitter and receiver subassembly inside. Today’s maxi (one way) band-
width per module in data center Ol has just reach@iGb/s. Examples are the
100GBASE-SR10 in the IEEE 802.3bm Ethernet standard witlata chate per
channel of1l0 Gb/s or the Enhanced Data Rate in the Infiniband standard. The
Ethernet bandwidths for the next and future generatiorcapinterconnects are
targeting400 Gb/s and1.6 Tb/s. As explained in sectiof.4, scaling the band-
width and reach using today’s parallel multi mode fiber istéd by the increasing
fiber cost and available front panel area. Therefore theepteeed in data cen-
ters and supercomputers for a compact, low-cost and battths@lable approach
using single mode fiber is very high.

Several approaches to fulfill these requirements have beewustrated in a
PIC implementation ranging from a simple 4-lane paraliegié mode (PSM4)1]
fiber implementation to more dense 1-lane solutions suclpasesdivision mul-
tiplexing (SDM) [2], pulse-amplitude modulation (PAM), or wavelength-digis
multiplexing (WDM) [3, 4]. Each approach has its own advantages regarding spe-
cific system requirements such as power consumption, ck#g, @perating tem-
perature range, cost, reach and bandwidth scalability. &eve that WDM offers
the most promising path for bandwidth scalability and chigea However, WDM
is also the most vulnerable to temperature variations anitiddd fabrication toler-
ances, such as waveguide dimensional control (see alsorsgd). These system
specifications are translated into WDM component speciinatin the following
section.

5.2 WDM component specifications

Power-consuming heating elements are typically used tpeosate for the detri-
mental shifts in center wavelength of a WDM channel comingnftemperature
and fabrication variations. As explained in sectioi.2 the use of a coarse WDM
grid (CWDM) with a wide channel spacing @) nm or 2500 GHz is therefore
advantageous since the transceiver can work uncontralledhfying temperature
and relaxes the fabrication tolerance of the filters. Thastically decreases the
power consumption and reduces operation costs and conyplétowever, the
required bandwidth> 80 nm) is incompatible with the bandwidth of a grating
coupler B0nm). Therefore, we prefer a more aggressive approach usingeden
channel spacings. A channel spacing300 GHz is chosen and found to offer
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Figure 5.1: Abstract design of a WDM demultiplexer based on casc8dedgs. Typical
filter specifications are denoted in the figure.

a good compromise between channel density and filter robsstnA collective
heater is used to compensate for wafer-level variationsndrient temperature
drifts, which reduces the complexity of dynamic tuning. AKabhally, the chan-
nel response is polarization insensitive such that a chengelarization between
transmitter and receiver is allowed.

As discussed in earlier chapters, filters realized with regpnators using a
high-index contrast platform such as silicon-on-insuld&0I) can be made very
compact, and can be designed with large free-spectral sgr§R). By cascading
several ring resonators one can create easily a scalabldtif@aexer. By introduc-
ing a circumference differencé\(.) between the adjacent rings one can achieve a
desired shift between the center of the filters. This shifilled channel spacing
(CS) as illustrated in the Fig.1 Other typical filter specifications are illustrated
as well such as crosstalk (XT) which is defined per channélasatio between the
detected level of its own channel and the next channel,tiosdoss (IL) and the
1dB and3dB bandwidth (BW). The free-spectral range (FSR) should bestarg
than the amount of channels multiplied with the CS. The gfwli the Si photonics
platform to achieve ring resonator filters with a large FSR aliow to maximize
the amount of channels and thus the aggregate bandwidth.

The Si photonics based transceiver we envision is illustrat Fig5.2 An
external laser array feeds the cascaded Si photonic inéeraag modulators. A
single mode fiber connects the transmitter package and tieévee package. At
the receiver side, the incoming optical WDM signal is denplatked in separate
signals and converted into the electrical domain with theafgphotodiodes. The
current of the photodiodes is converted in a high level tdigioltage signal with
a CMOS transimpedance amplifier (TIA) followed by a lineapdifrer (LA). The
CMOS circuit for the modulator drivers and TIA/LA could be naithically inte-
grated on top of the Si photonics, wire-bonded next to then&i or flip-chipped
on top of the Si chip.

The aim of this chapter is to make this photonic componentraernially vi-
able and therefore many challenges need to be addressetlVdrenabled Si
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Figure 5.2: A silicon photonics link.

photonic transceivers, the comprehensive list of chalsrare achieving a low
insertion loss (IL) and low channel crosstalk (XT), polatian insensitivity, com-
pact footprint, low power consumption, robustness aga@mperature variations,
simple dynamic control, high bandwidth and a high-yield ofacturability. In
the following list we will explain the different challengésa bit more detail.

e Low IL will increase the sensitivity of the full receiver. The tolia con-
sists of fiber-to-chip coupling loss, waveguide loss andifilhsertion loss.
The first one is typically the largest one, especially in thisk, and ranges
between5 — 6 dB. However, researchers have demonstrated fiber grating
couplers with1.2dB IL [ 5] using e-beam lithography @:7 dB using 248-
nm optical lithography. Since our components are very catpsaveg-
uide losses are typically: 1dB. The typical filter IL can vary between
0.5 — 4dB. In this work, the target for the filter IL is belowdB.

e Low XT between the channels is necessary to preserve the qualite of
received signal (BER). In this work we pursue a XT—20 dB.

e Polarization insensitive circuits will cope with a polarization change be-
tween the transmitter and receiver side which could leadtgel IL if a
circuit is optimized for one polarization. One can make apphtion inde-
pendent circuit but that is very difficult on SOI because @& #symmetric
waveguidesq20 nm x 450 nm). Alternatively one can apply a polarization-
diversity schemeq, 7].

e Compact footprint, thermal robustness and low power consumtion.
Ring-based WDM components have been demonstrated with aleoaisly
smaller footprint 8] compared to other filter implementations such as ar-
rayed waveguide gratings (AWG), echelle gratings or Machrder inter-
ferometer (MZI) based lattice filters. The fundamental tiofithe channel
footprint of a ring resonator is the ring radius. The smather radius, the
more compact the filter. Typically, a certain racetrack tar(gee chapte?)
is introduced in order to fulfill the power coupling requirents. Increas-
ing the order of the filter also increases the area. Besidabliag high
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# WDM channels| 4,8, 16, 32 Thermally robust & pol. insensitive
Channel spacing| M x 100 GHz | Channel heater power < 2 mW

Insertion loss <1dB Channel footprint | < 5000 x m?
Crosstalk XT < -20dB Channel bandwidth | 20 — 30 GHz

Table 5.1: Proposed WDM filter specifications

integration density and thus low unit cost, the compactoésag-based fil-
ters enables low-power thermal tuning. Thermally robusg resonators are
difficult to achieve without active compensation and aredfwe typically
combined with integrated heaters to compensate for watdevariations
and ambient temperature variations.

e Simple dynamic controlis necessary since dynamic temperature variations
can shift the center wavelength of the ring resonator filtére advantage
of implementing a demultiplexer with ring resonators istteach channel
response can be tuned separately and independently frdmottzer. The
control of a large amount of heaters can be become cumberaodigower
hungry which could eventually limit the scalability. In shchapter we will
propose a simplified heater control.

e High bandwidth can be achieved in two ways. The first one is to use a larger
amount of channels but due to the limited bandwidth of a ggatioupler,
the channel spacing (or the channel density) should thda asawvell. The
second way is to maximize the bandwidth per channel by maikagithe
bandwidth of the photodiode. The actdalB bandwidth of the filter should
be large enough for the incoming signal to pass the filter auttsignal
degradation.

e Design for manufacturing to achieve a component with a high yield in such
a way that it can cope with various fabrication variationghim a device bus
also wafer-to-wafer or lot-to-lot.

These WDM component specifications are listed inFdbln the next section
we discuss the technological challenges related to the@oplits platform.

5.3 Challenges for WDM in Si

As discussed earlier, an important requirement of photomicponent is the man-
ufacturability. In other words, if one designs a ring retonaccording to certain
filter specifications, how good is this translated on the wafel with which yield
or spread on the filter specifications.
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One of the major challenges for realizing manufacturabtepact WDM opti-
cal devices in silicon is the sensitivity of these compogséatvariations in waveg-
uide dimensions. Waveguide perturbations due to fabdoatariations directly
influence the shape of the resonance as well as the resonametength of each
channel. Using typical Si waveguides (quasi-TE mode), @reexpect d00 —
125 GHz wavelength shift for d& nm change in waveguide width and nearly the
double for1nm shift in height P, 10]. These detrimental shifts can cause the
channel responses to overlap which can result in a bad albdsttween these
channels and an increased insertion loss. Both effectqaestigated in section
5.4'Design for manufacturability Dimension variations include linewidth vari-
ations during lithographic pattern definition as well agkhiess variations of the
top silicon layer of the SOI stack. Waveguide dimensionat&ns can be present
both at the device scalé ¢ 100 um), chip scale { — 20 mm), wafer scale (up to
200 mm) and wafer-to-wafer or lot-to-lot. A good overview is given[10].

A second challenge is the high thermo-optic coefficient piich makes sil-
icon wavelength-selective devices highly sensitive togerature variations. One
can expect a wavelength shift @2 GHz (or 100 pm at 1550 nm) per Kelvin,
independent of the kind of filter. The ambient temperatune wary between
25 —95°C'[11] and hence induces a wavelength shiffefm or 840 GHz. There-
fore we need a way to make our components robust towards atibraperature
variations. Overall two approaches are known. The first eractive compensa-
tion with the use of an integrated heater but this consumegpoFurthermore,
one needs a sensing mechanism to detect the temperaturkeacortesponding
wavelength shift and a control circuit to regulate the heake alternative way is
realizing an athermal component which does not consumerpdie former can
be achieved by either using an overlay with a material of sfpdhermo-optic
coefficient. This has been demonstrated using a polymetaybut this is not
CMOS compatible 2, 13]. A CMOS-compatible athermal ring resonator cou-
pled to balanced Mach-Zehnder interferometer has beenm&nated in {4, 15|
by compensating the temperature induced phase shift indredl@l arm of the
MZI. However, this approach has been proven to be stablefonlg small tem-
perature range and increases the area consumption ditgst#geother important
drawback of both compensation approaches is the need foowavaveguides
which will decrease the tolerance to dimensional wavegua&tions. An alter-
native is recently been shown itaf], where a CMOS-compatible material T{O
is used as an overlay on top of broader waveguides. Howehisrraterial de-
grades with high temperatures needed for e.g. the anneafliGg, which makes
it incompatible within a photonic CMOS process flow.

Individual channel control has been demonstrated on a WD filtray with
a200 GHz grid in [17, 18]. In this way one can combine active compensation for
both device-level and wafer-level waveguide perturbajas well as (dynamic)
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ambient temperature variations. However, as mentiondeeahis can become
complex and power hungry for demultiplexers with a large ant@f channels as
every channel needs its own control signal. Therefore wedioice a new idea
called collective tuningin section 5.5, where all heaters are collectively con-
trolled instead of individually. Hence, collective tunimgpuld only use a single
thermal control circuit for the whole demultiplexer. Impanmt is that the heat-
ing is uniform for each channel and that the heater worksieffity to minimize
the power consumption. A full characterization is madé&.b.2 A direct draw-
back of having only one control pad, is that we lose the ghitittune for device-
level waveguide perturbations. Therefore we will expldre fiat-top behaviour of
second-order ring resonators to overcome device-levab@ail-scale) waveguide
perturbations. A full performance characterization of demively tuned four-
channel demultiplexer using first-order and second-olidgrresonator is given in
section5.5.3

The third and last challenge which we will address in thigptéais polariza-
tion insensitivity. The asymmetry of th&50 nm x 220 nm silicon-on-insulator
SOl waveguides makes it practically impossible to desiging resonator for
both polarizations simultaneously without performancgrddation. Therefore
a polarization-diversity scheme is preferred, for whicle can use either a polar-
ization beam splitting grating coupler cascaded with anzdsion rotator 9] or
use a 2-dimensional grating coupl@d] to make a polarization-diversity scheme
[6, 7]. This is addressed in secti&n7 where a polarization-insensitiée< 20 Gb/s
receiver is demonstrated.

5.4 Design for manufacturability

Waveguide dimension variations will have an influence oncthgpling factor be-
tween bus and ring waveguide and hence directly influencehifyee of the spectral
response of the individual channel. Therefore we startdhégpter by investigat-
ing typical channel specifications suchla$B bandwidth, crosstalk and insertion
loss based on wafer-scale measurements and this for fitsessond-order ring
resonators.

Fabrication variations also influence the resonance wag#ieof the ring res-
onator. We separate this discussion in local variationsygwtohl variations. Local
variations happen on device scale, in other words withindéraultiplexer. This
can cause the adjacent channel responses of the cascaglegsonators to over-
lap with each other resulting in a high crosstalk. Resonarmelength variations
can be separated in a variation of the average channel gpatha variation of
the individual channel position with respect to the aver@dgenel spacing. On the
other hand, global variations (that are happening on wai@e} are responsible
for shifting the whole filter comb (i.e. all the channels sltaneously) away from
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its desired wavelength grid. Higher-order ring resonatars suffer from an extra
variation, namely the variation between the resonanceseddifferent resonators.
This effect is more difficult to quantify but one can easilyet# these variations
as discussed later.

To fully understand the performance of the receiver regaydianufacturabil-
ity, we start in sectiorb.4.3by investigating the individual channel response of
a four-channel demultiplexer. We compare the performardesd- and second-
order ring resonators. Wafer-scale trends of the spediegles center wavelength
position and the relation to their position on the wafer at@n@ined. A compre-
hensive channel spacing analysis (sectofi4 will learn us how tolerant each
filter design is against device-scale fabrication relat@aaniformities. From this
investigation it will be clear that the main problem of desig a filter based on
ring resonators on a Si platform is not the spectral shapé¢hleutariation of the
center wavelength of the filter with respect to the otheraatjafilters.

5.4.1 Design

The channel spacing is designed to fit a dense WDM grid with eisgaf300 GHz
or 2.4nm at 1550 nm. The free spectral range (FSR) is designed tdbem in
such a way that at least four channels can fit within the FSR. rifftgs have a
racetrack shape and are implemented withuan coupling length (L) and a5 ym
radius (R). A small increaseY) in round-trip length of the ringl) is used to es-
tablish the shift in resonance wavelength,... according to the defined channel
spacing (CS) using following formula.

ng CS

Neff Acenter

AL = (5.1)
with the group index:, equal to4.3 and effective refractive index. sy equal to
2.43. In this desigm/A L = 150 nm which is implemented through an addégdnm

in both racetracks of the ring. The very small increase impting strength could
be compensated withla5 nm change in gap, which is not implemented due to the
5 nm mask grid resolution. Both ring resonators are designeédyve b—20 dB roll

off at one channel spacing.@ nm) away from their center resonance wavelength.
The second-order ring resonator has more design freedors apdimized for a
maximized (flat-top) bandwidth at the drop ports.

In Fig.5.3 a schematic view of the designed four-channel demultgylés
shown with the typical design parameters. The ring resosat® cascaded with
a 50 um spacing. The above channel requirements result in a delsireding
waveguide power coupling df.08 for the first-order ring resonator and a bus-
ring and ring-ring waveguide power coupling of respectivieB2 and0.04 for the
second-order ring resonator. Usingts nm wide and220 nm thick waveguide
with oxide cladding for both the bus and ring this results bua-ring gap (G) of
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Figure 5.3: Schematic of a single-polarization four-channel demultiplérsets are
illustrating the T* and 2*¢ order ring resonator design parameters.

295 nm for the first-order ring resonator and a bus-ring)Y@nd a ring-ring gap
(Gy) of respectively205 nm and340 nm for the second-order ring resonator. The
above coupling and gap values are simulated using techsiglieh are explained
in section2.50n page2-42 Note that we assumed a propagation losg @B /cm
during the simulation which is underestimating the typiroaindtrip loss by a fac-
tor of 4. In2.50n page2-42 the full design flow of a demultiplexer design has
been discussed.

5.4.2 Characterization methodology

Both receiver designs are characterized using a tunalde Veith a wavelength
step size ofl0 pm, centered around550 nm. The spectral responses are nor-
malized by subtracting the Gaussian-like spectrum of ther fijsating couplers,
which are extracted from fitting the off-resonance data ef ttirough port re-
sponse. Measurements are performed using an automatednealiyy procedure
assuring a reproducible fiber-to-chip coupling in a tempeeacontrolled envi-
ronment. Because the coupling of the ring resonators is keagth dependent,
filter characteristics are all measured preferably arobagame wavelength. Due
to fabrication variations, the center wavelength of thefilhank is varying over
the wafer by more than one FSR. Therefore the analysis is dorieur adjacent
resonances with the first channel situated aroLiid nm.

5.4.3 Individual channel response

In Fig.5.4(a) and (b), one can see the typical spectral response ofrgteafid
second channel of a 4-channel WDM filter implemented with eespely first
and second-order ring resonators. B3 bandwidth (BW) of the second-order
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Figure 5.4: First- versus second-order ring resonator respoiesigned to have a
crosstalk below-20 dB at 2.4 nm.

first order second order
Specification| mean| P10 | P90 | mean| P10 | P90
1dB BW 022 | 02 | 0.24| 087 | 0.8 | 0.94
3dB BW 043 | 0.38 | 047 | 1.27 | 1.17 | 1.37
XTat2.4nm | -20.4 | -21.3| -19.5| -21.4 | -22.8 | -20.3
IL -0.45 | -0.63 | -0.25| -0.38 | -0.76 | -0.01

Table 5.2: Filter performance. Mean and both percentils®{, 90**) are based on the
mean value of the 4 channels.

ring resonator is indeed much largé@rdB BW = 1.18 nm) than that of the first-
order ring 8 dB BW = 0.37 nm) whereas the crosstalk (XT) is for both channels
better than—20dB. A small misalignment between the resonances of the two
ring resonators forming a second-order ring resonator aaseclarge fluctuations
in extinction ratio (ER) of the through response. This dfisaclearly visible in
Fig.5.4(b) showing an ER difference of more thafdB between channel 1 and
2. This misalignment explains the slightly larger Iz (1 dB) of channel 2 with
respect to channel 1. We investigated nominally identiezlaes on different dies
across the wafer and the statistics (meidi? and90t" percentiles) based on the
mean value of the 4 channels (device mean) are listed irbabOne can see
that the device using second-order ring resonators haslgligetter mean values
but a higher spread regarding XT and IL. The larger spreadiegplained by the
possible misalignment between two ring resonators formairsgcond-order ring
resonator. This adds an extra dimension of variation ans #hiarger spread on
the channel is expected.

In Fig.5.5, we plot the insertion loss (IL) of only the receiver’s wocsiannel
(largest IL) instead of the mean value listed in &a2. From these two wafer plots
it is clear that this worst channel depends on local nhoneumiities because there
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Figure 5.5: Insertion loss (IL) of the receivers worst channel elygdowith (a) first-order
and (b) second-order ring resonators, both in function of the recsipesition on the
wafer and in a device-count histogram.

is not a clear wafer-scale trend visible. From the devicgatbistogram one can
see that the receiver’s worst channel using the second-drdgeresonator has a
larger spread and more skewed distribution of the IL thannairst-order ring
resonators are used.

In the following we investigate the absolute position of teater wavelength
of the different channels, where we use the first channel a&feaence for the
whole filter comb. In Figh.6(a), the center wavelength of this first channel in
function of its position on the wafer and a correspondingaiezount histogram
are plotted. As explained in the sectibrt.2 the analyzed resonance wavelength
is chosen within 1 FSR around the arbitrary chosen waveteligh) nm. It can be
seen from this figure that the center wavelength is unifordidgributed between
the arbitrary chosen selection borders which means thattti@tion between two
positions of the wafer can differ with more than 1 FSR. To waaore insight
in these wafer-scale variations, the same data is plottddawiifferent selection
procedure in Fich.6(b). This selection procedure is based on the assumptidon tha
the difference in center wavelength between two identiealghed devices on ad-
jacent dies must be smaller than half a FSR which results amtraious variation
of the center wavelength in function of its position on thdevaFrom the corre-
sponding histogram one can notice that the maximum vanasioeaching30 nm
which is more than twice the FSR. Expelling the outliers viite shortest wave-
length, which are corresponding with devices on the edgeeWafer, one finds a
reduced variation 023 nm. This wafer-scale variation can partially be explained
by small thickness variations of the waveguide layer withiSOIl wafer where
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Figure 5.6: The center wavelength of the first channel in function of i&ipa on the
wafer and a corresponding device-count histogram created with twotssieorocedures:
(a) within 1 FSR around 540 nm (b) assuming only small die-to-die shifts to create a
more continuous variation.

approximatelyl nm difference in thickness results i2axm wavelength shift. In
the following (sectiorb.5) the collective heater, which will be used to compensate
for these wafer-scale variations, is characterized.

5.4.4 Channel spacing analysis

Local variations at the device scale are typically much g&mé&K 1 nm) than the
global variations found across a full wafex (10nm and higher) but can still
cause adjacent channels to overlap with each other regidtalarge XT between
these channels. An important characteristic of a good WDMIrfit a predictable
and constant spacing between the center wavelength ofeadjelbannels. Espe-
cially when using a collective heater where these internkhdeviations cannot
be compensated, this deviation must be smaller than e.fithledl dB bandwidth

to keep the insertion loss tolerable. To quantify this clespacing variability,
we perform a linear regression analysis by fitting the alisalesonance position
of the 4 channels (plotted in Fig3.7(a)) as function of their channel number. This
fit is plotted in Fig5.7(b) and denoted as ‘fit optimized slope’. The slope of this
fit is then the device-optimized channel spacing (CS) and this case equal to
2.6 nm. In Fig5.7(c) the residuals representing the relative deviationsy/dvesm
the CS are plotted, which are in this exampgled.2 nm. We repeat this analysis
with a linear fitting with a fixed slope equal to the designetligaf the CS (i.e.
2.4nm). Using this fitting we expect larger deviations but thislveitter match
the performance in a practical situation where the CS sheglcl the incoming
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Figure 5.7: A typical channel spacing analysis with (a) the normalizegoase of a
4-channel WDM filter (first-order ring resonators). In (b) the abgelposition of the
resonances is plotted in function of the peak number. After fitting, the rdsidrea
calculated and plotted in (c). Two fits are made, one where the slope is optifioizthis
particular device, and one with a fixed slope for all devices measuredeowdifer.

channel grid, defined in the design phase of the componettiidmay the largest
deviation goes up t0.4nm. At this point one can distinguish two issues. First,
the optimum channel spacing from this device is not the desigpne and second,
the maximum deviation)(4 nm) is exceeding th8 dB BW of our first-order ring
resonator. We repeat this analysis for all first-order regpnators on a full wafer
studying the CS on waferscale.

Channel spacing deviation In Fig.5.8(@), the device-optimized channel spacing
is plotted in function of its position on the wafer. The figgt®ws that the channel
spacing is not following any clear wafer trend. This indésathat the variation of
the channel spacing¢ = 0.36 nm or 14 %) is rather caused by local (or device-
level) fabrication variations. If one plots a device-cohgtogram, one can see
that the mean channel spacin@is§4 nm, or 0.14 nm off from our design value of
2.4nm. We believe that this deviation can partly be compensatettbign, e.g. a
better calibration of the group and effective refractivéar used in the calculation
of the incremental circumference of the ring resonators éspiatiorb.1).
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Figure 5.8: Channel spacing investigation. (a) CS in function of its positiothe wafer
(b) device-count histogram a mean valuedf4 nm, which is a bit off the designed value
of 2.4nm.

o 30 min 1% 10% | 90% | 99% | max
CS2.4nm 0.29] 0.86| -09 | -0.69| -0.36| 0.36 | 0.63| 0.84
CS2.54nm | 0.26| 0.7 | -0.95| -052| -0.31| 0.3 | 0.56| 0.7
Opt. CS 0.19| 0.58| -0.85| -0.44 | -0.25| 0.24| 0.5 | 0.63

Table 5.3: The true deviations of a desired spectral position relative to S1iex@umbers

Deviations from the channel spacing In this paragraph we investigate the devi-
ations away from the as-designed and device-optimizedneiiapacing. All the
resonances of th&42 measured 4-channel demultiplexers using first-order ring
resonators are considerefb§ resonances in total). Their true deviation away
from their desired spectral position (calculated for bdthrmel spacing analyses)
is plotted in Figs.9(a), where each deviation from a certain resonance is plate

a little dot. The distribution of these deviations follow&aussian profile and the
various percentiles are illustrated in the figure using ajplox representation on
top of the distribution plot. These percentile values ad agthes and3c values
are listed in Tath.3. To complete the investigation, we also add the statistiakl
ues of the true deviations when using the wafer-optimizeebfishannel spacing.
Based on Figh.8, this CS is2.54 nm. This distribution compensates for the small
design offset, discussed in the previous section, and sdiving a true represen-
tation of how well one can design four ring resonators on tgespectral position
for a given technology (i.e. mask and lithography). Everhwit improved design
one cannot improve these numbers. The maximum deviatios @o¢00.95 nm
away from the relative desired spectral position but in gainene can expect de-
viations up t00.7nm (30). Based on th8c value, an improvement with respect
to the relative deviations away from the as-designed £&n(m) of 0.16 nm is
found.
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Figure 5.10: (a) A wafer mapping of thevalue of the deviation away from the fixed
as-designed CS in function of its wafer position.

By wrapping the 4 residuals from a certain fitting (as showrkig.5.7(c))
in a single number by taking the standard deviatioly (ve can subdivide each
device based on the standard deviation of the relative tleng@ This is plot in
Fig.5.10a) by using a wafer map, where once again no clear wafer tsamaticed
(e.g. larger deviations at the side of the wafer) for thealue of the deviations
away from the fixed as-designed CS. In Bid(b), two device-count histograms
for this standard deviation of the resonance deviatiorgutated with both fitting
analyses, are plotted. As expected the device-optimizedi@s smaller devi-
ations with a wafer-mean value 6f17 nm, compared to th€.26 nm calculated
with the more realistic method of a fixed as-designed CS.
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5.4.5 Conclusion

This section investigated the manufacturability of a 4rected demultiplexer using
first and second-order ring resonators. We found that thetisgpeshape of both
resonator designs is very well translated on a fabricatetceeesulting in tight
specifications of the measured channel responses on veafdr-IBy investigat-
ing the relative spectral position with respect to the @skiposition, we found
that wafer-mean channel spacing was a bit off with respethaodesigned one
(2.54nm with respect to designezi4 nm). We quantified these deviations using
three different channel spacings, i.e. the fixed as-dedigt®, the fixed wafer-
mean CS and the device-optimized CS. Using these techniggiesuld differen-
tiate between different effects. The resultihgvalues are respectively quantified
as0.86, 0.7 and0.56 nm.

Let us assume that the demultiplexer is further optimizetithe wafer-mean
CSis2.4nm. Then99.7% of the resonances has a channel spacing deviation of
< 0.7nm. In a worst case scenario, when two adjacent channels havepmsite
deviation (towards each other) @f7 nm, there is stilll nm left between the reso-
nances. However, one can expect a huge degradation in IL @rgin¢e the two
channels are largely overlapping. Note that this is a velikely case. Using a
denser channel spacing 260 GHz (1.6 nm) the minimum channel spacing with
this channel spacing variation is reduced to ofnm and large degradations
become much more likely. A channel spacidg200 GHz using this technology
are therefore considered too aggressive, especially wieiC8 is not yet opti-
mized. In the following we investigate further how robust 800 GHz-spaced
WDM filter designs are against these CS deviations.

5.5 Collective tuning

As discussed earlier, the deviation of the absolute pasdfdhe filter bank (quan-
tified to be larger than one FSR in Figb) needs to be corrected, either by a tem-
perature controlled (TEC) submount or by using a more effeain-chip inte-
grated heater that only heats the filter area. In the case oharhip heater, typ-
ically individual heaters are used to control the individegsonancesl[g], which
makes the actual control of this filter complex. In this sa@ttiwe investigate
the feasibility of using a collective integrated heaterhtermmally control a four-
channel demultiplexer with a channel spacing@ GHz. The efficiency and the
wafer-level uniformity of this collective heater is chaterized in sectiorb.5.2
However, as discussed earlier, the collective integraéaden cannot compensate
for the relative deviation of the channel’s center wavetbngith respect to the
adjacent channels within a device. Any channel spacingtian will have direct
consequences on the performance of the receiver when lacketixed channel
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Figure 5.11: A robust 4-channel WDM demultiplexing filter based on ctillely tuned

silicon ring resonators with (a) design schematic (Sipp08), (b) micqsgacture of the

filter and heater, (¢) zoom on the design of 1 ring resonator and p-disjiieon resistor
and (d) cross-section of the ring waveguide and heater structure.

grid of 300 GHz or 2.4 nm. A profound comparison is made between the robust-
ness of a WDM filter using a first-order and second-order rirsgpmator design.
The consequences on the IL and XT of the receiver's worstradlaare discussed

in section5.5.3 defining the robustness of our design against fabricattated
non-uniformities on device scale. The following resultgeveublished in Journal

of Lightwave Technology41].

5.5.1 Fabrication

The heaters were implemented as highly p-type dopedp-wide silicon resis-
tors, located afi.2 um away from the inner edge of the ring waveguides. Lo-
cal silicide and a CMOS-like tungsten/copper back-end aex o contact the
heaters. A design schematic and microscope picture of carenet of a 4-channel
WDM filter using second-order ring resonators with a collectieater is given in
Fig.5.11

5.5.2 Thermal tuning

A large thermal tuning range and low corresponding energyg@amption are im-
portant for the realization of a tunable WDM receiver. In diddi, a collective
heater should distribute the heat uniformly over all thencteds. These metrics
are calculated by tracking the resonance red-shifts wigf@yang a voltage to
the heater. This is shown in Figl2a) and (b) where this red-shift for differ-
ent applied heater powers is plotted for designs using otispdy first-order and
second-order ring resonators. For the sake of clarity dréyfitst channel is plot-
ted but the denoted power consumption and heater efficiesncgiculated for the
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Figure 5.12: Thermal tuning of the spectral response of one cHafree4-channel WDM
filter using (a) first-order and (b) second-order ring resonatorsnifig efficiencies
indicated in the figure are for the whole filter bank.

whole filter bank.

Tuning efficiency The collective tuning efficiency i8.0374 nm/mW for the
design with first-order ring resonators whict8is% more efficient then when im-
plemented with second-order ring resonatéx9373 nm/mW). This difference
is explained by the larger heated area in the latter casegB.[E3the relative shift
expressed in function of power consumption is plotted fbfoair channels. From
this figure it can be seen that each channel has an equal etfjcgad thus a very
good local heater uniformity is achieved. Efficiency measugnts were taken on a
full wafer. The mean shift of all 4 channels is used to plotwad® count histogram
for the power consumption needed for a full FSR shift in B4 From this plot

it is clear that there is also a very good uniformity on waésel perceived, indi-
cating a well defined resistor using highly p-doped silicoipsiext to the optical
waveguide (see Fif.3). Wafer-mean heater efficiency is for WDM filter design
using first-order ring resonators (1RRP28 nm/mW and for second-order ring
resonators (2RR).038 nm/mW, both with a very small spread, indicating a well
defined resistor used as the heater. Based on the wafer-ragasyvit takes on
average96 mW for 1RR andi07 mW for 2RR to tune the 4-channel WDM filter
over a full FSR (calculated for each device separately buavamagel 1.35 nm).
For one channel this correspondsitomW /FSR for the filter design using 1RR
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5-20 DWDM RECEIVERS

— (a)l 0 Fixed CS = 2.4nm (b) Device optimized CS
2 d - 1.0

g -
5 g 05 0.5

g &

g g 9 ~: : 00 :
=] Q

g & 0.5 -0.5] v v
=B \ oV 10vV] v LY

2 -1.04 ~ |30 086 081 - 1.0/ [ 30 ose osz] -
a ov 10V ov 10V

Figure 5.15: The channel spacing deviation is measured and comaréwo heater
voltages ¥ = 0V andV = 10 V) showing no degradation in channel spacing error.

and101 mW /FSR using 2RR. These values are comparable with other reported
values, e.g.89mW/FSR in [17]. As demonstrated in22], these efficiencies
can drastically be improved using a top-side silicon ungieetching technique,
resulting in 8.4 mW /FSR.

Local heater uniformity  The local heater uniformity, or in other words the abil-
ity of a heater to distribute the heat uniformly over all tiagnels, is investigated
based on the channel spacing deviation. If the collectiagdrevould not be uni-
form, the channel spacing deviation could become worsé, avitegraded perfor-
mance of the collectively tuned demultiplexer as a direaseguence. Therefore,
we take the channel spacing deviation as a figure of meritviestigate the local
heater uniformity.

In Fig.5.15 a comparison is made between the channel spacing devizion
tween an unheated devic¥ (= 0V) and a heated devicé/(= 10V). The
wavelength shift between the heated and the unheated rstates is more than
a full FSR (which can be seen from Fagl2b)). All the resonances of thiei2
measured four-channel WDM filter using first-order ring regors are consid-
ered 668 resonances in total). Their true deviation from the chaspeking is
plotted (fixed as designed and device-optimized CS as eqaan Fig5.7). On
top of these deviations, a boxplot is used to visualize t&idution of the data
better. By investigating the deviation change away fronfitted-as-designed CS
(Fig.5.15a)), one can see that the deviations became slightly sm@hefrom
0.86 nm to 0.81 nm), indicating that the channel spacing of the heated WDM filter
became closer to the desired one (i.e. as designed). Indestit of the wafer-
mean channel spacing is detected, moving ftobd nm to 2.5 nm. To eliminate
the effect of a changed channel spacing, we also investigateviations from the
device-optimized CS, shown in Fig15b). One can see from this figure that these
deviations became slightly larger. This trend can now gdfeldevoted to the non-
uniformity of the heateryo from 0.58 nm to 0.62nm). However these changes
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Figure 5.16: Numerically shifted responses of all channel resorgrezech shifted with a
multiple of the designed channel spacing on top of each other for (a) &RiR¢) 2RRs.
In this way one easily detects deviations of the designed channel spBeised on this
curve the optimum position of the receiver grid is easily derived based anakenum of
the moving minimum of all four channels (dashed line).

are very small and we can conclude that the employed inegjadllective heater
has an excellent local heater uniformity.

5.5.3 IL and XT performance using collective tuning

To test how tolerant both receivers are to lock into a fixedhaleagrid of300 GHz
or2.4nm, we numerically shift the measured responses of all 4 cHaesenances
with an appropriate multiple of the designed channel sgaemtop of each other.
This way, the impact of device-scale variations of the nedatesonance frequen-
cies away from their ideal spectral position are easilyatetk The resultis plotted
in Fig.5.16a) and (b), respectively for a 1RR and 2RR design. It can e gt
for a 1RR design, the channel spacing deviation can be mugérlthan thel dB
BW. For a 2RR design, a better result regarding filter oveiddpund due to their
broader resonance shape.

Next, the collective tuning of the resonances of the ringpmesors is emu-
lated by choosing the best position of the receiver grid isadetermined by the
minimization of the IL of the worst channel. This procedwseaiso illustrated in
Fig.5.16 where the dashed line is the moving minimum response of atl doop
channels. The maximum of this curve overlaps by definitiotihwhie minimum
IL of the worst channel, which is determining the overallfpemance of the re-
ceiver. The resulting IL and XT of all the channels can thercaleulated and
is denoted in Fich.17, where also the laser grid with30 GHz grid spacing is
plotted as a dashed arrow. In this example, both receivexsreh 1 and 2 have
the largest IL and are thus the channels that are limitingo#réormance of the
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Figure 5.17: The typical normalized spectral response of a 4-ceBWDM filter
implemented with (a) 1RRs and (b) 2RRs. The channel responsedlactieely tuned to
an optimum position where the insertion loss (IL) of the worst channel ismizied. The

resulting IL and crosstalk (XT) per channel when collectively tuned grdated with four
300 GHz-spaced lasers (dashed arrows) is denoted in the figure as well.

receiver. We compare both receivers (using first and seocouel-ring resonators)
based on their worst channel. This results in an IL6f7 dB and XT of—12.6 dB
using first-order ring resonators, which makes the desigmgusecond-order ring
resonators superior against device-scale resonancdioasiavith an IL of only
—1.47dB and XT of —17.3dB. To validate our findings, we measured the same
two designs on all46 dies of a200 mm-wafer and compared both receivers on
their degraded IL and XT when collectively locked on a fixeselagrid with a
300 GHz spacing. In Fig.18 a histogram of the IL and XT is shown for the
worst channel of each design, together with the meait, and90*" percentiles.
From this figure it is clear that by using second-order ringprators superior
characteristics regarding IL and XT are perceived. Thisosanly true for the
average value but also the spread of these metti@'$ @nd 90" percentiles) is
smaller. This superior performance can be devoted to théoftefilter behavior of

a second-order ring resonator design. As shown in the iabkts of Figs.18 the
wafer-mean value of the IL is-6.09 dB using first-order ring resonators, which
is 4.7dB larger than the design using second-order ring resonawdich has
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given as well.

a wafer-mean IL of only-1.39dB. Also for XT we found an improvement of

4.7 dB using second-order ring resonators (wafer-mean x¥18.2 dB) with re-
spect to the poor wafer-mean XT ef13.5 dB using first-order ring resonators.

5.5.4 Discussion on power consumption heater

To gain insight in how much power one needs to lock a receikidrtg an incom-
ing laser grid, we can use the knowledge of the previous@euthere the actual

position of the filter bank around a certain wavelength isarnily distributed.

Independent of the actual operation temperature, one gagcein a worst case

scenario the need to tune the receiver filter grid up to a f8IRRo lock it to

an incoming laser grid. If each channel of the receiver walhdile a bit rate of
20 Gb/s (following the reasoning ofZ3)]), this would mean a worst-case power

consumption oB.7 pJ /bit using first-order ring resonators an@.a7 pJ/bit us-

ing second-order ring resonators . Note that this is a wezase scenario, on aver-
age one device will consume half of this power (correspagttironly half a FSR
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as the average tuning shift). This is far from the 2015 enéagyet for tunable
WDM filters of 30 £J /bit [23] or reported values of5 £J/bit [24] using under-

etched waveguides and flexible wavelength registrationh Wie latter technique,
one only has to shift the receiver comb over maximum one claspacing in-

stead of a full FSR. In that case the FSR should be exacily a A\. This and

several other ideas to drastically improve the power comsiom are discussed
extensively in the following chapte6(3) on pages-5.

5.5.5 Conclusion

In this section we have demonstrated a robust 4-channel WDMiliiplexing fil-
ter using collective tuning. The flat-top response of seemmtgr multi-ring filters
is exploited to overcome the wafer- and device-scale itegd@ies on channel spac-
ing and channel bandwidth arising from fabrication nonfarmaity. The improved
filter response enables a thermal control mechanism basedlleative tuning to
track the wavelengths of a WDM laser source on a specified ehanid. After
collective tuning with integrated heaters, the 4-chanaebad-order filter exhibits
a worst-channel insertion loss of1.39 dB and a crosstalk of-18.2 dB (wafer-
level average), an improvement 47 dB on both metrics over first-order filters.
The required power consumption of such a collectively tufvethannel WDM fil-
ter using with 2RRs can reach up466 mW /FSR (wafer-level average) to tune
over a full FSR. This relatively low efficiency is expectednorease by an order
of magnitude, when proven techniques on removing of thetsatlhsare applied
(e.g. R2)). Some initial results on applying the technique to thdsectures can
be found in sectiorb.3.4in the following chapter. This reduced complexity for
thermal control will likely reduce the power and footprimeshead of the required
CMOS control circuits, which will be beneficial when scalitogghigher channel
counts.

5.6 Simple thermal control

The optimization of the receiver based on the minimizatibthe worst-channels
IL should be implemented on chip such that no manual contrakeded for the
heaters controlling the absolute wavelengths of the filtatkb Furthermore this
optimization should be dynamic, since ambient and on-ahifpieratures can vary
in time.

5.6.1 Tuning strategy

Although easy to visualize, this optimization scheme waeduire tapping off
some power of the dropped channels and process theigmals from au-channel
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Figure 5.19: Normalized response of the with a multiple of the channeispahifted
resonances for a 4-channel WDM filter filter employed with secondrainig resonators.

WDM filter simultaneously. This will not only require twice asuch photodiodes,
and thus space, but also some computing power. A much easieslegant opti-
mization method is based on the WDM filters single through pstead of the 4
drop ports and would thus only need one extra photodiode phb&diode termi-
nating the optical through port will detect the sum of thepaf the 4 input signals
which were not dropped by the preceding cascaded filters.lgorithm can then
locate a minimum of this signal in function of heater drivisignal, which will
corresponds with a receiver grid position where the maxinpomer of all input
signals were dropped. In the following we will compare tha@method based
on the information of the 4 drop ports with the estimationdaben the through
port. The four-channel WDM filter using second-order ringorestors presented
in previous sectio®.3is used as our device under test.

5.6.2 The estimated optimum position

In the following we investigate whether the estimated optimposition based
on the minimum of the through port matches with the exactnopitn position
extracted based on the multiple signals coming from the ghas. Therefore,
we transform once more the frequency response o5Higby shifting all channel
resonances with a multiple of the designed channel spacirtigmof each other.
We do this also for the corresponding through port respon$és is shown in
Fig.5.19for a four-channel WDM filter using second-order rings. Thmaf the
input signals detected at the through port (black line in3=if), resembles the
incoming signal to our (hypothetical) control circuit. Frd=ig5.19 one can see
that there is only one absolute minimum over a full FSR, whghlose to the
optimum position of the resonances. Besides the absolutermim, there are
several local minima in between the two absolute minimas€hh be understood
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Figure 5.20: Zoom on the resonances, also plotted inF=kfy showing the good
estimation of the receivers best spectral position based on the through po

by the fact that the FSR is designed to(ee+ 1) x C'S for an n-channel WDM
filter with CS the channel spacing. In this way it is possildeshsure that each
channelis correctly directed (e.g. incoming channel lodé@ to outgoing channel
1), which would not be possible if the FSR1sx §A. In the latter case there
will be a n times an absolute minimum and then the decisiocuiticould not
distinguish between the different positions. At the othandh this strategy can
then still be used when flexible wavelength registration loarafforded 24]. If
the resonance deviations with respect to the CS is too lardecal minimum
could become an absolute minimum but then only 3 out of 4 cblarare locked
properly. As a consequence, one of the channels of the erdsinot detecting
anything, and the other channels are directed wrongly (@gpming channel 1
directed to outgoing channel 2). In F5g20 a zoom in of Figh.19is plotted. We
represent the incoming 4-chanm@l0 GHz spaced input with one arrow (overlap
of the four equally spaced input wavelengths). The optimasitipn according
to the minimum of the through channel method is denoted wgbl@ arrow and
according to maximum of the moving minimum of the four dropichel responses
with a dashed arrow. The yellow and green dot are repreggtiténcorresponding
WDM filter's worst channel IL. Even though the device-levedaaance deviation
is relatively large for channel 2 (green), the optimum posibf the receivers grid
is nicely determined by the sum at the through port. The reémtthis robustness
is the fact that the stop band of the through port is relatibebad. Using a first-
order ring resonator would result in a very narrow stop-hal the proposed
strategy would initially fail due to the large device-levesonance deviations.
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XT [dB] IL [dB]
grid position | mean| worst || mean| worst
estimated -18.1 | -7.7 -16 | -6.7
exact -18.3 | -13.5 | -1.3 -5.5
A -0.02 | -7.2 -0.3 | -1.2

Table 5.4: Worst channels performance quantified in a wafer-meanvarfet-worst values
when collectively tuned to the incoming grid based on estimated and exaadneth

5.6.3 Comparison between the exact and estimated position

The degradation between the two methods is clear by congpreénworst chan-
nels IL for respectively the through channel estimationmdtand the exact method
based on the drop channels by comparing the green and yediowding second-
order ring resonators, the degradation is only small (is tlaise only.5 dB). We
verify our findings with wafer-scale measurements.

For only 6 of the total 142 measured four-channel WDM filteliags second-
order ring resonators, the estimation method failed. This loe explained due
to the flat-bottom characteristic of the pass band. For thewing investigation
we discard the 6 wrongly optimized devices of that data ske gerformance of
the remaining devices are shown in Eal, listing the worst channels IL and XT
based on the introduced estimation method or the exact mheffrom this table,
one can find that the mean receivers degradation when timeagdsti method with
respect to the exact method is very small. However, one cdrtfat the worst XT
of all devices on the wafer has been increased WitB and the worst IL decreased
with 1.2 dB. Over all we can safely state that the estimation methoddbasehe
through port could be used as an elegant alternative to et exethod.

5.6.4 Implementation

In the following we discuss briefly a possible implementatdthis feedback con-
trol loop. First, the component is initiated during a cadifion phase. In this phase
the power of the heater control signal is increased lingarguch a way that the
filter bank is shifted for a full FSR. Using an analog to dig@anvertor the signal
detected at the through port of the component is sampledtaretisin an on-chip
logic. An electronic circuit finds the minimum of this curvedithe corresponding
power and applies this power then to the heater. After tHibredion phase the
ambient temperature can change in time and the controlicoperates then in a
tracking phase. In this phase, the control port is slowly@aoh(for a low power
consumption) and its value is compared to the minimum valred before. If the
power difference exceeds a certain threshold, the ciremtperform a short opti-
mization phase where the applied power is changed only oseradl range, e.g.
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one channel spacing, to detect the local minimum. The timt&tbakes to perform
the heater sweep is limited by the heater time constant ofitigeresonator con-
figuration. This time constant is highly depending on thetihgainsulation and
hence the heater efficiency. The better the efficiency theesithe heater time
constant. This time constant has been measured using a Kéadider interfer-
ometer by colleague Masood i8] and varies between 20-2Q6 depending on
the heater efficiency.

5.6.5 Conclusion

We have demonstrated the working principles of an simplarihécontrol strat-
egy. The minimum response of the through port is used as anat&in for the
optimum receiver’s position. This strategy would only requ single photodiode
terminating the single through port of the cascaded resemiaind could offer an
alternative to the more complex optimization that analythesresponse of each
channel separately. A drastic simplified decision circdaibwnly one input signal
could then drive the collective heater. This strategy findssuccess in the ro-
bustness of the second-order ring resonators due to dievieenon-uniformities.
Only a small degradation is found in the WDM filter performabgeising the pro-
posed estimation method with respect to the more exact metbed in previous
section.

5.7 Polarization-insensitive 5-channel 20 Gb/s DWDM
Ge receiver

In this section we extend the results of previous sectionssinyg a 2-dimensional
grating coupler (2D GC)40] to decouple the two orthogonal polarization states
of a single mode fiber on chip. Each polarization state hasaitsfilter bank. In
other words, each WDM channel consists out of two separagefitters. Each
decoupled channel is terminated with a single germaniun) (@gh-speed lat-
eral PIN photodiode. The following results were submitteddFC 2014. A
schematic of the presented polarization-diversified DWDMr&miver design is
shown Fig5.21 The amount of channels is slightly increased to five whiclegi
the system designer the freedom to use this channel as sepkek signal or as
an extra channel transmit information.

5.7.1 Design

The designed filter array consists of two parallel identiahs with each five
cascaded second-order (racetrack) ring resonators aha@spacing 0800 GHz
or 2.34nm. The ring radius isl um and the coupling length.8 um resulting in
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Figure 5.21: Schematic of a polarization-diversified DWDM receiver with ascaded
second-order ring resonators, p++ doped Si heaters and Ge PDs.

a FSR ofl4 nm. The channel spacing is achieved by a small increase in icaupl
length of55 nm between two adjacent filters (circumference increasel 0him).
The bus-to-ring power coupling 18.34 and ring-to-ring power 0f).055 which
corresponds with a bus-to-ring gap Bf8 nm and a ring-to-ring gap o293 nm.
The wavelength dependency of the coupling is taking intmat by adjusting
the gap for each channel. The design is made ém@a grid, an improvement
compared to previous sectioris4and5.5) where a mask resolution 6fnm was
used. The resulting crosstalk between the different cHarisedesigned to be
—20dB. The details of the Si p++ doped heaters used can be foundcitioSe
5.5.1 Total device footprint id.7 mm x 0.28 mm but can easily be decreased to
1.1mm x 0.28 mm when the detector pad pitch is decreased(tpm instead of
100 um as used now. Scaling this component to 10 channels woultt nesutotal
component size: 40 times smaller than reported iff] for an arrayed waveguide
grating based filter. Each channel is terminated with a dtetN germanium
photodiode with an intrinsic width df.75 ym and a length o5 gm.

5.7.2 Opto-electronic performance

The presented receiver is characterized using two orttedguolarization states.
The external fiber-referenced channel responsivity foh&hannel using a wave-
length resolution 06.1 nm is shown in Figs.22a). The performance metrics are
listed in Tabb.5. The input 2D grating coupler has an insertion loss (I1L§ .6fdB.
The germanium photodiodes have a very low dark current afrat6 nA at2 Vv
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Figure 5.22: The fiber-referenced responsivity spectrum of theladctded 5-channel
WDM Ge receiver for both polarizations (solid/dashed lines). Details wafer:
P123298-D05

Responsivity 0.1A/W
1dB BW 1.2nm
XT [dB] < —15dB
IL 2D GC 6.5dB
IL filter 1.2dB
PD responsivity| 0.61 A/W
Dark current < 8nA

Table 5.5: OE specifications of a as-fabricated 5-channel WDM Geverce
Specifications are valid for both polarization states. Details wafer: P123298-
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Figure 5.23: The center wavelength of the channels of polarization stafasction of
their channel number (a) and the overlaid channel responses foripateon state 1 (b)
and polarization state 2 (c). Details wafer: P130315 D08

reverse bias and a responsivity @61 A/W resulting in a reference responsiv-
ity of 0.14 A/W (Fig.5.22). The IL of the ring resonator filters is about dB,
bringing the overall fiber-referenced responsivityOté A/W. The polarization
dependence of the IL is very smaft (0.5 dB) and the maximum crosstalk (XT)
between the 5 channels-sl5 dB (between channel 3 and 4).

5.7.3 Channel spacing analysis

To enable collective tuning, a uniform channel spacing essary as explained
in 5.4.4 Having a separate demultiplexer arm for each polarizatiate increases
the need on a well controlled channel spacing, especialtjesite level. We have
investigated this on a different device (but same desigan ghown in Figh.22

A channel spacing (CS) analysis is performed on a OE denteugp for two po-
larization states, illustrated in F|§23a), where the center wavelengths of the
adjacent channels are plotted in function of their chanoehlver. Fitting these
absolute wavelengths for each polarization state leartisatshe CS of polariza-
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tion state 1 i22.38 nm whereas the CS of polarization state 2 is lar@et{nm),
which is a rather large difference for two demultiplexerpasatedl 00 um away
from each other. To visualize this effect, we overlay the @sponses of a all chan-
nels according to the designgdd GHz channel spacing (&.34 nm), as shown in
Fig.5.23Db) for polarization state 1 and (c) for polarization statéi@leed, one can
notice a walk-off of the center wavelength for polarizatiate 2, due to the larger
as designed CS. One should notice at this point that the aptiposition of the
wavelength comb, defined by e.g. the minimization of the Ithefworst channel,
is different for both polarization states. A polarizatidrange would thus require a
new optimization using the collective heater. Howeverdtwadl dB BW 1.2 nm

of the individual channel responses can readily cope withléiige channel spac-
ing walk-off and no degradation of IL is found. With 5-chah8e0 GHz spaced
input signal, this receiver exhibits a worst channel penfance of—1.96 dB in-
sertion loss (with respect to the reference waveguide) dtarjzation state 1 and
—2.22 dB for polarization state 2. In these conditions the worst dleécrosstalk
is —15.3dB and—16.8 dB for respectively polarization state 1 and 2.

5.7.4 High-speed performance

The bandwidth of the photodiodes is characterized usbi(@Hz Lightwave Net-
work Analyzer. The normalized transmission s21-pararsdterall five channels

are shown in Fic.24 demonstrating 8 dB BW ranging betweer20 GHz and

26 GHz at2 V reverse bias. At smaller bias voltages the BW is measiBédsHz
at0.5V and18.5 GHz at1V reverse bias. The same photodiode is also character-
ized using a pseudo-random bit sequence with a leng2h ofl at20 Gb/s at2 vV
reverse bias. No electrical amplification is used to visgathe received signal

on an oscilloscope and therefore a rather large opticaltippwer of11.5 dBm

is used. In Figh.24 the resulting eye diagram is showing a clearly open eye at
20 Gb/s.

This measurement has been repeated in a later stage ofgathigBrmanuscript
using a better characterization equipment. Using the NB45Hz remote sam-
pling head from Agilent, we could improve the performancehs photodiodes
due to a lower noise level. In Fi§25 the electrical eye diagrams 20 Gb/s
(bias —2 V) are shown with a very uniform performance with a signahtise
ratio (SNR) of 7.0. This SNR resembles the Q-factor of thediggram and cor-
responds to BER of0~'2. The polarization, fiber position and fiber angle are
fixed for all channels. Note that an uniform channel spacihg.énm is used
with a uniform resulting eye amplitude variation betwees 10.7mV. Also in
this figure, one can find the optical input using a PRBS sigriidl length2'> — 1.
Input power isl3 dBm.
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Figure 5.24: Open-eye diagram 20 Gb/s, PRBS lengt” — 1 at —2'V bias. Input
power11.5 dBm.

Channel 1: 1541nm 10.5mV  Channel 2: 1543.4nm 9.7mV  Channel 3: 1545.8nm 10.7mV

Channel 4:1548.2nm 9.3mV Channel 5: 1550.6nm 8mV  Input (PRBS 2'*-1) - 13dBm
Figure 5.25: Uniform eye diagrams of 5 channel Ge receiver with sigmaleise ratio

(SNR) of 7.0. The eye amplitude is varying betw&en10.7 mV. A uniform channel
spacing of2.4 nm is used.
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Figure 5.26: Optical (OO) test structure used for wafer-scale manufability test.

Specification | Mean| P10 | P90
1dBBW [nm] | 1.17 | 1.16 | 1.2

3dBBW [nm] | 1.59 | 1.56 | 1.62
XTatCS[dB] | -18.8 | -19.2 | -18.3
IL [dB] -1.12 | -1.5 | -0.73
A1 [nm] 1529 | 1525 | 1532

Table 5.6: Wafer scale mean values of the channel responses of aesb€ructure.

5.7.5 Design for manufacturability

Wafer-scale measurements were performed on a purely bfg#tastructure con-
taining the same filter array but having two separate onesdgional input grating
couplers for TE polarization only and no Ge-detectors, agvehn Fig5.26

In Tab5.6, the mean value and percentiles of the main characterdtibe in-
dividual channel responses are listed for 72 devices slgpweny uniform wafer-
scale performance. The 1-dB and 3-dB bandwidth (BW) is tjgbtinfined be-
tweenl.17nm and1.59 nm. The mean crosstalk and insertion loss of a channel
response is respectivelyl8.8 dB and1.2 dB.

The wafer-scale channel spacing analysis (CS) is perfofordabth polariza-
tion states separately such as illustrated for a single-elgtctronic (OE) device in
Fig.5.23 The variation of the optimum channel spacing is plottedign327 for
both polarization states. Remarkable is the differencevéet both polarization
states which corresponds with earlier findings on the chapazing analysis on
the OE device. Polarization state 1 (resembling with thesujppm of the OO test
structure) has a mean CS value which is slightly smaller tr@arization state 2
(2.31 nm versu2.33 nm). Note that these CS values correspond much better with
the designed CS value @f34 nm with respect to earlier designs (e.g. Bigon
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Figure 5.27: A wafer-scale CS analysis on the OO test structure, for bu#vipations.
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Figure 5.28: (a) The central wavelength the first channgl)(relative to its position on the
wafer and (b) the relative wavelength shift of the 5 channels in function diealpower
to the collective heater.

page5-14). Also the3 o spread is smaller for polarization statel2(l nm versus
0.23 nm). With respect to the earlier generation of demultipleXsiisgle polariza-
tion 4-channeB00 GHz CS) the3 ¢ variation 0f0.36 nm is significantly reduced
(see Figh.80n pages-14).

Collective tuning will be used to overcome wafer-scale vgavge non-uniformity
which causes the receiving comb to shift in center wavelenghis detrimental
shift is characterized in Fi§.28a) where the center wavelength of channel 1 is
plotted in function of its position on the wafer. As listeddr6, 80% of the devices
is lying within 7 nm of the wafer mean value df29 nm showing a good within-
wafer waveguide uniformity. Especially when one compahese values with the
earlier generation of devices (quantified in Big.on pages-12), where a23 nm
wavelength variation was shown. This good uniformity losvére maximum re-
quired tuning range and thus the power consumption.
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Specification | Mean | Min P10 | P90 | Max
XTPol.1[dB] | -16.9 | -20.1 | -19.1| -14.3| -12.8
XTPol.2[dB] | -16.7 | -20.1 | -19.1| -14.6 | -11.9
IL Pol. 1 [dB] -1.87 | -6.51 | -2.37 | -1.14 | -0.95
ILPol.2[dB] | -1.73 | -3.8 | -2.22| -1.11 | -0.92

Table 5.7: Wafer-scale OO performance of XT and IL for both polarizegtates (Pol.
1/2) of 5-channel demultiplexer with a 300GHz CS.

5.7.6 Thermal tuning

To characterize the integrated heaters used for colletttiiag, we use the optical
test structure, where an additional substrate removalvetspused to improve the
efficiency (discussed extensively in sect®3.4on page6-8). The relative shift
of the resonances of all five channels in function of applied/qr is shown in
Fig.5.28b), showing an efficiency dI5 pm/mW resulting in142 mW for a full
FSR (14 nm) tuning, calculated per channel. This efficiency is likatybe im-
proved by optimizing the heater design (e.g. distance lerveater and waveg-
uide), which will be covered as well in sectidh3.4 A tight uniformity over
all channels of the heater tunability is obtained, whichssemtial for collective
thermal control.

5.7.7 Worst channels insertion loss and crosstalk

From a system point of view one is more interested on the allesystem per-
formance crosstalk (XT) and insertion loss (IL). As befaxa, continuous wave
input of 5 equally spaced wavelengti39({ GHz) is assumed to be the input of our
system. The performance of the WDM filter is determined by itsst+rchannel
performance. The wafer-scale measurements (72 devices)used to calculated
the worst-channel XT and IL, listed for the mean, minimumr(mP10, P90 and
maximum (max) value in Tab.7. From this table, we can clearly state that this de-
multiplexer design is indeed polarization insensitiveableast that both polariza-
tion arms are performing equally good. The mean worst-cblaXim is —16.7 dB
and the90% of the devices has a worst-channel XT better thara.3 dB. The
maximum crosstalk of all the 72 devics-sl1.9dB. The mean worst-channels
IL is around1.8 dB, but only 10% of the devices have a worst-channels IL below
—2.22dB.

5.7.8 Conclusion

We demonstrated in this section a 5-channel DWDM Ge receifray avith a
highly responsive (fiber-referencédl A /W), polarization-insensitive and uni-
form channel response with crosstalk better tharb dB. The photodiode sig-
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nal bandwidth is larger tha20 GHz, having a20 Gb/s open-eye diagram &V
reverse bias while having a low dark current8afA. The integrated collective
heater shows uniform heating and an efficiency24f7 pm/mW. In addition a
high manufacturability and yield is demonstrated based afemscale measure-
ments, with mean worst-channels XT-ef6.7 dB and a mean worst-channels IL
of 1.8 dB.

5.8 Conclusion

In this chapter we addressed four challenges of WDM opticaicde based on
ring resonators: manufacturability, collective tuningmgle thermal control and
polarization insensitivity.

A 4-channeB00 GHz WDM filter using first- and second-order ring resonators
is showing very good manufacturability (sectibrf) resulting in tight specifica-
tions of the measured channel responses on wafer-levels imdicates a well
controlled fabrication. However, a comprehensive chaspating analysis shows
a 30 device-scale resonance variatior0df nm or 87.5 GHz as a technology lim-
itation. On component level this would require the use ofviddial heaters with
a complex control.

In section5.5we have demonstrated a robust 4-channel WDM filter using col-
lective tuning. The flat-top response of second-order ritigréi is exploited to
overcome the wafer- and device-scale irregularities ommllaspacing and chan-
nel bandwidth arising from fabrication non-uniformity. &lmproved filter re-
sponse enables a thermal control mechanism based on t@laming to track
the wavelengths of a WDM laser source on a specified chanral gifiter col-
lective tuning with integrated heaters, the 4-channelsg@arder filter exhibits a
worst-channel insertion loss 6f1.39 dB and a crosstalk of 18.2 dB (wafer-level
average).

To ease the optimization method of finding the IL-optimizpdcral position
of the WDM filter, we investigated in sectidh6 a simplified decision circuit us-
ing a single photodiode terminating the single through pbthe cascaded ring
resonators.

We ended this chapter in secti@7 with a promising demonstration of a
5-channel DWDM Ge receiver array with a highly responsiveefiteferenced
0.1 A/W), polarization-insensitive and uniform channel respongth crosstalk
better than—15 dB. With a uniform bandwidth o0 GHz, each channel could
handle a data rate @8 Gb/s. We showed an open eye-diagran2@tzb /s which
demonstrates 80 Gb/s aggregate bandwidth.

In the next chapter we will investigate the bandwidth sditsitof WDM com-
ponents in Si and several strategies to lower the power copison of the inte-
grated heaters.
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Si DWDM scaling

In this last chapter we describe several strategies to salgi ring-based DWDM
receiver towards a higher performance. The objective imfwaove the design and
fabrication technology for a lower power consumption arrgéa bandwidth re-
ceiver. These two aspects are vital to enable future Ethdiamed Ol bandwidths
of 400 Gb/s t0 1.6 Th /s.

We start in sectio.2 to explore on how an advanced CMOS fabrication can
improve the channel spacing variation and hence the pedgfiocerof the DWDM
receiver. Next in sectiof.3, we focus on lowering the power consumption needed
to tune the receiving DWDM grid to the incoming external laged. Several
strategies to improve the heater design are presented keasveelower-power con-
suming design variation of the polarization-diversifieandétiplexer. In section
6.4, we explore the bandwidth scalability of demultiplexershaa larger amount
of channels and/or a denser channel spacing. We end thisechapexploring
DWDM demultiplexers in the o-band (wavelengtil0 nm).

6.1 Device naming convention

We use the following convetion to name the different desigrassimple and short
way: RRi] F[j] M[K][l] , with i the order of the ring resonator filter usg¢dhe
FSR [nm],k the amount of channels amhdhe channel spacing [GHz]. Example:
RR4 F12 M8 100 is an eight-channel demultiplexer using atfearder ring res-
onator filter with a FSR of2 nm and a channel spacing 80 GHz. This device
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Figure 6.1: Microscope picture of RR4 F12 M8 100: an 8-chari®l GHz spaced

th

demultiplexer using""-order ring resonators.

with integrated collective heater and vertical p-i-n Ge tokd@des is shown in
Fig.6.1

6.2 Improved fabrication technology

Using an advanceg)0 mm CMOS platform, a better fabrication control and smaller

tolerances are expected due to the use of a new generatiabrafdtion tools. An
overview of this fabrication technology is given if]] Apart from a record-low
propagation loss di.5 dB/cm (submitted to OFC in7]), we expect that the local
waveguide variation will improve as well. The following diuhas been partly
published in P] but is extended in this section with a worst channels ingatibn
and a discussion on mask-related effects. In order to aadhg improvement
between two different wafers and technologies in a correatimer, we copied the
designs of one mask without any adjustments. Also the sans& grad of 5 nm
is used. In the following, wafer-scale measurements are tsseompare the per-
formance of RR1/2 F12 M4 300. In total we measured 141 dewvioe®200 mm
wafer and 69 devices on3®0 mm wafer.

6.2.1 Local waveguide variation

As discussed earlier, local- and wafer-scale fabricatianations will both influ-
ence the channel spacing (as the best fit between the adjasenainces) and the
resonance deviation away from this channel spacing. Eafdér\was an optimum
channel spacing, where the resonance deviations relatitiestfixed channel spac-
ing measured on all the dies are minimized. This is visudlineFig 6.2, where
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Figure 6.2: Standard deviatior8¢ value) of the deviations in function of channel spacing.

the 3 o value of all resonance deviations with respect to a fixed Gfoged for
both wafers using RR1 F12 M4 300. For 280 mm wafer (same data as used
in the channel spacing analy$s4.4 on pageb-12), the smallest deviations are
found by using a CS 02.54 nm/channel, which is indeed the wafer-mean CS.
The 3 o value of these deviations (87 nm. Repeating the same analysis on the
same device on 300 mm wafer, we find a minimund o value 0f0.395 nm for a
CS of2.5 nm/channel, which is a huge improvement af.%.

6.2.2 Worst channel’'s analysis

This improved variation is clearly visible in a worst chatsnanalysis of a four-
channel second-order demultiplexer (RR2 F12 M4 300). Uking300 GHz (or
2.4nm) channel spaced inputs, the demultiplexer is collectitatyed until the
insertion loss of the worst channel is minimized. The woresstalk (XT) of all
the channels is then calculated for all the dies on a wafeidated on &200 mm
and300 mm platform. A device-count histogram visualizing the impeavent in
the worst channels XT is shown in F&g3. Not only the spread is drastically im-
proved but also a general improvement in worst channels Xleexly visible. In
Tab6.1, this improvement is quantified in numbers. We found a meaaone-
ment of3.4 dB and the90*™" percentile 90 or 90% of all device are better than
this value) made a drastic improvementidf dB. In the same table, also the worst
channels insertion loss (IL) is listed. Also there a cleapriovement is present,
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Figure 6.3: Device count histogram of the worst channel’s XT of a RE2ZM4 300
fabricated on @00 mm and a300 mm platform.

XT atCS 2.4nm IL at CS 2.4nm
Platform | mean| P10 | P90 | mean| P10 | P90
300mm | -21.6 | -22.9| -20.1| -1.21 | -1.67 | -0.39
200mm | -18.2 | -20.6 | -15.5| -1.39 | -2.46 | -0.57
A 3.4 2.3 4.6 0.18 | 0.78 | 0.18

Table 6.1: Crosstalk of the worst channel of RR2 F12 M4 300.

especially in thel0*" percentile 10 or 10% of all devices are better than this
value) where an improvement 0f78 dB is noticed.

6.2.3 Mask-related effects

Having an exact copy of a mask design and this with the samé& gré (i.e.
5nm) for both platforms allows us to investigate mask-relatiéeiots on the chan-
nel spacing deviation and hopefully exclude the effect bfifaation. These mask-
related effects mainly counting for discretization errorghe definition of the
waveguide width. For the following investigation, we usefbar-channel de-
multiplexer using first-order ring resonatoRR1 F12 M4 30D To minimize the
effect of different fabrication conditions (e.g. the hdiglithe wafer, or the bias
of the etch dose), we use the wafer-optimized channel spdce 2.5 nm for the
300 mm wafer and2.54 nm for the 200 mm wafer). For each device, we collect
the channel number that has the largest deviation from tafemoptimized chan-
nel spacing and is visualized in a device-count histograRigré.4. In this figure,
we see that for both platforms the second channel is contlistbe channel with
the largest deviation. The similar behavior between thefakoication platforms
indicates that this effect is a mask-related effect. A gmeséxplanation could be
that theb nm grid size snaps the bends of the ring in such a way that thezese
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Figure 6.4: Device-count histogram of the channel numbers whigle lize largest
deviations relative to the wafer-optimized channel spacing.

of the ring is shifted. An investigation on a device usingran grid and a5 nm
grid could, preferably fabricated on the same platform,ficonthese findings.
One can safely assume that shifting froran grid to al nm grid will improve
the performance of demultiplexers fabricated ondb@mm platform even more.

6.2.4 Case study: 100GHz channel spacing on 300mm

Initial investigation of an 8-channel demultiplexer witmarrow channel spacing

of 100 GHz or 0.8 nm (deviceRR2 F12 M8 10pis showing an excellent result
when fabricated on 800 mm platform. A typical spectrum is shown in F&5for

both fabrication platforms. Although a wafer-level measuent can quantify the
general improvement between both fabrication methodsdeggathe fabrication

of this device, it is clear by comparing these two spectra ghaarrow channel
spacing ofl00 GHz can be successfully achieved using0® mm platform. The
FSR of 12nm is large enough to cascade a few more channels. In this way we
could extend this design without any problem to a 14-chamnfielGHz spaced
demultiplexer.

6.3 Improved power consumption

To improve the power consumption, five ideas are discussist We start with
an alternative architecture using a bidirectional WDM desighere each polar-
ization state is using the same channel filters. Second,tarsgtic method using
flexible wavelength registration originally presented 3hig discussed. Further
more we quantify the efficiency improvement coming from apiliaved waveg-
uide control using an advanc8d0 mm CMOS platform. Based on the first exper-
imental results of a local substrate removal step for rirspmators, several heater
design improvements are presented. At last, we discussetsibility of using
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Figure 6.5: An 8-channel demultiplexer withl@0 GHz channel spacing (RR2 F12 M8
100) fabricated on (a) 800 mm and (b) 200 mm platform.

larger-FSR ring resonators to reduce the power needed fertairc wavelength
shift introduced by waveguide variations. The filter pemfiance metrics of these
larger-FSR designs using a collectively tuned heater aediscussed.

6.3.1 Bidirectional WDM design

The polarization insensitive design used in this chapteacisieved by using a
two-dimensional grating coupler (2D GC) where each poddian state has its
own demultiplexer arm. In the bus waveguide the light is weidional and a
control PD at the end of both arms is capturing all the lightolithas not been
filtered by the channels. A schematic of this architectuwsisalized in Figs.6(a).
The drawback of this architecture is the fact that each odlaneeds two ring
resonator filters and thus that the heater power consumpgeded to tune this
device is doubled. A possible solution is shown in Bi§(b), where a bidirectional
architecture is presented. For both polarization statessame channel filter is
used. A control PD to optimize the receivers position (#di6), can not be used
anymore. However, a certain channel could be used as a tsygtem, visualized
in grey in Fig6.6(b). The exact spectral position of this channel is not intgoaras
long as there is no overlap between the control filter and therc&hannels. The
control circuit of the heater will then maximize the respoms this control PD,
which is terminating the control filter. The heater efficigrod this control filter
should be equal to the other channel filters to enable caletiining. Using this
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Figure 6.6: The unidirectional polarization insensitive design with a cor®DI(b) a
bidirectional design reducing the power consumption by a factor of twalléstration of
(a) a fixed and (b) a flexible wavelength registration.

architecture, the power consumption is reduced by a factiovan

To minimize the delay between the different polarizatioatess one should
minimize the distance between the first and last channelurAsgy a minimum
distance ob0 m between two channels, the maximum channel separation of a 5
channel demultiplexer is tH#0 ym. At a very fast bit rate 050 Gb/s, the delay
is then2 ps which is only a fraction of the bit length @0 ps.

6.3.2 Flexible wavelength registration

Using a fixed wavelength registration, the receivers chighmaust be aligned with
channel 1 of the transmitter, as visualized in Bi§(c). A consequence is that the
required wavelength shift of the heater can be up to a full BER full 27 phase
shift which leads to large power consumptions. To easilpgeze channel 1 of
the receiver, the FSR is chosen to(3¢ +1) x C'S with M the amount of channels.
Using a control photodiode (PD) at the end of the bus waveg(ad illustrated in
Fig.6.6(a)) we can find the optimum position of the receivers comixpta@ed in
section5.6. Using a flexible wavelength registration, the maximum igniange

is reduced to only one channel spacing (CS) as illustrat&digi$.6(d). This idea
was initially proposed inJ]. The registration must be done at system start up,
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and can eventually be performed on software level deperatirthe exact system
(and may thus not be applicable). It is then required to aeig FSR exactly to
be M x CS with M the amount of channels, which requires a good extraction of
the group index. The power reduction is inversely propodldo the amount of
channels and can therefore be greatly improved.

6.3.3 Improved waveguide control

Especially the wafer-scale waveguide variations can cthesélter comb to shift
easily more tha0 nm, as shown in Fidh.6. The exact reason for this large varia-
tion is still under investigation. However, an improvéd variation of9 — 10 nm
using a200 mm fabrication technology anfl o value of 6.1 nm in [2] using a
300 mm platform has been shown. The latter proposes the widthti@mi¢o be
the main cause of the wavelength variation. 4f one argues that the primary
driver of resonant frequency variation is the silicon timeks to explain resonance
variations ofl THz (or 8 nm) using microdisks fabricated on a 6-inch SOI wafer
(height0.35 pm). A smaller variation lowers the maximum range to tune tise+e
nances, at least when a fixed wavelength registration syistesed (see previous
paragraph). More research on the exact cause of this waleegariations and
more measurements on different wafers can quantify fuithprovements and
the possible power reduction.

6.3.4 Improved heater design

By locally removing the substrate underneath the heatetshanring resonators,
an important heat sink can be removed. This technique, difpiceferred as 'un-
dercut’ or 'UCUT’, has shown a heater improvement with adacif 10, having a
record efficiency o2.4 mW /FSR [5]. In that work, a Ti (titanium) top heater is
used,1.2 um separated from the waveguide. Using top heaters, one cag the
undercut trenches closer to the optical waveguide then mgside heaters. A
cross-section of an undercut heater structure is showrgif.FFi One can clearly
see that the silicon substrate has been removed underheabiried oxide layer
(BOX) but still some substrate is left, e.g. underneath thegting section where
two silicon waveguides are coming together as shown ir6Fg.

An overview of various DWDM demultiplexer and their desigrrgraeters
used in this experiment are given in Tal2 and referred to as DWDM generation
l.

In the following table (Tal%.3, we show the results of the heater efficiency
(mW per FSR per channel) with and without UCUT on DWDM generatide-
multiplexers. In Fig5.8, one can see the different design schematics of the UCUT
vias (visualized as yellow rectangles) applied to these dmmultiplexers. The
largest improvement has been achieved on structure RR2 1304, with an
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UCUT via

Figure 6.7: Schematic and cross-section of the local substrate rdr{ioCJT).

Nr. Label AL | BW;3 Ko Ky Gy G,
um | nm Lm [m

1 | RR1F12M4 300 0.15| 0.32 | 0.08 - 0.294 -

2 | RR2ZF12M4 300| 0.15| 1.1 | 0.32| 0.04 | 0.205| 0.275

3 | RR1F21 M45000 0.14 | 0.56 | 0.08 | - 0.235 -

4 | RR2F21M45000 0.14| 1.9 | 0.32| 0.04 | 0.149| 0.340

Table 6.2: Design parameters DWDM demultiplexers of generation | foeleagths
around1550 nm and waveguide width.45 ym. Device 1 and 2 have = 9 ym and
R = 5 pum, devices 3 and 4 have.l= 5 ym and R = 3 ym.

RR1 F12 M4 300 RR2 F12 M4 300 RR1 F21 M4 500 RR2 F21 M4 500
] 7 = =

B B

]

I
i

i
i

L
[

el

Figure 6.8: Undercut schematic DWDM demultiplexers of generatioti figures are on
shown on the same scale.
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Label mW per FSR per channel Improvement
No UCUT | With UCUT
RR1 F12 M4 300 74 31 2.4x%
RR2 F12 M4 400 101 36 2.8%
RR1 F21 M4 500 115 92 1.25x%
RR2 F21 M4 500 182 115 1.5%

Table 6.3: UCUT efficiency improvement on the DWDM demultiplexersrodrgtion |.
Wafer details: no UCUT P112819-D18, with UCUT P121154-D16.

Label L.

pam
RR2 F14 M5 300, 6.9
RR2 F9 M5 200 | 13.9
RR2 F16 M9 200, 4.9
RR2 F23 M9 300| 2.2

BW;3 | Kj K1 Gy G
nm pm pm
15 | 0.34| 0.05 | 0.178| 0.293

1 0.34| 0.05 | 0.238| 0.358
1 0.23| 0.018 | 0.17 | 0.322
0.7 | 0.13| 0.0055| 0.132| 0.318

w-b(ﬂ-bg;u

BIWINF

Table 6.4: Overview DWDM devices of generation Il for wavelengthsradd530 nm.
Waveguide width df.45 pm.

UCUT efficiency improvement df.8 x. The small circumference of the two right
devices (RR1/2 F21 M4 500), is making the use of an underctitarmiddle of
the ring practical impossible since the distance betweed@uaT via and the Si
heater should be kept at ledstm. From Tab6.3, one can see that the efficiency
improvement is indeed the largest for RR1/2 F12 M4 300. Thigdbe explained
by the fact that these two structures have an UCUT via in thaghaiof the ring.
Another reason could be found in another heat sink: the Mérlalyor structures
RR1/2 F12 M4 300, with a long coupling length ®f:m, the relative density of
M1 above the ring is practically half that of structures RRE21 M4 500 with a
coupling length ob um. Both effects, lower M1 layer density and an extra middle
UCUT via, could be the reason why the effect on the UCUT efficyeimprove-
ment with respect to no UCUT step is doubled. A possible wagvercome the
lack of space in the middle of a small ring to have an extra U@idlis by using
Ti top heaters as has been done5h [We also found that the UCUT efficiency
improvement is slightly larger using a second-order rirgprator.

At this point it is not clear how we could improve the effectai UCUT
on the heater efficiency further, besides using larger rimgpgch is not desirable
since that limits our design space due to a smaller FSR. The aaalysis has been
performed on the polarization-diversified DWDM structurgsr(eration Il) using
their optical-to-optical test structures, shown in Big8 All design parameters of
generation || DWDM devices are listed in Téab} and a schematic view of their
ring structures is shown in Fig.9.



CHAPTERG6 6-11

RR2 F14 M5300 RR2F9 M5 200 RR2 F16 M9 200 RR2 F23 M9 300
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Figure 6.9: Undercut schematic of DWDM devices of generation Ild¢divings are on
the same scale.

Label mW per FSR per channel Improvement
No UCUT | With UCUT
RR2 F14 M5 300 206 142 1.44x
RR2 F9 M5 200 194 102 1.9%
RR2 F16 M9 200 201 165 1.21x
RR2 F23 M9 300 184 - -

Table 6.5: UCUT efficiency improvement for the DWDM devices of g¢inerll. Wafer
details: no UCUT P130315-D08, with UCUT P122512-D10.

The UCUT vias (visualized as blue rectangles) are appliegrvpossible ac-
cording to the design rules. Again, there was no space &l&iia the middle of
the ring for devices RR2 F16 M9 200 and RR2 F23 M9 300, witheetpely a
FSR of16 nm and23 nm.

In Tab6.5, the heater efficiencies (expressed in mW per FSR per chaameel
listed for the different devices. Comparing with resultsfrgeneration | (listed in
Tab6.3), one finds that the power one needs to tune a channel a full$F®RBghly
doubled. This is understood by the fact that each channalistsrout of two ring
resonators filters as shown in Fég5(a). The actual improvement on the power
consumption due to UCUT is for all structures smaller thanwith respect to the
UCUT improvement achieved using the generation | demeltigis. This could
partly be explained by design. The design rule regardingplaeing between the
UCUT via and the M1 layer is in the generation Il designs dligharger than
in the generation | designs (respectiv@lym versusl.5 ym). A cross section of
these structures would reveal if the process had a simfiectefs shown in Fi@.7.
More important at this point is the heater efficiency improeat due to undercut
for the different structures. From Tékb one can see that RR2 F9 M5 200, with
the smallest FSR9(m) and the longest L, has the largest improvement (up to
1.9%). Devices with a larger FSR (RR2 F14 M9 200 and RR2 F16 M9 260¢h
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Improving isolation
> 15um

Figure 6.10: Heater optimization

a much smaller improvement. A better trend between the ivgment and the
coupling length indicates that the M1 density is an impdrfaotor which lowers
the efficiency of an undercut step. This can be understoolédfatt that the metal
on top of the structures will take over as the primary hedt sinthe structures
once the substrate is removed. This situation is avoidefl]jmjth a much better
heater efficiency improvement due to an undercut proceps(shese to a factor
of 10) measured on ring heaters. B},[following the same UCUT process as in
this work, Masood et.al. have shown a much larger improveéroén4.3x on
much larger MZI structures where the M1 overlay is minimizedi UCUT vias
are much larger. Based on these findings, a list of possilatehanprovements is
presented and illustrated in Fég10Q

1. Longer L. Design ring resonators if possible with a longer couplinggléa
(L.) and hence smaller bends to decrease the M1 density abokiaghe

2. Smaller heater spacingThe heater spacing now is2 um (edge to edge)
and was chosen to avoid any coupling between the ring wadleganid the
heater waveguide. One can play also with the heater widtttHisitwill
increase the resistance of the wire. One should avoid thairth waveguide
has the same width as the heater waveguide because theal optipling is
maximized.

3. M1 offset and width Adding an offset to the connecting M1 bar and the
W vias, will lower the overlap with the broader M1 layer withetheated
area above the ring. However, due to the design rule of havimgnimum
spacing between UCUT and M1, the UCUT vias will move furtheag,
side ways from the ring which might have a negative impacsoAly us-
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Figure 6.11: The performance of the new best-know heater confignraith an efficiency
of 12.9 mW/channel per FSR.

ing a more narrow M1 width, the heat sink becomes smaller. Grbad
connecting M1 layer connecting the adjacent heaters catalsegfurther
away from the ring maximizing the heat isolation.

4. Larger UCUT vias UCUT vias should be maximized. This will not only
maximize the effect underneath the ring but also the heédtien next to
the ring.

A large design of experiment was set up based on these wasaid improve
the heater efficiency of a channel filter designed for a 5 celadamultiplexer
with a 300 GHz channel spacing. Some initial results are briefly presemed
the following. We compare the best known device of this desifjexperiment
(mask set sippl9) with the earlier best known design whichery similar to
the channel filter designed for RR2 F12 M4 400 (mask set sippB&er sub-
strate removal (UCUT), the performance of this earlier bhagtwn device was
36 mW/channel per FSR as listed 3 The new best known design has an ef-
ficiency of 12.9 mW/channel per FSR or an improvement1&0%. In Fig.6.11,
the wavelength shift of a single channel is shown as well ag¢hative shift in
function of applied power per channel.

In Fig.6.12 the two layouts are compared and a list is given with degigais
fications. Further research has shown that the largest ilmprent comes from the
smaller M1 width on top of the heaters which was predictetiezaif a substrate
removal has been applied, a closelt®% improvement in efficiency has been
found. Without substrate removal, the effect of a smallendildth is only limited,
indicating that the largest heat sink is the Si substratemRhis experiment it is
not clear whether the improvement comes from the fact thellmidCUT region
could be made larger and hence improving the substrate mdpawvhat an extra
heat sink has been removed. Another successful improveisiéme removal of
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Best known device Previous best known device
UCUT = Specs [pm] New Old
l J Doping type N P
/ \ 1 M1 width T
‘E\ Heater width 0.6 1.2
Heater spacing 1 1.2

UCUT middle 24 0.8

N_o_contacts 2 3

Outer heaters No Yes

Figure 6.12: A layout comparison between the best known device arehttier best
known device (RR2 F12 M4 400 as listedi). An huge improvement a80% is
achieved with a resulting2.9 mW/channel per FSR.

P, [mW] New | Old | Improvement
Without UCUT | 17 | 25 47%
With UCUT 3.2 |90 180%

Table 6.6: Efficiency improvement of the new heater configuration eshect to the old

heater design, with and without local substrate removal (UCUT,)isthe power needed
to tune a single ring resonator fora phase shift (FSR/2). The new data is based on

measurements from wafers P131822-D13 (UCUT) and D14 (no UGWa3k set sipp19.

the outer heaters. This step has demonstrat#yaimprovement indicating that
the outer heaters are not necessary. However, a detailestig&tion regarding

uniformity is still on going. Due to this removal, there is raspace at the bus
waveguides. Hence, another improvement can be expectetkipositions the

UCUT regions closer to the ring resonator. By placing thedresaveguide closer
to the optical waveguide from2 pm to 1 m, anotheB30% improvement has been
detected. One can bring this waveguide as clogesgem before a degradation in
optical filter performance is detected.

In Tab6.6, the performance improvement of the new heater configurasio
compared to the old configuration expressed.inP. = power needed to tune a
single ring resonator for a phase shift or FSR/2). Without a local substrate re-
moval, the new heater configuration showsré with respect to the older design.
With a local substrate removal.Pf the new heater configuration32 mW.

6.3.5 Improved ring dimensions

The effective refractive index () that the light is experiencing in the waveguide
can change very locally due to a small fabrication variatiowidth or height of
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the waveguide, and can thus be different along the ring. Taeelength shift

(A\,s) that resonances of ring-based demultiplexer experiended to a change
in the mean effective refractive index of the whole ring reetor. The resonance
wavelength in a ring is given by 811, with L the circumference of the ring and

m an integer number.

)\res = neffL (61)
m

A change in p¢ ¢ will thus influence),.. following eq6.2
o AneffL - Aneff)\,‘es

Adpes = (6.2)
m Meff

The resonance shift\,..,) is thus independent from the circumference or FSR
of the ring. Around1530nm a change in waveguide width and heightlaim
causes &\ \,.., of respectivelyl.3nm and2.4 nm. If we want to compensate for
this (A\,cs), we will heat up the waveguide in such a way thatithe; is changed
again. The power needed to tun®X;..,) is depending on the circumferenck)(
of the ring because a larger waveguide area needs to be hegtedarger the
ring, the more power you need to tune. In other words, if oresasring with a
smaller circumference (or a larger FSR), less power is reeegiine a ring which
was shifted due to a waveguide variation. In the followingwik investigate the
performance of a demultiplexer with a large FSR. In order akena fair com-
parison we keep the amount of channels equal and we scalentheesonators
to smaller dimension. A four-channel demultiplexer was lengented with two
different FSR (2 nm and21 nm) with respectively 8800 and500 GHz channel
spacing, using both first- and second order ring resonalRird (and RR2). The
performance of RR1/2 F12 M4 300 is extensively discusse@ati@5.4and5.5.
The specifications of these four devices (RR1/2 F12 M4 300RR#/2 F21 M4
500) are listed in Tab.2 on page6-9. To achieve the larger FSR, the coupling
length is reduced fror ym to 5 pm and the bend radius frofum to 3 pm. This
small bending radius could introduce some small bendingeles Because the
coupling length is reduced, the gap must become more naorashieve the same
coupling strength, which makes the design less relaxedsigtbrication toler-
ances. In this case, the gaps are still broad enough to aedi¢r 0.149 pm).
The performances metric (wafer scale on 14 dies) of all faviaks are listed in
Tab6.7.

From this table one can notice that thdB and3dB BW (BW; and BW;)
becomes much broader for the large-FSR designs (F21), amdothboth ring
orders (RR1 and RR2). Regarding XT and IL of the channel resgs we see a
degradation for large FSR designs which is most probablytaaéigher bending
loss of the3um-short bends. Another consequence of the short bends ighenat
n.ss is slightly decreased and/or thg is slightly increased which causes the
channel spacing (CS) to be exactly the designed valdenaf, whereas the CS of
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Spec RR1F12| RR2F12|| RR1F21| RR2F21
M4 300 | M4 300 M4 500 | M4 500
BW, [nm] 0.26 0.92 0.44 154
BW;3 [nm] 0.49 1.35 0.86 2.36
XT [dB] -19.4 -20.2 -18.5 -18.6
IL [dB] -0.53 -0.51 -1.13 -0.87
CS [nm] 2.54 2.54 4 4

FSR [nm] 11.3 114 19.5 19.5
XTCTWCI[dB] | -15.3 -18.1 -16.5 -16.9
IL CT WC [dB] -3.7 -1.2 -2.8 -14

| PperFSR[mW][ 123 | 145 || 367 | 461 |

Table 6.7: Comparison between different devices of generation |ltphaxers with
larger FSR, wafer details: P121154-D16.

the small-FSR designs is slightly off (in this c&&nm). This improved accuracy
of the channel spacing together with a broader BW can exainmprovement
in XT and IL of the worst channel (WC) when collectively tunéil() (denoted in
the table as XT/IL CT WC) for first-order designs when usingrgdaFSR design.
For second order designs, it turns out that the higher wasledasses degraded
the channel responses enough to degrade the IL and XT whiectoaly tuned,
even with the more accurate CS. Still the first-order, 1d&§R design is under
performing regarding IL with respect to the second-ordenge-FSR design but
the difference is smaller in comparison with the small-F®Rigihs. So far, we can
say that the degradation of using smaller rings is only Bahitising second-order
rings and even an improvement using first-order ring resoaatf we investigate
the power one needs to tune the whole four-channel array B3R, we see that
large-FSR designs are significantly less efficient thanlsR&IR designs. Note that
these devices have a substrate undercut step applied tocentme efficiency. The
possible reasons why a large-FSR design with UCUT is lesgexifiis extensively
discussed in the previous paragraph. Although these B&R-designs would
need less power than small-FSR designs to compensate anckita.; that was
caused by e.g. wafer-scale height variations, it turnshaitwith the current heater
implementation the power consumption is not reduced bueased. If one wants
to tune the whole demultiplexdi) nm, 109 mW is needed using RR1 F12 M4
300 and189 mW using RR1 F19 M4 500. That is because the heaters employed
for large-FSR rings (smaller rings) are less improved withuadercut due to the
high density of the interconnecting M1 layer. Enhancingtikater efficiency of
large-FSR designs, will enable the possible power redadtice to a larger-FSR
design.
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6.4 Increased throughput - scalability

To increase the total throughput of the demultiplexer omesither increase the bit
rate per channel and/or increase the total amount of chentrethis section we
investigate the performance of nine-channel demultipkewgth a200 — 300 GHz
channel spacing arourid30 nm and compare its performance with the 5-channel
demultiplexer with 200 — 300 GHz channel spacing. These designs were earlier
introduced as the DWDM generation Il devices and all the agepayameters are
listed in Tab6.4. In the following we discuss these design parameters.

6.4.1 Overview designs

Increasing the amount of channels increases the necesS&yaRd hence de-
creases the circumference. E.g. a nine-chafbelGHz demultiplexer needs a
FSR of23nm (device RR2 F23 M9 300). Decreasing the ring radius to the min
imum low-loss bend radius df ym, the maximum coupling length to achieve
this FSR becomes theh2 ym. To foresee enough coupling between the bus
and the first ring, very narrow gaps 120nm are needed which could lead to
yielding problems of this device. Therefore we design ti@mdltiplexer with a
more relaxed gap resulting in a smaller BW and improved XB((dB instead
of —20dB). To relax this gap/BW trade-off one can use a little den$emaoel
spacing 200 GHz instead of300 GHz), with a smaller FSR16 nm) and hence a
larger maximum coupling lengtid @ ;:m) and a larger bend radius ¢f:m. How-
ever, a denser channel spacing could increase the charer&lpdue to resonance
variations and thus decrease the overall demultiplexdopeance.

In Fig.6.13 a typical transmission OO spectrum of two five-channel dému
plexers is plotted with a channel spacing36f) GHz (i.e. RR2 F14 M5 300) and
200 GHz (i.e. RR2 F9 M5 200). These demultiplexers are then bottredcal a
nine-channel device, respectively RR2 F16 M9 200 and RR2\F2300 and are
plotted in the same figure. The two demultiplexer arms of ti@t€st structure
(representing the two polarization states as ing=RB8on pages-35) are plotted on
top of each other and distinguished with a solid and dasimed Kll four spectra
are shown on the same wavelength scale.

In Tab6.8, the main specifications of the individual channel respsrae
listed. Each value is based on the average value of 140 spiujgeization de-
multiplexers on a single wafer. The bandwidth (BW) and frezcsial range (FSR)
values are the wafer-mean values of the device-mean vatrdoth demultiplexer
arms. From this table one can see that our starting devic@ fRR M5 300) has
the largest BW with respect to the other designs. Decredbmghannel spacing
to 200 GHz lowers consequently the BW if one maintains the XT level dgithe
design. According to the designed specifications, RR2 F2330® has a little
larger BW (BW; = 1.05nm) than designed (BW= 0.7nm). In Tab6.8 we plot
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Figure 6.13: Typical transmission the DWDM structures of generatiarsihg the OO test
structure for both polarization states (solid/dashed).



CHAPTERG6 6-19

Spec RR2 F14| RR2F9| RR2F16| RR2 F23
M5 300 | M5200 | M9200 | M9 300
BW; [nm] 1.18 0.79 0.78 0.7
BW; [nm] 1.6 1.1 1.07 1.05
worst XT [dB] -17.9 -16 16.4 -23.3
worst IL [dB] -1.8 -1.6 -2.9 -2.9
FSR [nm] 14.2 9.4 15.9 24
| 3o A [nm] | 9 | 88 | 86 [ 102 |

Table 6.8: Individual channel response performance compari§@WDM generation Il
demultiplexers. Eeach value is the average value of 140 single-polanzigimultiplexers
on a single wafer. Wafer details: P122521-D18.

the wafer-mean value of the worst XT level and worst IL leviedlbthe channels
of each device, giving a more realistic perception of thenclehresponses. For
all devices a worst XT level below 16 dB is reached with the exception of RR2
F23 M9 300 where the worst XT level is below23 dB. This latter value was
designed to be-30dB, which is lower than other designs due to a restriction on
the gap as explained earlier. The channel crosstalk detipadaf 7 dB is large
and follows the trend of the larger B¥\as discussed earlier. Regarding wafer-
mean worst IL, a 5-channel demultiplexer has a better vafuelo8 dB than the
9-channel designs. This trend can be explained by the fatthie more channels
are cascaded, the larger the IL of the last channel, whichdedd typically the
worst channel regarding IL. The FSR is nicely following thesidin values for the
different designs with a maximum offset @6 nm. The3 o value of the variation

of the center wavelength of the first channel)( is for all designs betweeh6 nm
and10.2 nm.

6.4.2 Channel spacing analysis

A typical channel spacing analysis is performed on the fasighs described in
previous section and analyzed based on wafer-scale measoi® The channel
spacing is defined as the slope of the best fitting betweeretitelcwavelengths of
the adjacent channel responses in function of their chanumaber (as visualized
in Fig.5.7 on page5-13). The extracted channel spacings (CS) of both demulti-
plexer arms are added to each other which makes the totalrarmbGS to be 140
per design. In Fig.14 these extracted CS are plotted and grouped per channel
spacing (upper300 GHz or 2.34 nm and lower:200 GHz or 1.55 nm).

From this figure it is clear that devices with a larger FSR fgiaen CS have
a much smaller spreading on their CS. In the cas@00fGHz CS designs, the
3o value is almosBx smaller with a very tight spreading 6f11 nm for design
RR2 F23 M9 300. However, the wafer-mean value of these CSisfdisign
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Figure 6.14: Channel spacing variation on the DWDM demultiplexers fremegation 1.
Upper graph: design CS @00 GHz or 2.34 nm, lower graph: design CS &f00 GHz or
1.55 nm. Wafer details: P122521-D18.

(2.26 nm) is a bit off from the designed value 8f34 nm. This could possibly be

explained by the small bending radii which lowers the ; and thus consequently
the CS (re-arrange E&.() on pageb-8). We notice a very similar trend for the
200 GHz designs albeit less pronounced. In previous section wenhseen that

the CS variation is due to local waveguide variations. Theerahannels the

demultiplexer counts, the more these local variations atéefied out, and thus
the smaller the variation on the CS.

In the following we investigate the resonance variationyafiam the channel
spacing. As discussed before, some designs have a wafer@&that is slightly
off the designed value. To make the comparison fair betweedifferent designs,
the wafer-mean CS is used instead of the as-designed CSy.6115 the relative
value of each center wavelength deviation away from thiggdesptimized wafer-
mean CS is plotted. For a 5-channel design, this gives 7@aexe deviations
(5 channels< 2 armsx 70 devices) and around 1260 for a 9-channel design. On
top of these data distribution plot, a box plot represeotatif this data is given
as well with a marker for different percentiles as explainethe figure). From
this figure, one can notice that the smallest deviatida Yalue of 0.53 nm) is
for design RR2 F9 M5 200 and the largest deviatidn {alue of0.7 nm) is for
RR2 F23 M9 300. We naticed that this deviation becomes caresdty larger for
designs with a larger FSR. Designs with smaller circumfeegifarger FSR) have
a local ring-ns; which can deviate more than for larger circumference design
since very local waveguide variations are flattened outrigelarings. The ring-
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Figure 6.15: Resonance variation away from their ideal spectral positesed on the
wafer-mean channel spacing. Wafer details: P122521-D18.

Worst channels XT [dB]|| Worst channels IL [dB]
mean| P10 P90 mean| P10 P90
RR2 F14 M5 300| -16.6 | -19.0 | -14.6 -1.8 | -23 | -1.18
RR2 F9M5200 | -14.4 | -16.7| -12.0 || -1.57 | -2.49 | -0.91
RR2 F16 M9 200| -12.2 | -15.3| -9.0 -3.6 | -55 | -2.16
RR2 F23 M9 300| -19.2 | -21.4| -16.6 -4.26 | -6.77 | -2.73

Table 6.9: Collectively tuned demultiplexer performance from DWDM g¢ioerd. Key
performance indicators are the worst-channel performance reggridii and IL. Wafer
details: P122521-D18.

Nnes ¢ has the meaning of the mean value along the circumferente oiftg. These
deviations will have a direct impact on the performance efdbmultiplexer when
using a collective tuning scheme. Especially for designb wilarge FSR (largest
deviation) and a dense({0 GHz) CS, a significant degradation of XT and IL with
respect to the individual channel response are expected. whlfier-mean value
and the10*™® and90t" percentiles for the worst-channel XT and IL are listed in
Tab6.9. The wafer-mean CS instead of the as-designed CS is usedgace the
different designs.

From this table it is easy to compare the performance of tfierdnt designs.
We discuss each design separately and we use the perforofaheaworst chan-
nel to quantify the performance of the whole demultipleX&e quantify the degra-
dation due to the scaling of the channel spacing and the anedehannels. We
start by discussing our starting design RR2 F14 M5 300, whiak extensively
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investigated in the earlier secti@n7 on page5-28 Several times we will com-
pare the performance of the demultiplexer with the worstrectel performance

of the individual channel response, where we ignored thecetif the resonance
deviation. This way we can distinguish between the effetth®resonance de-
viation (visualized in Figs.15 and the scaled individual channel response on the
performance of the demultiplexer, listed Tau8. Note that the performance of the
demultiplexers worst channel that is used to describe bathridividual channel
response (Tab.8) and the demultiplexers’ filter bank under collective tun{f.9),

is not necessarily the same channel.

RR2 F14 M5 300 Our starting device is performing with a wafer-mean worst-
channel XT and IL of respectively-16.6 dB and —1.8 dB. By comparing this
result with the performance of the individual channel resm listed in tals.8,
one can notice a further degradationld$ dB for the worst-channels XT. Due to
the very broad BW of the channelsdB BW of 1.18 nm) the resonance deviations
are relatively smallf o = 0.54 nm), which results in nearly no degradation of the
worst-channel IL between the individual channel respoaseisthe demultiplexer
performance. Note that this an improvement with respedigditst generation 4-
channel demultiplexer where we found a wavelength deviation di.7 nm (see
also sectiorb.4.4. This improvement is most probably related to the improved
mask grid discretization (from 5 tonm).

RR2 F9 M5 200 Scaling the 5-channell00 GHz CS demultiplexer to a more
dense CS using200 GHz CS, one can noticea2 dB degradation in worst chan-
nel XT, ending up with a wafer-mean worst channel XT-of4.4 dB. We have
seen in Figs.15that the absolute deviation for both designs is very siniar =

0.56 - 0.53nm). At the other hand, the individual channel response hashdir

a degradation of .9 dB in the performance of the worst-channel XT, with respect
to the300 GHz CS design variant, which can be seen as the main driver for the
degradation of the XT. Although the wafer-mean worst chalnis a little better

with respect to 8800 GHz CS design, we notice a larger degradation using the
10" percentile.

RR2 F16 M9 200 Scaling the 5-channeb0 GHz CS demultiplexer to 9-channel
one, another degradation 2f2 dB is detected regarding worst channel XT, re-
sulting in a wafer-mean worst channel XT ofi2.2dB. We have seen that the
degradation of the XT of the individual channel response &psal between the
two 200 GHz CS designs (both around16 dB). On the other hand, we have seen
that the 9-channel design had a significant larger resondedation ¢ o values

of 0.65 nm and0.53 nm), which can be seen as the main driver for the extra degra-
dation in XT levels due to the scaling of the amount of chasinEhis larger reso-
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nance deviation has also an immediate effect on the worsinehdlL. Comparing

with the worst channel IL of the individual channel respofsafer-mean value
of —2.9dB), we detect another degradation®f dB resulting in a wafer-mean
worst channel IL of-3.6 dB. Especially using the 10 percentile, the effect of
the resonance deviation on the worst channel IL is signifigamlarged resulting
in a degradation o dB.

RR2 F23 M9 300 As discussed earlier it is not possible due to fabrication li
its to scale a 5-chann&b0 GHz CS demultiplexer to a 9-channgd)0 GHz CS
demultiplexer without lowering the coupling strength beém the bus and ring
waveguide and thus consequently decreasing tiié BW of the individual chan-
nel responses. A positive consequence of this design atgustis the improve-
ment of the XT, which is designed to be30dB, 10dB lower than the other
designs. Due to the very short bending radiu8 pfn, we have seen that the cou-
pling is a bit higher than simulated. This is visible in théB BW, which was
simulated to bé.7 nm but measured to b&.05nm. Consequently, the XT was
much higher than simulated and appeared te-B8.3 dB at the designed CS of
2.34nm and—22.8 dB at the wafer-mean CS @26 nm (reported XT values are
describing the worst channel of the individual channel oasg). This informa-
tion is helpful to understand the degradation of the deipleltiers XT. As listed in
Tab6.9, the wafer-mean worst channel XT-i49.1 dB which makes RR2 F23 M9
300 the best performing device regarding XT levels. At theeséime, this device
has the largest XT degradation &7 dB when employed in a collectively tuned
demultiplexer. This relatively large XT degradation carelzplained by the reso-
nance deviation which was quantified to be the largest amundifferent designs
(3 o value of0.7nm). The degradation on the worst channel IL is also the largest
among the designs and has a wafer-mean valueldf dB, which is0.7 dB worse
than RR2 F16 M9 200. The 10is —6.8 dB, which is1.3 dB lower than RR2 F16
M9 200 and—4.5 dB lower than RR2 F14 M5 300.

6.4.3 Conclusion

In this section we have explored the use of more channels anded channel
spacings to increase the bandwidth of the receiver. We aseit the amount of
channels from 5 to 9 and varied the channel spacing betwe@mi3@200 GHz.
We found that both decreasing the channel spacing and singethe amount of
channels degraded the filter performance in terms of woestroél XT and IL.

We found that by using a denser channel spac20g GHz), the channel spac-
ing deviation is slightly improved with respect to demukiers using a wider
channel spacing300 GHz). However, due to the smaller bandwidth of the filters
using a200 GHz channel spacing the largest influence on the degradatidillis s
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Label L. R BWj3 Ko Ky Gy G,
pm | pm | nm pm pm
1| RR2ZF10M5300{ 69 | 3.8 | 1.1 | 0.34| 0.05 | 0.147| 0.239
2| RR2ZF7M5200 | 119| 53| 0.7 | 0.34| 0.05 | 0.19 | 0.283

3 | RR2F11M9200 49 | 35| 0.7 | 0.23| 0.018| 0.152| 0.275

Table 6.10: Overview DWDM devices of generation Il for wavelengtbsrad1310 nm.
Waveguide width df.38 pm.

the channel wavelength deviation. Increasing the amouttiafinels increases the
mean channel wavelength deviation slightlys(from 0.56 nm to 0.7 nm). Using
the 9-channel demultiplexers, it is mainly the small ringaator dimension such
as gap and radius that decreases the performance of thetibbexel.

6.5 DWDM demultiplexers for the O-band (1310 nm)

The wavelength band around10 nm is typically used in telecommunication be-
cause of the lowest dispersion in a fiber. Even for relatigblyrt distances &fkm
this can cause few dB in power penalty depending on the ergalementation.
Hence, the smallest power penalty for increasing the bit (a&r channel) can be
expected in the O-band. On the other hand, the laser can be omeal GaAs sub-
strate, which is cheaper than InP that is typically usedter@-band. On chip,
this shorter wavelength is translated in more challengahgi€ation tolerances. In-
deed, using a shorter wavelength requires the waveguidectmme more narrow
to keep the waveguide single mode. In the first experimering tisis wavelength,
the waveguide width i9.38 ym (15% smaller). The220 nm thickness becomes
relatively larger (alsd5%) for the optical mode, and the optical mode becomes
more confined which lowers the bending losses and improwesdhpling effi-
ciency to fiber couplers. The drawback is that the couplingnsith is also smaller
and typically narrow gaps are need to obtain enough couplinghe following
we present some initial work around 5 and 9-channel DWDM xeesi None of
the1310 nm-devices are investigated on wafer scale and are therefdyesbortly
described here. The parameters of the DWDM demultiplexers fyeneration I
designed fol 310 nm are listed in TalG.10

In Fig.6.16 the optical-to-optical spectra around10 nm of three demulti-
plexers using their OO test structures. A solid and dashedid used to distin-
guish the outputs coming from the two separate inputs fraswaptical-to-optical
test structure (see Fig28).

RR2 F10 M5 300 This device is the directly scaleid10 nm version of the 5-
channel300 GHz receiver for1530 nm extensively discussed in chapter With
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Figure 6.16: The spectra of the DWDM demultiplexers from generatioadighed for
1310 nm (a) RR2 F10 M5 300 (b) RR2 F7 M5 200 and (c) RR2 F11 M9 200. Both
polarization states are represented using a solid and dashed line.
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respect to the other310 nm demultiplexers, this device has the most relaxed pa-
rameters regarding gap (not too small) and the largestsattgispectrum is shown

in Fig.6.16a). Although only a singel device is shown, one can see tigtde-
vice is performing well against fabrication variations doeits broad BW. The
BWj3 is 1.85 nm and can clearly cope with the25 nm deviation between the two
polarization states of channel 2 (green). The XT is for alirotels still below
—17.5dB.

RR2 F7 M5 200 Moving to a more narrow channel spacing 2if0 GHz or
1.3nm, the BW; is greatly reduced to onl§.85 nm and one can expect a larger
IL and XT degradation due to local resonance deviations.igr6FAL.§b) one can
see that the XT is indeed slightly reduced and ranges betwéénlB (between
channels 4 and 5) and17 dB (between channel 2 and 3).

RR2 F11 M9 200 Scaling the 5-channel RR2 F7 M5 200 to a 9-channel device,
the BW; is very similar0.8 — 0.85nm. However, we can expect a similar trend
as demonstrated using the DWDM demultiplexers designed5&0 nm. Due to

a larger required FSR, the local fabrication variationd hélve a larger influence
on the resonance deviations. This is visible in &i@j§c), where one can notice

a large shift between the two polarizations states of cHalhn@verall XT levels
between the channels are kept belews dB.

6.6 Conclusion

In this chapter, several improvements were proposed toneehihe performance
of WDM receivers based on ring resonators regarding poweswoption and
bandwidth. Many of these proposals were based on expern@sults and can
be used to design a new generation of WDM devices with a higlredwidth and
lower power consumption, both fé530 nm as for1310 nm.

By using a more advanca®0 mm CMOS fabrication facility, the inter-channel
deviation has been improved by almost a factor of 2 with altiegLBo variation of
0.4nm. A similar improvement is expected for the intra-channeliaiigon which
will result in a flatter-top behavior of the channel, smailesertion loss and an im-
proved crosstalk. We also found that by usingran instead of & nm mask dis-
cretization step, the inter-channel deviation improvexhfra3o-value of0.7 nm
to 0.56 nm. These technological improvements will allow us to scaléectively-
tuned WDM demultiplexers to a larger amount of channels1() and with a
denser channel spacing downli@) GHz or 0.8 nm.

Another way of increasing the bandwidth of the receiver &géasing the bit
rate per channel. However, this broadens the signal baniwahsiderably and
one can expect a signal degradation due to the limited flabtndwidth. This
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will increase the need for broader flat-top channel resporidewever, the effect
of filter channel response on the signal degradation is nestigated in this work.
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Conclusion and perspectives

7.1 Conclusion

Silicon ring resonators were used to develop two types of gempact and high
performance WDM-signal demultiplexing receivers arousd0nm. The suc-
cessful integration on a Si platform allows for very codeefive and mass -
manufacturable components.

The first demonstrated receiver is a WDM in-band label extragith an ultra-
dense channel spacings betweéers —25 GHz. This label contains the forwarding
information that can be used to configure an all-optical pastwitch. The second
one is a dense WDM data demultiplexer with channel spacintysele® 100 —
300 GHz. This demultiplexer has been optimized to be fabricatidertmt, simple
to control for wafer-level fabrication variations and/asér wavelength drifts and
to increase the aggregate bandwidth per fiber (e.g. Ethdniietiband and Fiber
Channel).

For both demonstrations several important design impreveswere needed
in order to meet the required specifications. We believewteahave significantly
enhanced the state-of-the-art performance of ring resomalwo classes of ring
resonators were used: a narrow-bandwidth first order riagrator which is tol-
erant against sidewall roughness of a waveguide and a bexamhd-order ring
resonator which is tolerant against local fabricationatons.
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CONCLUSION AND PERSPECTIVES

Ultra-dense WDM label extractor The high confinement of Si waveguides en-
ables very short bend radii which results in very compact @exke structures.
However, we found that standard strip waveguides usinguhsi€lE polarization
suffer from surface-roughness induced backscatteringiatrow-bandwidth ring
resonators, the effect of backscattering is enhanced anetjuired bandwidth of
20 pm is not reached. Additionally, for certain wavelengths teganances split,
which leads to large fluctuations in both insertion loss axtthetion ratio. We
also found that due to this backscattering, the reflectecepoatio can reach up to
—10 dB which can possibly cause severe problems at the transgigtier. Using
less confined modes enabled us to design narrow-bandwiditresonators that
exhibit bandwidth20 pm which are free from resonance splitting and an IL of
only 3dB. The reflected power ratio decreased with alma@siB. We validated
this solution using two types of waveguide, a shallowlyhett waveguide using
a quasi-TE mode and a strip waveguide but using the quasi-DillemBoth ap-
proaches are reducing the overlap with the vertical sideywathere the roughness
is the most severe.

A four-channel ultra-dense WDM label extractor is used tosstterror-free an
in-band label consisting out of four wavelengths from a highodulated payload
160 Gb/s in collaboration with the COBRA group from TU/e. A heterogensly-
integrated InGaAs p-i-n photodiode has been optimized hibéxa high respon-
sivity for both the TE and TM mode (with an efficiency of respesly 98% and
89%) and is used to convert the optical WDM-label to the eleckiiicanain with
a bandwidth of> 12 Gb/s.

Dense WDM data demultiplexer We have explored the adoption of WDM to
increase the aggregate bandwidth of an optical intercdnrig#g cascading sev-
eral ring resonators with a small circumference differenesveen them, one can
easily create a scalable demultiplexer. Using secondraidg resonators, the
bandwidth can be considerably broadened without relaxiegtosstalk between
the channels. We have addressed three typical challenges \WDM demulti-
plexers based on ring resonators: manufacturability, mplsi thermal control and
polarization insensitivity. We have demonstrated a rodushannel WDM filter
using collective tuning. The flat-top response of secort®ioring filters is ex-
ploited to overcome the wafer- and device-scale irregiiggron channel spacing
and channel bandwidth arising from fabrication non-umifily. The improved fil-
ter response enables a thermal control mechanism basedlectige tuning to
track the wavelengths of a WDM laser source on a specified ehaynidl. After
collective tuning with integrated heaters, the 4-chanaebad-order filter exhibits
a worst-channel insertion loss ef1.39 dB and a crosstalk of18.2dB (wafer-
level average). By integrating monolytically-grown higheed Ge photodiodes,
a 5-channeB00 GHz-spaced WDM Ge receiver has been demonstrated with a
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clear open-eye diagram 26 Gb/s. The polarization-insensitive fiber-referenced
response is higho(1 A/W) and uniform over all channel responses with a channel
crosstalk better thanr 15 dB.

An important issue in the current demonstrated WDM receigaheé large
power consumption of the heaters, which needs a seriouiaprent to cope
with implementations such as PAM, PSM or CWDM. By lowering thesrlap
with the interconnecting metal we can minimize an importadt sink and hence
maximizing the insulation improvement of a substrate remhatep. Initial mea-
surements on a first design optimization have show8(& improvement in ef-
ficiency with a resultingP,. of 3.2mW. With this efficiency it costl2.9 mW
per channel to shift a full FSR. With a polarization diveysiircuit this power
consumption is doubled 5.8 mW. Using a bit rate oR5 Gb/s, the power con-
sumption ofl pJ/bit (worst case) is reached. A bidirectional single-stagegesi
was also proposed which will half the power consumption hig idea was not
implemented in this work.

Further research on Ge photodiodes has shown that the bdthdvén easily
be scaled t&0 Gb/s and possibly faster. We also have shown that by using an
advanced fabrication technology 800 mm wafers, the amount of channels can
easily be increased to 10. This would enable ultra-compacM¥&xeivers up to
500 Gb/s in the very near future.

7.2 Perspectives

We believe that the future of Si WDM receivers is very prongsione possible
future path is the further integration of CMOS-compatible M/Enodulators on

the same chip with a flip-chip bonded CMOS integrated moduldtivers and

trans-impedance amplifiers. Another future path is thén&urrintegration with ac-
tive 11I-V components to enable a truly heterogeneouslggnated optical switch.
The ever-growing attention on Si photonics gives rise toxpoeential range of
possibilities coming from further technology improverrseand packaging, both
leveraging other semiconductor technologies. These gig®will enable several
breakthroughs in power consumption, e.g. improved CMOS808D stacking

and microlenses for efficient coupling among many others.
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