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Dit werk gaat over geintegreerde fotonica: licht genereren, manipuleren en detec-
teren op een chip. Een chip gelijkaardig aan de chips die we kennen van de meer
mature micro-elektronica. De hoofdrol is bij geintegreerde fotonica niet weggelegd
voor elektronen en transistoren, maar voorbehouden voor fotonen, lasers, fotode-
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maken tijdens mijn doctoraat.
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een opleiding elektrotechniek. Aangezien ik mijn opties open wou houden bleef
ik uiteindelijk bij elektrotechniek en koos ik voor een interdisciplinair masterthe-
sis gerelateerd aan fotonica. Op die manier kon ik alvast eens proeven van het
onderzoeksleven in de fotonicagroep. Dat was een fantastisch jaar. Opnieuw on-



der toezicht van Bart Kuyken enerzijds en Hendrik Rogier, Sam Lemey and Dries
Vande Ginste van IDLab anderzijds. In die periode was Bart ook op zoek naar
doctoraatsstudenten voor zijn nieuw ERC project rond optische frequentiekam-
men. Dat klonk allemaal geweldig, maar toen ik hoorde over het bestaan van een
BAEF-beurs zou zo’n doctoraat toch nog even moeten wachten. Die beurs liet mij
ten slotte toe om een jaar naar Amerika te gaan! Het was Professor Bart Kuyken
zelf die mij op de hoogte had gebracht van deze opportuniteit en ook de nodige
hulp heeft aangeboden bij het voorbereiden van de BAEF applicatie. Ik heb dat
misschien nooit duidelijk gezegd, maar bedankt daarvoor Bart!

Aan Columbia University merkte ik dat de Photonics Research Group (PRG)
in Gent een excellente reputatie genoot. Dat bevestigde mijn keuze om verder te
gaan met fotonisch onderzoek in Gent. Eenmaal terug uit Amerika begon ik aan
mijn doctoraat in september 2019. Een nieuw avontuur, dat bijna 4 jaar zou duren,
was aangebroken.

Zoals gewoonlijk is dit doctoraatsproefschrift niet het resultaat van een enkel
individu. Dit werk zou nooit tot stand gekomen zijn zonder de hulp, het advies
en de steun van veel mensen. Ik doe graag een poging om de vele betrokkenen te
bedanken.

Laat mij beginnen bij de collega’s waarmee ik het genoegen had onze bureau
te delen. In het begin waren dat Lucas, Kasper, Nina, Camiel, Stijn P., Maximilien,
Zuyang, Isaac, en later, in chronologische volgorde, Tom Vdk, Max, Tom R., en
Xin. Wat hebben we toch plezier gemaakt op de bureau! Zuyang, my apologies
for all the noise and chatter in our office! I suspect Bart’s students have gradually
inherited his talking skills. In our defense, it is said that communication is key in
a team, so this is something we took to heart and continuously practiced. Kasper,
mijn co-promotor alsook gereputeerd mode-locked laser expert, zat tegenover mij
en was dus steeds ter beschikking (of kon alleszins moeilijk ontsnappen) om mijn
vele technische vragen te beantwoorden. Misschien waren mijn vele vragen de
druppel om naar California te vluchten? Stijn P., altijd bereid om te helpen met
IPKISS-problemen of om mijn ebeam exposure in orde te brengen. Het post-
processen van de Ligentec chips ging minder vlot dan gehoopt, maar we hebben er
toch veel uit geleerd hé! Camiel, pionier van de heterogene integratie op silicium
nitride. Bedankt om mij de kneepjes van het transferprinten te leren! Maximilien,
I admire your perseverance throughout the Panasonic project. It was great to work
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dere bureau’s waaronder Ewoud, Tom V., Dennis, Emiel, Robbe, Emmanuel, Lau-
rens, Jasper, Dongbo, Luis, Korneel, en later Margot, Konstantinos en Tom num-
mer 4. Tom Vdk en Tom V., ik bewonder jullie doorzettingsvermogen om een (ini-
tieel) schijnbaar onmogelijk micro-transfer-printbaar materiaal te micro-transfer
printen. Luis, your inappropriate jokes will be missed! Emannuel, altijd bereid om
te debatteren over politieke, filosofische, en sociaal-economische thema’s zodat
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il
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Samenvatting

Introductie

Sinds het begrip “geintegreerde optica” in 1969 door S. Miller en zijn medewer-
kers werd geintroduceerd, heeft fotonische integratie enorme technologische voor-
uitgang geboekt. Wetenschappers en ingenieurs begrepen dat geintegreerde foto-
nica beter bestand is tegen thermische, mechanische en akoestische verstoringen
uit de omgeving in vergelijking met klassieke optische componenten, en economi-
sche schaalbaarheid mogelijk maakt door gebruik te maken van fotolithografische
technieken uit de micro-elektronica industrie. Grotendeels gedreven door de op-
mars van optische communicatie, domineerden III-V halfgeleiders aanvankelijk
het domein. III-V-halfgeleiders zoals Indiumfosfide combineren immers van na-
ture lichtopwekking, modulatie en detectie op één enkel platform. Gedurende de
laatste twee decennia heeft silicium fotonica zich gevestigd als een onmisbaar con-
currerend geintegreerd fotonisch platform, ondanks de nood aan een externe licht-
bron. Het succes van silicium fotonica steunt op een aantal belangrijke kenmerken.
Ten eerste kan silicium fotonica bestaande CMOS-infrastructuur hergebruiken om
schaalbare en kosteneffectieve productie mogelijk te maken, alsook genieten van
een naadloze compatibiliteit met micro-elektronische schakelingen. Ten tweede is
silicium transparant bij telecommunicatiegolflengten (1310 nm en 1550 nm), waar-
door men deze fotonische geintegreerde schakelingen (PICs) kan gebruiken voor
datacom- en telecommunicatietoepassingen. Bovendien maakt het SOI-platform
(silicium-op-isolator), door zijn hoog indexcontrast en laag verlies, compacte inte-
gratie van optische componenten mogelijk, alsook de realisatie van passieve com-
ponenten die beter presteren dan die op concurrerende III-V-platformen.

In de voorbije jaren is siliciumnitride naar voor gekomen als een belangrijk
materiaal ter aanvulling van conventionele silicium fotonische geintegreerde scha-
kelingen. Siliciumnitride heeft een breed transparantievenster - tot in het zicht-
bare spectrale bereik - wat het toepassingsgebied van conventionele silicium fo-
tonica sterk uitbreidt. Daarnaast maken de extreem lage golfgeleidingsverliezen
en het hoge tolereerbare optische vermogen ongekende prestaties mogelijk. Het
siliciumnitride-platform op zichzelf is echter een zuiver passief platform (afgezien
van thermo-optische afstemmingsmogelijkheden) en berust derhalve op hybride of
heterogene integratiemethoden om actieve componenten te bouwen en het volle-
dige technologische potentieel te benutten.

Dit doctoraatsproefschrift beschrijft onze inspanningen om het huidige toe-
passingsgebied en de bijbehorende functionaliteiten van siliciumnitride fotonische
geintegreerde schakelingen uit te breiden door middel van heterogene integratie
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van materialen en actieve componenten. De gekozen heterogene integratietech-
niek is micro-transfer printen, een “pick-and-place” methode om (op voorhand
gefabriceerde) componenten (of “coupons”) van een bronsubstraat over te bren-
gen naar een doelsubstraat. Aangezien micro-transfer printen enkele belangrijke
eigenschappen van wafer bonden en flip-chip integratie combineert, heeft het ver-
schillende voordelen ten opzichte van concurrerende integratiemethoden. Ten eer-
ste is het mogelijk om op voorhand gefabriceerde componenten te testen op het
bronsubstraat, voorafgaand aan de integratie op het doelsubstraat, net zoals bij
flip-chip integratie. Bovendien kunnen coupons met een hoge integratiedichtheid
geintegreerd worden op het bronsubstraat, waardoor het vaak dure bronmateri-
aal kostenefficiént gebruikt kan worden. Daarnaast kunnen vele componenten
gelijktijdig worden opgepakt en geprint, wat parallelle integratie en volumefabri-
cage mogelijk maakt. Een ander voordeel is dat verschillende materialen kunnen
worden geintegreerd op hetzelfde doelsubstraat voor de implementatie van ver-
schillende functionaliteiten. Belangrijk is dat componenten en materialen kun-
nen worden geintegreerd op het einde van de fabricatiecyclus, wat essentieel is
om de CMOS-incompatibiliteit van materialen zoals III-V-halfgeleiders of lithi-
umniobaat te omzeilen, of vroeg in de fabricatiecyclus om gebruik te maken van
fabricage op waferschaal.

De eerste heterogeen geintegreerde lasers op siliciumnitride werden minder
dan vier jaar geleden gedemonstreerd. Actieve componenten op siliciumnitride
vormen aldus een erg recente ontwikkeling. Het eerste deel van dit proefschrift
bouwt verder op deze ontwikkelingen door het demonstreren van een heterogene
passief mode-vergrendelde kamlaser op siliciumnitride. Dergelijke kamlasers zijn
uitermate geschikt voor opkomende toepassingen zoals draagbare spectroscopi-
sche sensoren. Daarnaast wordt een nieuwe modelleerstrategie gepresenteerd om
efficiénte simulatie van dergelijke lasers mogelijk te maken. In het tweede deel
van dit proefschrift wordt een nieuwe integratiemethode ontwikkeld om hetero-
gene laserintegratie mogelijk te maken op generieke, commerciéle siliciumnitride
platformen. Door gebruik te maken van twee micro-transfer printstappen, één
om een kristallijne Si koppellaag te integreren, en één om de III-V halfgeleider
optische versterker te integreren, kunnen heterogene lasers worden gebouwd op
vrijwel elk geintegreerd fotonisch platform met lage brekingsindex. In het derde
deel van dit proefschrift worden micro-transfer printbare silicium fotodetectoren
en GaAs optische halfgeleiderversterkers bestudeerd om de mogelijkheden van het
siliciumnitride uit te breiden in het (bijna) zichtbare spectrale bereik, ten dienste
van een breed scala aan opkomende toepassingsgebieden.

Resultaten

Passief mode-vergrendelde lasers op siliciumnitride

Het eerste apparaat dat in dit proefschrift wordt gepresenteerd is een heterogeen
geintegreerde III-V-op-silicium-nitride passief mode-vergrendelde laser (MLL),
schematisch weergegeven in Fig. 1(a). Er wordt een lange ringvormige cavi-
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Figuur 1: (a) Ilustratie van de heterogene mode-vergrendelde laser met een SizNy4 ringca-
viteit en op InP/InAlGaAs gebaseerde versterkers met satureerbare absorbeerder. De uitspa-
ring in de oxidebedekking voor het micro-transfer printen van de I1I-V coupon is aangeduid.
(b) Microscoopbeeld van de geintegreerde coupon bovenop de koppelingstructuur. (c¢) RF-
spectrum van de gegenereerde pulstrein op het gekozen werkpunt. (d) Optisch spectrum
gemeten met een resolutie van 30 pm. Een 10-dB optische bandbreedte van 3.27 nm is
gemeten.

teit, bestaande uit twee 10 cm SizN, spiralen, gebruikt. Het SisNy werd gede-
poneerd door middel van lagedruk chemische dampdepositie (LPCVD) op een
SOI-substraat. De SigNy-golfgeleiders zijn gedefinieerd met behulp van diepe-
UV-lithografie en hebben een breedte van 2 um en een hoogte van 330 nm. Om
heterogene integratie mogelijk te maken is lokaal een uitsparing geétst in de 4.2 um
dikke siliciumoxide (Si02) topbedekking. Om het grote indexverschil te overbrug-
gen en een efficiénte evanescente koppeling van licht van de SigNy4 naar de III-V-
golfgeleider te verzekeren, wordt een tweetraps taper structuur gebruikt: eerst van
de SizgNy-golfgeleider naar een siliciumgolfgeleider eronder, en vervolgens naar
de III-V-golfgeleider. Een microscoopbeeld van de tweetraps taper structuur met
geintegreerde III-V coupon wordt getoond in figuur 1(b). De MLL werd geka-
rakteriseerd bij 15°C en de versterkers en satureerbare absorber werden van een
elektrische spanning voorzien door middel van een PGSGP contactprobe. Passieve
mode-vergrendeling bij de fundamentele frequentie bleek op te treden bij een SA
spanning van -2.9 V met een SA-stroom van -0.5 mA, en een versterker spanning
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van 1.88 V met een injectiestroom van 75 mA. Het optische vermogen in de vezel
was ongeveer -24 dBm, wat overeenkomt met een op-chip vermogen van onge-
veer 125 pW wanneer rekening wordt gehouden met de verliezen van de grating
coupler. Dit optische vermogen is voldoende als de laser bijvoorbeeld gebruikt
wordt in een op-chip dubbele-kam spectrometer. Figuur 1(c) toont het elektrische
spectrum van de MLL bij het bovengenoemde werkpunt, verkregen met een elek-
trische spectrumanalysator (ESA) met een bandbreedte van 300 kHz resolutie. Een
lage herhalingssnelheid van 755 MHz wordt gemeten met een vlak en dens kam-
spectrum. Het afrollen van de radiofrequentie (RF) kam bij hoge frequenties is een
gevolg van de bandbreedtebeperking van 30 GHz van de transimpedantieversterker
van de fotodetector. Een dergelijk dicht kamspectrum is bijzonder nuttig voor op-
chips gebaseerde spectroscopische detectietoepassingen met hoge resolutie. Het
optische spectrum van de MLL werd gemeten met een optische spectrumanalysa-
tor (OSA) met een resolutie van 30 pm en is afgebeeld in figuur 1(d). Een 10-dB
optische bandbreedte van 3.27 nm wordt bereikt, wat overeenkomt met meer dan
500 dicht en gelijkmatig gespreide kamlijnen. De optische lijnbreedte werd ge-
karakteriseerd door de MLL-uitgang te mengen met een afzonderlijke afstembare
laser (60 kHz lijnbreedte). Dit resulteerde in een mixsignaal met een optische lijn-
breedte van minder dan 200 kHz. Bovendien werden metingen van de fase-ruis
op één zijband uitgevoerd. Hieruit bleek een record-lage 1 Hz versterkte spontane
emissie beperkte RF-lijnbreedte.

Als aanvulling op het hierboven beschreven experimentele werk, wordt een
nieuwe hybride simulatiestrategie voorgesteld om dergelijke apparaten te modelle-
ren. De hybride aanpak combineert een zogenemaand traveling-wave model voor
de halfgeleidersecties met een split-step Fourier-implementatie van de uitgebreide
niet-lineaire Schrodingervergelijking voor de passieve caviteit, zoals geillustreerd
in Fig. 2. Een dergelijke benadering maakt het mogelijk om een brede waaier
aan fysische verschijnselen te beschouwen, zoals de halfgeleiderfysica van de op-
tische versterker en de SA, alsook de dispersieve en niet-lineaire eigenschappen
van de passieve lasercaviteit, terwijl tegelijkertijd de computationele vereisten van
het model worden beperkt. Het model werd geillustreerd aan de hand van een si-
mulatie van een 2.6 GHz III-V-op-silicium MLL. Een dergelijk hybride model kan
waardevol zijn om MLL’s met lage herhalingssnelheid te bestuderen, aangezien
voor deze apparaten dispersieve en niet-lineaire effecten van de lange passieve
caviteit belangrijk kunnen zijn. Er is echter nog extra werk nodig om praktisch
gebruik van het model mogelijk te maken. Bovendien is een verdere validatie es-
sentieel om de betrouwbaarheid en fysische nauwkeurigheid van het model aan te
tonen.

Micro-transfer printen van dunne silicium lagen

Het tweede deel van dit proefschrift gaat over een nieuwe integratiemethode om
lasers heterogeen te integreren op generieke, commerciéle SisN4-platformen, of
andere geintegreerde fotonische platformen met lage index, zoals dunne-film lithi-
umniobaat (TFLN). Hoewel een aangepast meerlaags SizN4/SOI-platform, zoals
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Figuur 2: Mode-vergrendelde laser simulatie methode, bestaande uit een traveling-wave
model voor het actieve gebied en een split-step Fourier propagatie-algoritme voor de externe
passieve golfgeleidercaviteit. (a) Indien er geen pulsen worden waargenomen, bijvoorbeeld
bij het opstarten van de laser, wordt het split-step Fourier-algoritme niet gebruikt en wordt
de externe caviteit eenvoudigweg voorgesteld door een vertraging met verlies. (b) Wanneer
pulsen worden waargenomen, wordt de split-step Fourier-methode gebruikt en wordt reke-
ning gehouden met dispersieve en niet-lineaire effecten.

gebruikt voor de bovengenoemde heterogene SisN4 mode-vergrendelde laser, uit-
stekende prestaties levert, is het duur en momenteel (nog) niet verkrijgbaar bij de
meeste commerciéle gieterijen. Bovendien omzeilt de voorgestelde aanpak enkele
van de nadelen van een gehydrogeneerde amorfe silicium tussenkoppelingslaag.
De integratiemethode bestaat uit twee micro-transfer printstappen. In een eerste
stap wordt een 400 nm dikke coupon van kristallijn silicium micro-transfer geprint
op de siliciumnitride golfgeleider om te dienen als tussenliggende koppelingslaag.
De golfgeleiders in de kristallijne Si coupon kunnen voor of na het micro-transfer
printen worden gedefinieerd. Afbeeldingen van micro-transfer geprinte Si coupons
voor en na het definiéren van patronen worden getoond in figuren 3(a) en (b). Zo-
dra de Si golfgeleider gedefinieerd is, wordt de III-V versterker geintegreerd met
een tweede micro-transfer printstap. Twee verschillende methodes werden ontwik-
keld om kristallijne silicium coupons te maken voor micro-transfer printen, ener-
zijds door onderetsen met waterstoffluoride in dampfase, anderzijds door inkapsu-
latie van de Si coupon met fotoresist en onderetsen met waterstoffluoride in vloei-
bare toestand. Hoewel deze laatste methode meer fabricagestappen vereist, hebben
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Figuur 3: (a) Microscoopfoto van een siliciumnitride PIC met micro-transfer geprinte
kristallijne Si coupons. (b) Foto van de chip, genomen met een rasterelektronenmicroscoop,
na het definiéren van de Si golfgeleiders.

de coupons een consistent lage oppervlakteruwheid en geen last van restdeeltjes,
in tegenstelling tot experimenten met etsen in de dampfase. Transmissiemetingen
van Si coupons op 300 nm dikke SisNy golfgeleiders, wijzen op taperverliezen
rond 0.8 dB/taper en overtollige golfgeleidingsverliezen van 7.5 dB/cm (voor een
2 um brede, 400 nm dikke volledig geétste Si golfgeleider), wat bevestigt dat de
micro-tranfser geprinte silicium golfgeleiders verliezen vertonen die vergelijkbaar
zijn met standaard SOI-golfgeleiders (voor dezelfde lithografie- en etsprocessen).
Aangezien aanzienlijke ruwheid aan de zijkant van de Si golfgeleider wordt waar-
genomen, wordt verwacht dat een verdere reductie van de golfgeleiderverliezen
mogelijk is door optimalisering van de e-beam-lithografie en de etsprocessen. De
relevantie en het potentieel van de integratiemethode worden geillustreerd aan de
hand van een aantal gedemonstreerde apparaten, waaronder multimode en mode-
vergrendelde lasers op SizNy, en een elektro-optische afstembare laser en elektro-
optische frequentiekamgenerator op TFLN.

Detectoren en versterkers voor bijna-zichtbare golflengten

Het derde deel van dit proefschrift beschrijft onze inspanningen om het portfolio
van siliciumnitride in het (bijna) zichtbare spectrum uit te breiden met Si fotode-
tectoren en GaAs optische halfgeleiderversterkers.

Allereerst worden micro-transfer geprinte Si p-i-n fotodiodes op imec’s com-
merciéle BioPIX SizNy platform voorgesteld voor golflengten onder 850 nm. De
fotodiodes zijn gerealiseerd op imec’s iSiPP25G geintegreerd silicium fotonica
platform via een multi-project wafer (MPW) run. Ribgolfgeleiders zijn gedefi-
nieerd in een 220 nm Si laag bovenop een 2 um thermisch gegroeide silicium-
oxide (SiO2) laag. De 300 nm dikke SizN,-laag werd gedeponeerd met behulp
van plasmaversterkte chemische dampdepositie (PECVD) bovenop een 3.3 um
Si02-op-Si wafer. Bovendien werd een 2 pum diepe uitsparing lokaal geétst in



SAMENVATTING XXXiii

GaAs versterker

Y

Figuur 4: (a) [lustratie van de Si p-i-n fotodiode bovenop een SizN4 golfgeleider. Een
elektrische spanning wordt aangelegd op de metaalcontacten bovenop de gedopeerde ge-
bieden. (b) Foto, genomen met een elektronenmicroscoop, van een micro-transfer geprinte
GaAs-halfgeleider optische versterker.

de SiO2 topbekleding met behulp van droge etstechnieken om een deel van de
SizNy-golfgeleider bloot te leggen. Hierdoor wordt evanescente koppeling met de
Si ribgolfgeleider erboven mogelijk gemaakt. Een schematische voorstelling van
de 200 pm lange fotodiode wordt getoond in Fig. 4(a). De fotodiodes leveren
degelijke prestaties met een lage donkerstroom van 107 pA bij -3 V spanning, ex-
terne quantum effici€nties rond 30% bij 775 nm en 800 nm, en een geschatte 3-dB
bandbreedte van 6 GHz. Bovendien wordt lawineversterking met een waargeno-
men versterking-bandbreedteproduct van 68 GHz bij -45 V spanning aangetoond,
wat bijzonder relevant is voor toepassingen waar een hogere ontvangstgevoelig-
heid nodig is.

Ten tweede worden micro-transfer printbare horizontaal-gekoppelde GaAs half-
geleider optische versterkers ontwikkeld als eerste stap in de ontwikkeling van he-
terogene lasers op siliciumnitride die rond 780 nm werken. De versterkers zijn
gebaseerd op een (Al)GaAs epitaxiale lagenstructuur, gegroeid met behulp van
metaalorganische dampfase-epitaxie (MOVPE), met 4 AlGaAs quantum wells met
een fotoluminescentiegolflengte van 780 nm. Verder is een 500 nm dikke InGaP
opofferingslaag opgenomen in de lagenstructuur om de apparaten op het bronsub-
straat te kunnen onderetsen en vervolgens te kunnen micro-transfer printen. Een
rasterelektronenmicroscoopbeeld van een micro-transfer geprinte optische verster-
ker (SOA) is afgebeeld in Fig. 4(b). Een eenvoudig doelsubbstraat werd vervaar-
digd om de SOA’s te testen, en een versterkte spontane emissie rond 770 nm werd
waargenomen met een optische spectrumanalysator. De hoge differenti€le weer-
stand (>14 €2 bij 60 mA biasstroom) en de ruwe chiprand, als gevolg van het snij-
den van de chip, beperkten naar alle waarschijnlijkheid het optische vermogen dat
met een lensvormige optische vezel kon worden opgevangen. Voortbouwend op
deze resultaten zijn onlangs GaAs Fabry-Pérot lasers met 3 mW vezelgekoppeld
uitgangsvermogen gedemonstreerd op basis van een geoptimaliseerde (Al)GaAs
epitaxie en enkele besproken procesverbeteringen.
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Conclusie

In dit proefschrift werd de heterogene integratie met behulp van micro-transfer
printen onderzocht om het huidige toepassingsgebied en de bijbehorende functi-
onaliteiten van siliciumnitride fotonische geintegreerde schakelingen uit te brei-
den. In het bijzonder demonstreerden we een passief mode-vergrendelde laser op
siliciumnitride, een nieuwe methodologie voor heterogene laserintegratie op ge-
nerieke en commerciéle siliciumnitride platformen, alsmede Si fotodetectoren en
GaAs halfgeleider optische versterkers voor bijna-zichtbare golflengten. Verwacht
wordt dat deze ontwikkelingen een belangrijke rol zullen spelen voor geavanceerde
fotonische geintegreerde schakelingen op siliciumnitride, en een breed scala aan
gevestigde en toekomstige toepassingsgebieden (waaronder spectroscopische sen-
soren, optische beeldvorming met onder meer optische coherentie tomografie, en
quantum fotonische toepassingen) in het nabij-infrarood en het zichtbare spectrum
zullen dienen.



Summary

Introduction

Since the introduction of “integrated optics” in 1969 by S. Miller and coworkers,
photonic integration has undergone tremendous progress. From early on, scien-
tists and engineers realized that photonic integration benefits from improved re-
silience to thermal, mechanical and acoustic perturbations from the environment
compared to bulk optical components, and, importantly, enables economic scal-
ability by leveraging photolithographic techniques from the microelectronics in-
dustry. Largely fueled by the demands of optical communications, III-V semi-
conductors initially dominated the stage. After all, III-V semiconductors such as
Indium Phosphide naturally combine light generation, modulation and detection
on a single platform. However, during the last two decades, silicon photonics has
established itself as an invaluable competing integrated photonics platform, despite
its need for an external light source. Its success is underpinned by a number of fea-
tures. First of all, the ability to leverage existing CMOS infrastructure enables scal-
able and cost-effective manufacturing, and provides seamless compatibility with
microelectronic circuits. Secondly, silicon is transparent at telecom wavelengths
(1310 nm and 1550 nm), allowing one to use these photonic integrated circuits
(PICs) for datacom and telecom applications. In addition, the silicon-on-insulator
(SOI) platform’s high index contrast and low loss enable dense integration of op-
tical components and the realization of passive devices that outperform those on
competing III-V platforms.

Recently, silicon nitride has emerged as an important material to complement
conventional silicon photonic integrated circuits. Not only does silicon nitride’s
wide transparency window - down to the visible spectral range - greatly expand
the application scope of conventional silicon photonics, its attainable ultra-low
waveguide losses and high power-handling capabilities allow reaching unprece-
dented device performance. Still, the silicon nitride platform by itself is a purely
passive platform (apart from thermo-optic tuning capabilities) and therefore relies
critically on hybrid- or heterogeneous integration methods to build active devices
and unlock its full technological potential.

This dissertation describes our efforts to extend the current application scope
and corresponding functionalities of silicon nitride photonic integrated circuits by
heterogeneously integrating materials and active devices. The selected heteroge-
neous integration technique is micro-transfer printing, which is a pick-and-place
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method to transfer (pre-processed) devices (or more general: “coupons”) from a
source wafer to a target wafer. As micro-transfer printing combines some key
properties of wafer bonding and flip-chip integration, it benefits from several ad-
vantages over competing integration methods. Firstly, it is possible to pre-test
pre-processed devices on the source wafer, prior to integration on the target wafer,
similar to flip-chip integration. Furthermore, the source wafer can be densely pop-
ulated with devices, ensuring efficient usage of the often expensive source material.
In addition, many coupons can be picked up and printed simultaneously, enabling
massively parallel integration and volume manufacturing. Yet another advantage
is that different materials can be co-integrated on the same target wafer to imple-
ment diverse functionalities. Importantly, devices and materials can be integrated
at the back-end-of-line, which is essential to overcome the CMOS incompatibility
of materials such as III-V semiconductors or lithium niobate, or early on in the
process flow to benefit from wafer-scale manufacturing.

With the first heterogeneously integrated lasers on silicon nitride demonstrated
less than four years ago, active devices on silicon nitride signify a fairly recent de-
velopment. The first part of this dissertation builds further on these developments
by demonstrating a heterogeneous passively mode-locked comb laser on silicon
nitride, hereby supporting emerging applications such as portable spectroscopic
sensors. In addition, a novel modeling strategy is presented to enable efficient
simulation of such devices. In the second part of this dissertation, a novel in-
tegration methodology is developed to enable heterogeneous laser integration on
generic, commercial silicon nitride platforms. By using two micro-transfer print-
ing steps, one to integrate a crystalline Si coupling layer, and one to integrate
the III-V semiconductor optical amplifier, heterogeneous lasers can be build on
virtually any low-index integrated photonic platform. In the third part of this dis-
sertation, micro-transfer printable silicon photodetectors and GaAs semiconductor
optical amplifiers are investigated to expand the toolbox of silicon nitride in the
(near-)visible spectral range, serving a wide range of upcoming application do-
mains.

Results

Passively mode-locked laser on silicon nitride

The first device that is presented in this dissertation is a heterogeneously inte-
grated III-V-on-silicon-nitride passively mode-locked laser (MLL), schematically
depicted in Fig. 1(a). An extended ring cavity geometry is employed, consisting of
two 10 cm SizNy spirals, deposited by means of low-pressure chemical vapor de-
position on top of an SOI wafer. The Si3Ny waveguides are defined using deep-UV
lithography and have a width of 2 uym and a height of 330 nm. To enable hetero-
geneous integration, a recess is locally etched in the 4.2 pum silicon oxide (SiOs)
top cladding. A two-stage taper structure is employed to bridge the large index
difference and ensure efficient evanescent coupling of light from the SisN, to the
II-V stack: first from the SizN4 waveguide to a silicon waveguide underneath, and
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Figure 1: (a) Schematic of the heterogeneous mode-locked laser with a SizNy ring cavity
and InP/InAlGaAs-based amplifiers with saturable absorber. The recess for microtransfer
printing the III-V coupon is indicated. (b) Microscope image of the transfer printed coupon
on top of the taper structure. (c) RF spectrum of the generated pulse train at the chosen
operating point. (d) Optical spectrum measured with a 30 pm resolution. A 10-dB optical
bandwidth of 3.27 nm is measured.

subsequently to the III-V waveguide. A microscope image of the two-stage taper
with transfer printed coupon is shown in Fig. 1(b).

The MLL was characterized at 15°C and the amplifiers and saturable absorber
(SA) were biased using a PGSGP contact probe. Passive mode-locking at the fun-
damental frequency was found to occur at an SA reverse bias voltage of -2.9 V
with a -0.5 mA SA current, and an amplifier bias of 1.88 V with a 75 mA injec-
tion current. The optical power in the fiber was measured to be around -24 dBm,
corresponding with an on-chip power of approximately 125 uyW when the grat-
ing coupler losses are taken into account. This optical power is sufficient if the
laser is to be used, for example, in an on-chip dual-comb spectrometer. Figure
1(c) shows the electrical spectrum of the MLL at the aforementioned bias point,
obtained with an Electrical Spectrum Analyzer (ESA) with a 300 kHz resolution
bandwidth. A flat, densely-spaced comb spectrum is achieved with a low repetition
rate of 755 MHz. The roll-of of the radiofrequency (RF) comb at high frequen-
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cies is a consequence of the 30 GHz bandwidth limitation of the transimpedance
amplifier of the photodetector. Such a dense comb spectrum is particularly use-
ful for high-resolution chip-based spectroscopic sensing applications. The optical
spectrum of the MLL was measured with an Optical Spectrum Analyzer (OSA)
with a 30 pm resolution and is depicted in Figure 1(d). A 10-dB optical bandwidth
of 3.27 nm is achieved, corresponding with over 500 densely and evenly spaced
comb lines. The optical linewidth was characterized by beating the MLL output
with a tunable laser (60 kHz linewidth), resulting in a heterodyne beatnote with
a sub-200 kHz optical linewidth. In addition, single-sideband phase-noise mea-
surements were carried out, showing a record-low 1 Hz amplified spontaneous
emission limited RF linewidth.
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Figure 2: Mode-locked laser simulation flow, consisting of a traveling-wave model for
the active region and a split-step Fourier propagation algorithm for the extended passive
waveguide cavity. (a) In case no pulses are observed, e.g. at laser start-up, the split-step
Fourier algorithm is not employed and the extended cavity is simply represented by a delay
with some loss. (b) When pulses are observed, the split-step Fourier method is used and
dispersive and nonlinear effects are accounted for.

In addition to the experimental work on heterogeneous extended cavity mode-
locked laser diodes, a novel hybrid simulation strategy is proposed to model such
devices. The hybrid approach combines a traveling-wave model for the semi-
conductor sections with a split-step Fourier implementation of the extended non-
linear Schrodinger equation for the extended passive cavity, as illustrated in Fig.
3.2. Such an approach paves the way to include a wide range of physical phe-
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nomena, such as the semiconductors physics of the semiconductor optical am-
plifier (SOA) and SA, as well as the dispersive and nonlinear properties of the
extended passive laser cavity, while simultaneously limiting the model’s compu-
tational workload. The model was exemplified by simulating a 2.6 GHz III-V-
on-silicon MLL. Such a hybrid modeling strategy can be of value to study low-
repetition-rate MLLs, as for these devices dispersive and nonlinear effects of the
long extended cavity can become important. However, some additional work is
still needed to further enable practical usage of the model. Furthermore, extensive
validation remains essential to proof the model’s reliability and physical accuracy.
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Figure 3: (a) Microscope picture of a silicon nitride PIC with micro-transfer printed crys-
talline Si coupons. (b) Scanning electron microscope image of the sample after patterning
the Si waveguides.

Micro-transfer printing silicon thin films

The second part of this dissertation elaborates on a novel integration methodology
to heterogeneously integrate lasers on generic, commercial SizN, platforms, or
other low-index integrated photonic platforms such as thin-film lithium niobate
(TFLN). Although a custom multi-layer SisN4/SOI platform, as used for the afore-
mentioned heterogeneous SizN4 mode-locked laser, provides excellent performance,
it is expensive and currently not (yet) readily available from most commercial
foundries. Furthermore, the presented approach overcomes some of the draw-
backs of a hydrogenated amorphous silicon intermediate coupling layer. The inte-
gration methodology consists of two micro-transfer printing steps. In a first step,
a 400 nm thick crystalline silicon coupon is micro-transfer printed on the silicon
nitride waveguide to serve as an intermediate coupling layer. The crystalline Si
coupon can be patterned before or after micro-transfer printing. Images of micro-
transfer printed Si coupons before and after patterning are shown in Figs. 3(a) and
(b). Once the Si layer is patterned, the III-V amplifier is integrated with a second
micro-transfer printing step. Two different approaches were developed to create
crystalline silicon coupons for micro-transfer printing, either through vapor-phase
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release etching or through a liquid release etch with a photoresist encapsulation.
Although the latter requires more processing steps, the coupons benefit from a
consistently low surface roughness and do not suffer from residual particles, in
contrast to vapor-phase etching experiments. Transmission measurements of pat-
terned Si coupons on a patterned 300 nm SizNy layer, indicate taper losses on
the order of 0.8 dB/taper and excess waveguide losses of 7.5 dB/cm (for a 2 ym
wide, 400 nm thick fully etched Si waveguide), confirming that the micro-tranfser
printed silicon waveguides exhibit losses comparable to standard SOI waveguides
(assuming the same lithography and etching processes). As significant sidewall
roughness is observed, a further reduction of the losses is expected to be possible
by optimizing the e-beam lithography and etching processes. The relevance and
potential of the integration methodology is exemplified by a number of demon-
strated devices, including multimode and mode-locked lasers on SigNy, and an
electro-optic tunable laser and electro-optic frequency comb generator on TFLN.

Printed GaAs SOA
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Figure 4: (a) Schematic of the Si p-i-n photodiode on top of a SisN4 waveguide. The
device is reverse biased by applying a voltage via the metal contacts on top of the doped
regions. (b) Scanning electron microscope image of a micro-transfer printed GaAs semi-
conductor optical amplifier.

Detectors and amplifiers for near-visible wavelengths

The third part of this dissertation describes our efforts to extend the toolbox of sil-
icon nitride in the (near-)visible spectrum with Si photodetectors and GaAs semi-
conductor optical amplifiers.

Firstly, micro-transfer printed Si p—i—n photodiodes on imec’s commercial
BioPIX Si3Ny platform are presented to target wavelengths below 850 nm. The
photodiodes are realized on imec’s iSiPP25G integrated silicon photonics platform
through a multi-project wafer (MPW) run. Rib waveguides are defined in a 220 nm
Si layer on top of a 2 um thermally grown silicon oxide (SiO2) layer. The 300 nm
thick SizNy layer is deposited using plasma-enhanced chemical vapor deposition
(PECVD) on top of a 3.3 um SiO3-on-Si wafer. Furthermore, a 2 um deep recess
is locally etched in the SiOq top cladding using dry etching techniques to expose
part of the SizNy waveguide, enabling evanescent coupling to the Si rib waveguide
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above it. A schematic of the 200 um long photodiode is shown in Fig. 4(a). The
photodiodes feature competitive performance with a low dark current of 107 pA at
3 V reverse bias, external quantum efficiencies around 30% at 775 nm and 800 nm,
and an estimated 3-dB bandwidth of 6 GHz. In addition, avalanche gain with an
observed gain—bandwidth product of 68 GHz at 45 V reverse bias, is demonstrated
to serve applications where higher receiver sensitivities are needed.

Secondly, micro-transfer printable edge-coupled GaAs semiconductor optical
amplifiers are developed as a first step towards heterogeneous lasers on silicon
nitride that emit around 780 nm. The amplifiers are based on an (Al)GaAs epi-
taxial layer stack, grown using metalorganic vapor-phase epitaxy (MOVPE), with
4 AlGaAs quantum wells with a photoluminescence wavelength of 780 nm. Fur-
thermore, a 500 nm thick InGaP sacrificial layer is included to enable suspension
of the devices on the source wafer, and subsequent micro-transfer printing. A
scanning electron microscope image of a printed SOA is depicted in Fig. 4(b).
A dummy target sample was fabricated to test the SOA’s, and amplified sponta-
neous emission around 770 nm was observed with an optical spectrum analyzer.
However, the high differential resistance (>14 ) at 60 mA bias current) and the
rough sample edge, resulting from dicing the sample, likely limited the optical
power that could be captured with a lensed fiber. Building further on these results,
GaAs Fabry-Pérot lasers with 3 mW fiber-coupled output powers have recently
been demonstrated based on an optimized (Al)GaAs epitaxy and some discussed
process flow refinements.

Conclusion

In this dissertation, heterogeneous integration using micro-transfer printing was
explored to extend the current application scope and corresponding functionali-
ties of silicon nitride photonic integrated circuits. Specifically, we demonstrated
a passively mode-locked laser on silicon nitride, a novel process flow for hetero-
geneous laser integration on commercial silicon nitride platforms, as well as Si
photodetectors and GaAs semiconductor optical amplifiers for near-visible wave-
lengths. These developments are expected to play an important role for advanced
silicon nitride PICs in the future, serving a wide range of established and upcom-
ing application domains (including spectroscopic sensing devices, optical imaging
systems such as optical coherence tomography, and quantum photonics applica-
tions) across the near-infrared and visible spectrum.






Introduction

During the 20" century, the electronics industry has radically transformed the way
we live. The invention of the vacuum tube, and more importantly, the invention
of the first transistor in 1948, marked the beginning of a new digital era. At first
by using transistors as discrete components, essentially replacing vacuum tubes,
and later by building complex integrated circuits in which, today, several billion
transistors are incorporated into a single semiconductor chip. This unprecedented
miniaturization has revolutionized the way in which we process and communicate
information, and has given rise to numerous conveniences that we have become
accustomed to.

Today, 75 years after the invention of the first transistor, a similar revolution is
unfolding. This time, the stage is not reserved for electrons of the mature elec-
tronics industry, but rather for photons of the nascent field of photonics. The
word “photonics” is sometimes interchangeably used with the term “optics”, which
likely sounds more familiar. The latter term dates back to ancient Mesopotamia
and Greece where the first lenses as well as theories about light and vision origi-
nate from. Anno 2023, “optics” likely still invokes thoughts about lenses, prisms,
astronomy, etc. Yet, it encompasses much more than these well-known exam-
ples, and is broadly defined as the branch of physics that deals with light. The
term “photonics” on the other hand was coined more recently in 1967 by Pierre
Aigrain, and is generally defined as the branch of optics that deals with the gen-
eration, detection and manipulation of light. One application lies at the heart of
photonics and remains especially important today: optical communication.
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1.1 A historical perspective

For millennia, light has been harnessed for communication purposes if we inter-
pret optical communication in a broad sense. Early civilizations used mirrors, fire
beacons and smoke signals to convey simple messages, and similar concepts where
employed until the late 18" century [1]. On the other hand, telecommunication
as we know it today can be traced back to the notable inventions of the telegraph
in 1837 by Samuel Morse, and the telephone by Alexander Graham Bell in 1876.
In 1880, Bell invented another device, termed the photophone, which transmitted
information through air using a modulated beam of sunlight. It worked by con-
verting sound into modulated light and transmitting the light to a receiver where it
was converted back into sound. Although the photophone can be considered as the
precursor of modern optical communication systems, it was less practical than the
telephone and was not further developed [2]. Around the same time, the Scottisch
mathematician James C. Maxwell formulated his famous “Maxwell’s equations”,
which can arguably be considered as one of the greatest scientific achievements
of the 19" century [3]. These equations describe the propagation of electromag-
netic waves and have laid the theoretical groundwork that was invaluable for later
discoveries. Indeed, shortly thereafter, Heinrich Hertz and Guglielmo Marconi
demonstrated radio waves and radio communication based on the electromagnetic
theory elucidated by Maxwell. Ever since these seminal achievements, scientists
and engineers have made steady progress towards better and faster communication
systems to support the growing demands which are largely fueled by the increases
in computational power. It was soon realized that an enormous increase in the
bit rate - distance product, a commonly used figure of merit for communication
systems, would be possible by using optical waves instead of microwave carriers.
After all, higher carrier frequency waves naturally benefit from enhanced modu-
lation bandwidths to carry information. However, at the time, neither a coherent
optical source nor a suitable transmission medium were existent, and the interests
in optical communication systems remained dormant.

In the 1960s, two parallel developments triggered a renewed interest in opti-
cal communications. A first breakthrough was the demonstration of the laser by
Theodore Maiman in 1960 [4]. Building on the fundamental principle of “stimu-
lated emission” predicted by Einstein in 1917, and following the Nobel prize win-
ning work of C. H. Townes, N. Basov, and A. Prokhorov on the maser (Microwave
Amplification by Stimulated Emission of Radiation) amongst others, Maiman op-
erated the first functional laser using a flashlamp-pumped synthetic ruby crystal
to produce red laser light. Numerous demonstrations quickly followed suit, and
in that same year, the first gas laser was developed which generated continuous
infrared light from a a helium-neon mixture [5]. The first semiconductor laser,
which could be pumped electrically in contrast to optical pumping mechanisms of
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earlier demonstrations, was developed in 1962 by R. N. Hall and coworkers [6].
Although lasers quickly caught the public imagination, likely for their similarity to
“death rays” of science fiction novels, the relevance of Maiman’s accomplishment
was initially unclear. Maiman himself observed that “a laser is a solution seeking
a problem”. However, this statement did not linger for very long as lasers where
commercialized by several companies in the 1960s and practical applications be-
came apparent. Still, for communication purposes, the laser by itself offered lim-
ited opportunities. Despite being able to generate a powerful and directional beam,
sending a laser beam through air has obvious limitations for communication over
longer distances [2]. A way to guide light efficiently remained an essential missing
building block. In 1966, Charles K. Kao proposed that optical glass fibers could be
used to transmit light over long distances [7], a discovery which later granted him
the Nobel prize in physics. At first, the losses of optical fibers were too high for
practical fiber communication links. However, in 1970, a major breakthrough was
made in reducing fiber losses to below 20 dB/km by depositing a highly purified
SiO4 vapor on the inside of a glass tube, and subsequently heating and drawing the
tube into a fiber [8]. This process is referred to as inside vapor deposition (IVD)
and is still commonly used today. Around the same time, gallium arsenide (GaAs)
semiconductor lasers that could operate continuously at room temperature became
commercially available. With the simultaneous availability of these compact opti-
cal sources and low-loss optical fibers, a worldwide effort was initiated to develop
fiber-optic communication networks [1].

Since the 1970s, fiber-optic communication systems have progressed at a rapid

pace, as is evident from the increase in bit rate by more than a factor of 10° as well
as the increase in transmission distance from 10 km to more than 10 000 km over
a period of a few decades [1]. Several technological advances have contributed to
this evolution, including the shift towards longer operating wavelengths to benefit
from low chromatic dispersion in fibers (near 1.3 um) and achieve low propa-
gation losses (near 1.55 pm), as well as the development of single-mode fibers,
dispersion-shifted fibers, and single-mode lasers to overcome the limitations im-
posed by fiber dispersion. Furthermore, erbium-doped fiber amplifiers, developed
in 1987 [9] and commercialized in 1990, replaced electronic repeaters, making
long-distance transatlantic and transpacific submarine communication channels vi-
able. In addition, the advent of wavelength-division multiplexing (WDM) where
several optical carriers are simultaneously send through a single fiber using differ-
ent wavelengths, resulted in a tremendous improvement in system capacity.
With all these developments in place, fiber-optic communication technology has
reached a certain stage of maturity and now connects the entire globe to form the
backbone of the internet today. Further improvements were to largely come from
the transmitter and receiver sides of the fiber links, a trend that fueled the develop-
ment of a new field: integrated photonics.
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1.2 Integrated photonics

The concept of integrated photonics - or integrated optics as it was called in the
early days - was first proposed by S. Miller in 1969 [10]. The proposal entailed “a
miniature form of laser beam circuitry”, allowing to guide and manipulate light on
an integrated circuit. As Miller elaborated, such an approach would not only ben-
efit from improved resilience to thermal, mechanical and acoustic perturbations
from the environment (compared to bulk optical components), but also enables
economic scalability by leveraging established photolithographic techniques from
the microelectronics industry. Historically, a single integrated optical circuit was
envisioned to contain many different optical devices (lasers, switches, modula-
tors, detectors, etc.) and hence incorporate a wide range of distinct materials [11].
However, at the time it was quickly realized that fabricating such versatile circuits
was difficult. As a result, the development of circuits with a limited number of
different components became conventional.

From early on, several material platforms were investigated to realize photonic
integrated circuits (PICs). One important requirement when selecting a material
system is that the involved materials are transparent for the chosen wavelength
range. Furthermore, the refractive indices of the materials influence the integration
density that can be achieved. On a PIC, light is guided by a dielectric waveguide
core with a refractive index higher than the surrounding material, similar to how
light is guided in optical fibers. When the refractive index contrast becomes larger,
the optical mode is more closely confined to the core waveguide and small bend
radii can be tolerated without excessive losses. The improved integration density
comes at the expense of a higher sensitivity to fabrication tolerances and a higher
susceptibility to surface roughness.

The principal material platforms used to build the first PICs were silica, lithium
niobate, and GaAs and indium phosphide (InP) semiconductors [12, 13]. Silica
and lithium niobate platforms have a low refractive index contrast and benefited
from low propagation losses, making them suitable for passive functionalities such
as filters and multiplexers in optical networks [10, 13]. Moreover, lithium niobate
exhibits a high electro-optic coefficient, making it a valuable platform to realize
high-speed modulators [14]. Still, both platforms are unsuitable to fabricate lasers
and detectors. Driven by the demands of telecommunication, III-V semiconductor
platforms quickly dominated the stage. By epitaxially growing lattice-matched
group III and V layers on GaAs and InP substrates, direct bandgaps in a wide
wavelength range could readily be engineered. As a result, this material system
was - and still is today - the material system of choice to fabricate high quality
semiconductor lasers. In the 1980s, the first PICs capable of fulfilling multiple
functions were demonstrated based on GaAs and InP platforms [15-17]. These
circuits incorporated a single-mode laser and a modulator on a single monolithic
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PIC, serving high-capacity optical fiber links.

1.3 The advent of silicon photonics

Crystalline silicon (Si) has been the workhorse of the microelectronics industry.
However, in the early days of integrated photonics, the research community was
betting on III-V semiconductors for the development of optoelectronic devices,
and silicon solely served as a substrate material to explore other waveguiding ma-
terials such as Taz O3, ZnO, etc. [18]. Still, the relevance of using silicon for optical
waveguiding was quickly recognized, and some pioneering work was performed
by Soref and coworkers during the 1980s [18, 19]. The drivers to explore silicon
for integrated photonics were multifold. Firstly, the high transparency at fiber-
optical communication wavelengths (1.3 pm and 1.55 pm) and the low transmis-
sion losses in high-quality crystalline silicon showed great promise for telecom-
munications. Moreover, there was reason to believe that silicon could serve as a
medium for a variety of optical functionalities, similar to the capabilities of III-V
semiconductor compounds, while at the same time avoiding the complexities and
costs of III-V alloys [18, 20]. In addition, two important considerations stimulated
the early development of silicon photonics [18]: 1) the processing technologies
developed for the microelectronics industry could also be applied to silicon op-
tical devices, enabling scalable and cost-effective manufacturing, and 2) silicon
electronic circuits could be merged with silicon optical components on a single
monolithic chip.

Around the turn of the century, the field of silicon photonics really started
booming. Epitaxial growth of germanium on silicon was mastered, enabling the
fabrication of CMOS-compatible high-speed detectors [21, 22]. High-speed mod-
ulators on silicon with bandwidths exceeding 1 GHz were demonstrated shortly
thereafter [23]. Around the same time, the silicon-on-insulator (Si-on-SiOsy or
SOI) platform was further developed to replace the earlier silicon photonic plat-
forms which were based on doping gradients in silicon [20, 24]. This transition
resulted in an enhanced refractive-index contrast (and hence a higher integration
density) and enabled lower losses. Furthermore, the problem of efficient opti-
cal coupling between optical fibers and integrated silicon waveguides was tackled
using tapers [25-27] and grating couplers [28], and numerous other noteworthy
advances followed suit [20, 29].

During the last two decades, the emphasis gradually shifted from research and
development to commercialization. Not only established players such as Intel and
IBM have invested heavily in silicon photonics technology, but also several new
companies have been incorporated to obtain some market share in the silicon pho-
tonics landscape, for example Luxtera (acquired by Cisco in 2019), Kotura (ac-
quired by Mellanox in 2013 and later Nvidia), and Aurrion (acquired by Juniper
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Networks in 2016). According to a report published in 2021 by MarketsandMar-
kets, the global silicon photonics market is expected to grow from USD 1.1 billion
in 2021 to USD 4.6 billion in 2027, corresponding with an expected compound
annual growth rate (CAGR) of 26.8 % [30]. A similar forecast has been predicted
in the 2022 report by Yole development [31], as illustrated in Fig. 1.1. The silicon
photonics market value at the die-level was valued at USD 152 million in 2021
and is expected to reach USD 1 billion by 2027 at a compound annual growth rate
of 36 %. Importantly, this growth will likely be fueled by many novel applica-
tions beyond established telecom and datacom markets. For example, medical and
consumer health applications, photonic computing for Al, as well as the devel-
opment of LiDAR for the automotive industry amongst others could significantly
contribute to the further growth of silicon photonics technology. Some promising
applications are discussed in greater detail in section 1.6.

® Data center transceivers ® Fiber-optic gyroscope
® Long haul transceivers

® Co-packaged engines ® Optical interconnects
® Immunoassay
® Consumer health CAGR 22%
2027
2021 $972M
$151
l"
H
i
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\
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\ o
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Figure 1.1: Silicon photonic die market forecast by application by Yole Intelligence [31].

1.4 Expanding silicon photonics with silicon nitride

Silicon nitride (Si3Ny) photonic circuits have been of interest from early on due to
their wide transparency range, which extends to visible wavelengths where silicon
becomes absorbing, as well as their compatibility with silicon processing technolo-
gies [32]. Already in the late 1970s, low propagation losses down to 0.1 dB/cm
at visible wavelengths were achieved with SigNy slab waveguides. For this, thin
silicon nitride films were deposited through chemical vapor deposition on ther-
mally oxidized silicon substrates [33]. The low losses and transparency at visible
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wavelengths proved instrumental for biosensing applications as long interaction
lengths with the analyte were made possible. Indeed, in the 1990s, the first Si3Ny
PICs for highly sensitive immunosensing emerged based on SisN, interferome-
ters [34, 35]. Waveguide losses at telecommunication wavelengths were initially
significantly higher due to hydrogen-based absorption around 1.52 um (absorption
in SigNy) and 1.4 um (absorption in the SiO5 cladding). To this end, low-pressure
chemical vapor deposition (LPCVD) with a high temperature annealing step has
proven effective to remove the hydrogen and reduce the losses [36]. As the name
suggests, LPCVD Si3gNy is deposited at a low pressure but at a high temperature
(>700°C), whereas plasma-enhanced chemical vapor deposition (PECVD) SisNy
is deposited at lower temperatures (<400°C), making the latter compatible with
CMOS back-end processing. LPCVD SisNy is typically close to stoichiometric
SigNy, exhibits higher internal strain, and provides excellent control over the ma-
terial refractive index and film thickness [37]. The properties of PECVD SizNy
depend more strongly on the deposition conditions and can be Si-rich (resulting
in a higher refractive index) or nitrogen-rich (resulting in a lower refractive in-
dex). Regardless of the chosen deposition technique, the fact that silicon nitride is
added through a deposition process comes with a lot of flexibility. It implies, for
example, that silicon nitride waveguides can be combined with SOI waveguides to
merge the merits of both platforms on a single chip [37].

Further improvements of the deposition and etching processes have led to ultra-
low propagation losses necessary for realizing long optical delay lines for optical
packet routing and antenna beam steering [38, 39]. Waveguide losses on the or-
der of 1 dB/m have recently been attained at infrared wavelengths, two orders of
magnitude lower than what has been achieved using SOI waveguides [32, 40].
Such ultra-low losses have enabled microring resonators with Q-factors exceeding
107 [41]. In addition, the lower refractive index contrast compared to SOI, results
in reduced sensitivity to fabrication tolerances. These properties have made SizNy4
a suitable platform to develop high-performance optical filters [32, 42].

Recently, thick SisN4 waveguides have been developed to increase the mode
confinement and enable efficient nonlinear optical interactions [32]. Although
the third-order nonlinearity of silicon is more than an order of magnitude higher
than that of silicon nitride, it is virtually useless at telecommunications wave-
lengths because of two-photon absorption (TPA) resulting from its small bandgap
of 1.1 eV [43]. Silicon nitride does not suffer from this TPA and has therefore
been used extensively for frequency comb- and supercontinuum generation [44].

Today, silicon nitride has become an established wafer-scale platform to com-
plement the features and strengths of SOI and III-V waveguide technologies. Sev-
eral commercial foundry platforms have emerged and are now offering SizNy
PICs, including imec, LioniX, Ligentec, CNM-IMB, AMF, and CEA-Leti amongst
others. With the aforementioned advantages, the field of silicon nitride photonics
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Properties & building blocks InP Si SigNy
Transparency range (um) 1-1.7[47] 1.1-4 04-4
Index contrast (%) 10 [48, 49] 140 38/28
Waveguide loss at 1550 nm (dB/cm) 2-4[50] 1 0.01 [40]
Thermo-optic coefficient (K~1) 2-107* [51] 1.86-107* 2.45.107°
TPA coefficient (m/W) 310710 [52] 9.10712 0
Nonlinear Kerr coefficient (m2/W)  27-107'8 [53] 4.5-107'% 0.26-10~18
Passives + ++ +++
Modulators +++ ++ +
Detectors +++ +++ -*
Lasers +++ -* -*
CMOS compatibility - ++ +/++

Table 1.1: Some key properties and available building blocks of common integrated pho-
tonic platforms. Adapted from [43, 45, 46].
* Such devices can be fabricated using hybrid or heterogeneous integration techniques.

is expected to grow significantly in the coming years, and many of the novel ap-
plications envisioned in the silicon photonics roadmap will likely rely critically on
silicon nitride’s unique features.

1.5 III-V semiconductor integration techniques

A comparison of some widely used and commercially available integrated pho-
tonic platforms is laid out in Table 1.1. As evident from the previous sections and
Table 1.1, the InP, SOI and Si3N, platforms each have their own strengths and lim-
itations. The InP platform is used extensively for commercial transceiver products
as it can naturally incorporate high-quality semiconductor lasers, modulators and
detectors [54]. Still, its relatively high propagation losses impede the performance
of passive components such as filters, optical delay lines and extended laser cavi-
ties [55-57]. On the other hand, SOI and SizN4 platforms benefit from waveguides
with lower losses, but there is no straight forward solution to realize electrically
pumped light sources (owing to silicon’s indirect bandgap). Combining different
materials is therefore desirable to overcome the shortcomings of the individual
platforms. For this reason, various III-V integration methods have been developed
in recent years to bring III-V opto-electronic components to the silicon (nitride)
photonic platforms. Some common III-V integration techniques are discussed in
the following sections.
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1.5.1 Hetero-epitaxial growth

Direct growth of III-V materials on silicon is challenging due to the large lattice
mismatch between both materials, the difference in thermal expansion coefficient,
and the difference in polarity. These dissimilarities typically lead to threading
dislocations, misfit defect formation, stacking faults and point defects, greatly de-
teriorating the optical properties of the grown layers [58]. Several approaches have
been investigated to alleviate these problems such as the growth of a strain relaxed
buffer layer [59] or selective area growth [60]. However, with the first approach,
very thick buffer layers (>3 um) are currently needed to reach sufficiently low
threading dislocations, while the attainable III-V volume is limited for the latter
approach [61]. Recently, an alternative technique called nano-ridge engineering
was developed at imec [62]. This technique is based on selective area growth using
metalorganic vapor-phase epitaxy and aspect ratio trapping inside a narrow trench.
As the III-V growth can be continued out of the trench, the possible III-V volume
is significantly increased while the defects remain efficiently trapped inside the
trenches. Based on this process, monolithic lasers [61] and detectors [63] have
recently been demonstrated. Despite the impressive progress that has been made,
this integration approach is still far from reaching technological maturity. More-
over, contamination issues have to be addressed when hetero-epitaxial growth on
silicon is to be combined with the fabrication of CMOS electronics.

1.5.2 Butt-coupling

The concept of butt-coupling or edge-coupling is - in principle - straight forward:
two different PICs, each terminated with an appropriate facet, are brought in close
proximity to each other to enable efficient optical coupling. This way, a hybrid III-
V/Si or III-V/Si3N4 device can readily be assembled. An example of an InP-Si3Ny4
hybrid laser is shown in Fig. 1.2(a). The optical modes at the interfaces are closely
matched in shape and size to minimize the optical coupling loss. Furthermore, to
avoid parasitic reflections at the interface, the waveguide is typically terminated
under an angle and/or an anti-reflection coating is added [64, 65].

Butt-coupling benefits from two key advantages. Firstly, the passive and active
PICs are processed separately on their native substrate, resulting in excellent epi-
taxial quality and hence optimal device performance. Secondly, superior thermal
performance can be achieved compared to most heterogeneously integrated de-
vices because the active III-V PIC can be mounted directly on a heatsink [64]. As
aresult, hybrid lasers with high powers (exceeding 100 mW [66]) and ultra-narrow
linewidths (<320 Hz [67]) have been demonstrated. Although butt-coupling can
deliver excellent performance, heterogeneously integrated counterparts surpass it
in terms of device footprint and integration density. Moreover, the necessary se-
quential assembly of devices with highly accurate alignment tools significantly
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increases the overall cost of the device. Still, butt-coupling remains an excellent
approach for lower volume applications where a limited number of lasers and/or
detectors are required for each PIC, but it is unsuitable to serve high-volume mar-
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Figure 1.2: (a) Photograph of a butt-coupled SizN4-InP PIC, adapted from [65]. (b) Image
of a photonic wirebond between an InP-based laser and a passive silicon photonic circuit,
adapted from [68].

1.5.3 Photonic wire bonding

Analogous to electronics, where metal wire bonds are used to connect integrated
circuits with external circuitry, photonic wire bonds are three-dimensional freeform
polymer waveguides that connect PICs to each other or to optical fibers. The fab-
rication process goes as follows: the different PICs are first mounted on a com-
mon substrate, and the interconnection regions are embedded in a negative-tone
photoresist. Using a pulsed laser, the wirebonds are subsequently defined based
on a two-photon polymerization process. As the exact shapes of the photonic
wire bonds are adapted to the positions of the integrated waveguide facets, high-
precision alignment of the individual PICs becomes obsolete. After laser writing,
the unexposed photoresist is removed and the remaining structures are embedded
in a low-index cladding material [69]. An image of a photonic wirebond is shown
in Fig. 1.2(b). Insertion losses of 1.6 dB [69] and 0.7 dB [70] between two SOI
PICs have been demonstrated, as well as coupling losses of 4.3 dB between InP
edge-emitting lasers and SOI PICs [71]. Furthermore, the reliability was recently
assessed, indicating that photonic wirebonds can withstand optical powers in ex-
cess of ~100 mW [70]. In addition, it has been shown that photoic wire bonds
can be densely integrated with a pitch below 5 pm [70]. Overall, this intercon-
nect technology has proven to be versatile, enabling high interconnect densities
as well as mass manufacturability. Owing to its potential to complement existing
interconnect and integration methods, the concept of photonic wirebonding was
recently commercialized by the start-up company Vanguard Automation GmbH
and Freedom Photonics LLC.
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1.5.4 Flip chip bonding

In microelectronics, flip-chip integration is a widely used pick-and-place method
to mount electronic dies on a printed circuit board. Typically, solder bumps are
used to mechanically bond the die to the substrate while at the same time provide
an electrical and thermal connection. A similar process can be used for integrated
photonics to integrate III-V devices on SOI or SizN4 PICs. In this case, not only
electrical contacts need to be realized, but also accurate alignment between the
optical facets of the III-V die and the passive waveguide on the host PIC needs
to be ensured. Accurate vertical alignment can be achieved passively by using
mechanical alignment stops or pedestals in the recess of the host PIC, enabling a
precision on the order of =10 nm [72, 73]. Horizontal alignment can be carried
out actively, for example by utilizing optical backscatter reflectometry [73], by
monitoring the device output while operating the active device [74], or based on
visual cues using alignment markers [74]. With the latter approach, a horizontal
alignment precision as low as 300 nm has been reported using an advanced as-
sembly tool with a visual fiducial recognition system [75]. Alternatively, passive
alignment can be utilized based on V-grooves in the target PIC combined with a
self-aligning solder bump technique [76]. However, such an approach is rarely
used owing to the significantly higher coupling losses. To relax the required align-
ment precision, the optical modes of the III-V and passive PICs can be expanded
using integrated tapers allowing for an improved alignment tolerance, typically on
the order of =1 pm [74]. Recent demonstrations have reported coupling losses of
2.1 dB between a flip-chipped InP DFB laser and a SisN4 waveguide using optical
backscatter reflectometry [73], and 1.5 dB between an InP DFB laser and an SOI
waveguide using a visual recognition system [75].

Besides excellent process maturity, flip-chip integration benefits from several
advantages. Firstly, III-V devices can be pre-tested on the source wafer before
flip-chip integration. Additionally, compared to butt-coupling, flip-chip integration
results in a reduced footprint and lower packaging cost as III-V devices are inte-
grated on the same substrate, while still maintaining good thermal contact between
the III-V device and the silicon substrate. Despite these advantages, flip-chip inte-
gration remains a sequential process with a relatively low throughput (~100 unit-
s/hour using an advanced ASM Amicra Nano System [75]), making it less suitable
to serve high-volume applications.

1.5.5 Wafer bonding

Apart from heteroepitaxy which forms a category on its own, the previously dis-
cussed integration techniques (butt-coupling, photonic wire bonding and flip-chip
integration) are typically categorized as hybrid integration techniques. With hy-
brid integration, two or more fully-processed PICs or dies, usually from different
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material technologies, are assembled to construct a single device. In contrast, het-
erogeneous integration refers to an integration process where two or more material
technologies or devices are combined on a single PIC chip, often at an early stage
of the fabrication process. One of the key benefits of heterogeneous integration is
that wafer-scale manufacturing can be leveraged to fabricate devices in large vol-
umes at a low cost. Moreover, one can obtain a high alignment accuracy and low
coupling losses when transitioning between different waveguide material technolo-
gies, leading to similar functionalities as monolithically integrated devices [77].

Currently, the most widespread heterogeneous integration method is wafer
bonding, where unprocessed wafers (in the case of wafer-to-wafer bonding) or
dies (referred to as die-to-wafer bonding) are transferred onto a patterned and pla-
narized host wafer. After wafer bonding, the substrate material of the transferred
stack is selectively removed and devices are processed on the host wafer using
conventional lithography and etching tools. A typical example is the bonding of
III-V wafers onto silicon photonics wafers [78, 79], as illustrated in Fig. 1.3(a).
Depending on the application, (multiple) die-to-wafer bonding is often more eco-
nomical as the expensive III-V material can be used more efficiently [80].

Wafer bonding is generally subdivided in direct bonding, which was pioneered
at the University of California Santa-Barbara (UCSB), and adhesive bonding, which
was developed at Ghent University. As the name suggests, no intermediate adhe-
sive layer is used for direct bonding, leading to excellent thermal conductivity be-
tween the bonded film and the host wafer. However, direct bonding poses stringent
requirements on the involved surfaces: extremely clean surfaces with low surface
roughness are essential. These restrictions are significantly relaxed by utilizing
an intermediate adhesive layer, typically a polymer such as divinylsiloxane-bis-
benzocyclobutene (DVS-BCB or BCB) or SU-8. Although the resulting thermal
contact is inferior to that of direct wafer bonding, the overall thermal performance
of the PIC is generally dominated by the much thicker burried oxide layer and not
by the adhesive layer [77].

Although wafer bonding enables wafer-scale manufacturing with a high level
of integration, low coupling losses and minimal packaging complexity compared
to hybrid integration approaches, it suffers from several drawbacks. First of all,
separate processing tools are necessary to process the III-V materials on the silicon
(nitride) host wafers due to incompatibility with CMOS processes. As such, wafer
bonding only becomes economically viable at high volumes because only then, the
high initial investment needed to finance the manufacturing infrastructure becomes
acceptable. Secondly, compared to hybrid integration approaches, pre-testing of
III-V devices is not possible. Excellent process control is therefore paramount to
achieve a high device yield. In addition, as III-V devices are realized on top of
the host PIC, thermal performance is degraded compared to hybridly integrated
devices where the III-V device can be mounted directly on a thermoelectric cooler
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or submount. Still, wafer bonded lasers on SOI with relatively high optical output
powers in excess of 50 mW have been reported [81].

Direct wafer bonding has been adopted by several companies, for example by
Nexus photonics to develop heterogeneous devices for the visible and near-infrared
spectrum [82], by Rockley Photonics to develop wearable biosensors, and by Intel
to fabricate transceivers for data centers. According to a recent market analysis by
Yole, Intel shipped over 3 million units of its 100G pluggable transceivers by 2020,
hence meeting the high volumes necessary to make wafer bonding economically
excel.

(a)

IlI-V epitaxial wafers
Target silicon (nitride) photonics wafer

(b) Simultaneous transfer of
multiple coupons

111-V wafer with : S
processed coupons ) :

Target silicon (nitride) photonics wafer

Figure 1.3: Schematic representation of (a) wafer-to-wafer bonding and (b) micro-transfer
printing. With wafer bonding, the III-V device is processed only after its integration. With
micro-transfer printing, the device is pre-processed on the III-V source wafer and typically
few processing steps are carried out after the integration.
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1.5.6 Micro-transfer printing

Micro-transfer printing (UTP) is a versatile heterogeneous integration technique
that uses a high-precision motion controlled elastomer stamp to selectively pick-
up and print microscale devices (or pieces of material) on a target substrate or PIC.
The concept was originally invented by John Rogers at the University of Illinois-
Urbana Champaign and later developed by Semprius Inc. In 2013, X-Celeprint
was incorporated to further develop and license the technology.

The micro-transfer printing concept is illustrated in Fig. 1.3(b), and a detailed
process flow is depicted in Fig. 1.4. In a first step, pre-processed functional devices
are defined on the native source substrate. For example, InP semiconductor optical
amplifiers can be fabricated at a dedicated III-V foundry. A sacrificial layer is in-
cluded in the layer stack to enable suspension of the devices on the source wafer by
encapsulating the devices (for example using photoresist) and selectively remov-
ing the sacrificial layer with wet or vapor-phase under-etching. The suspended
structures or devices are often referred to as “coupons”. Once the coupons are sus-
pended, a polydimethylsiloxane (PDMS) stamp is laminated against the coupons
and the stamp is rapidly retracted from the source wafer. Due to the fast move-
ment and the stamp’s viscoelasticity, the adhesion strength between the coupon and
the stamp exceeds that of the coupon-source interface, making the anchor points
(tethers) of the encapsulation break at well-designed locations. After pick-up, the
coupon is transferred to the target wafer by laminating the coupon-loaded stamp to
the target wafer and subsequently retracting the stamp slowly (often complemented
with some shear force applied to the stamp). Again, based on the principle of kinet-
ically controlled adhesion, the slow movement during the printing phase ensures
that the adhesion between the target wafer and the coupon exceeds the adhesion
of the coupon-stamp interface. Similar to adhesive wafer bonding, an adhesive
bonding agent can be utilized (typically DVS-BCB) to ease the printing process,
although molecular bonding without an adhesive is also possible if the involved
surfaces have a sufficiently low surface roughness, ideally subnanometer. Further-
more, similar to wafer bonding, the transfer printed devices can be integrated di-
rectly on the optical waveguides, allowing for adiabatic evanescent coupling with
minimal coupling losses. However, also other coupling schemes are compatible
with micro-transfer printing, for example grating-assisted coupling [83] or edge-
coupling [84] which resembles flip-chip integration. Although the coupling loss
of the latter is typically significantly higher than an evanescent coupling approach,
edge-coupling can be valuable for broadband and high-power applications.

Micro-transfer printing has matured considerably over recent years, and coupons
can now routinely be integrated with a near-perfect yield (>99% printing yield
[77, 86]) and with high precision, typically +1.5 pm (30) with entry-level tools
and below £500 nm (30) with state-of-the-art tools from ASMPT AMICRA [87].
In addition, micro-transfer printing benefits from several advantages over com-
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Figure 1.4: Pre-fabrication of III-V devices on their native substrate and the micro-transfer
printing process. Reproduced from [85].

peting integration techniques. Firstly, it is possible to pre-test the pre-processed
devices on the source wafer prior to integration on the target wafer, similar to flip-
chip integration. Furthermore, the source wafer can be densely populated with
pre-processed devices, ensuring efficient usage of the often expensive source ma-
terial. In addition, many coupons can be picked up and printed simultaneously by
using array stamps, enabling massively parallel integration and volume manufac-
turing [87]. Yet another advantage is that different materials can be co-integrated
on the same target wafer to implement diverse functionalities. For example, be-
sides III-V optical amplifiers and detectors, also lithium niobate coupons for high-
speed electro-optic modulation [88] as well as nonlinear materials such as GaP [89]
can be integrated using micro-transfer printing. This unparalleled versatility is
achieved by combining the advantages of flip-chip integration and wafer-bonding.
Devices and materials can be integrated at the back-end-of-line, which is essential
to overcome the strict CMOS incompatibility of materials such as lithium niobate,
or early on in the process flow to benefit from wafer-scale manufacturing.

Recently, micro-transfer printed III-V-on-Si DFB lasers with more than 25 mW
output power [87], as well as C-band narrow-linewidth III-V-on-Si double laser
structures with 110 nm wavelength tuning range [90] have been demonstrated.
Furthermore, a wide range of micro-transfer printed devices on silicon nitride
have been reported, including but not limited to continuous-wave lasers [91] and
mode-locked lasers [92], high-speed InP photodetectors with a 3-dB bandwidth of
155 GHz [93], GaAs VCSELSs at 850 nm with >0.1 mW output power and 5 nm
tuning range [94], and GaAs-based single-photon sources for integrated quantum
photonics [95].

Table 1.2 summarizes the strengths and limitations of the various aforemen-
tioned integration techniques both in terms of device performance (optical cou-
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Hybrid Heterogeneous
Integration integration
. Hetero-  Butt- Photonic ~ Flip-  Wafer Transfer
Properties . . . : . .
epitaxy coupling wirebond chip bonding  printing
Coupling efficiency +++ + + + +++ ++
Thermal performance + +++ ++ ++ + +
Integration density +++ - + + ++ +++
Maturity - 4+ ++ A ++
Device cost at volume $ $$$$ $$$ $$$ $$ $
Attainable device yield - +++ ++ +H++ +++
CMOS compatibility ++ +++ +++ +++ +++
Scalability (throughput) +++ + ++ ++ +++
Versatility™ + ++ ++ ++ + +++

Table 1.2: Comparison of III-V integration techniques on silicon (nitride) integrated pho-
tonic platforms.

* Integration technology can be leveraged to simultaneously integrate other materials or de-
vices besides lasers and detectors, for example electro-optic modulators or nonlinear optical
materials.

pling efficiency, thermal management, integration density) as in economical terms
(cost, yield, CMOS compatibility, throughput, etc.).

1.6 Applications

Some applications of silicon (nitride) photonics have been briefly introduced through-
out the previous sections. In the following sections, a selected number of relevant
and promising applications are discussed in greater detail.

1.6.1 Telecom and datacom

Silicon photonics was originally developed to serve optical tele- and datacom net-
works. At both sides of the fiber link, high-speed optical transceivers are needed
to modulate and detect optical signals and convert them from or into electrical sig-
nals. In the early days, III-V photonics dominated the transceiver market, serving
long-haul fiber links. However, with the explosive growth of Internet Protocol (IP)
traffic, there has been a fast-paced uptake of optical communication technology for
ever shorter distances, hereby replacing purely electrical technologies. This trend
of short reach optical communication has been accompanied by a steep increase
in required transceiver volumes, making hybrid and heterogeneous III-V-silicon
photonics both technologically and economically surpass pure III-V alternatives.



INTRODUCTION 1-17

To this day, tele- and datacom remain of utmost importance to fuel the de-
mand for silicon photonic PICs. With the rise of AR/VR, ultra-HD video, machine
learning, and the Internet of Things amongst others, demands both in terms of
transceiver performance as well as in volume, will likely increase further. Accord-
ing to Cisco’s recent reports [96, 97], global internet traffic exceeded 7.7 Exabytes
per day in 2021 compared to 2.4 Exabytes per day in 2016, a 3.2-fold increase over
5 years. Moreover, Cisco predicts that over 29.3 billion devices will be connected
to the internet in 2023. To accommodate this astonishing growth, datacenters will
continue to evolve rapidly, with optical links not only facilitating inter- and intra-
rack communication, but also penetrating deeper into the network down to the
chip-level. Indeed, it is expected that chip-to-chip intra-package optical intercon-
nects will be deployed commercially by 2025 [98].

During the past decade, silicon photonics also started to play a major role to fa-
cilitate state-of-the-art wireless networks. One example is Radio over Fiber (RoF)
technology, where the RF signal is encoded on an optical carrier and transmitted
over a fiber towards the wireless base station. As such, all the signal processing and
base station functionalities can be carried out at central points, greatly reducing the
complexity of remote radio heads. This makes RoF much cheaper to build, operate
and maintain compared to traditional wireless distribution networks. These fea-
tures are deemed essential to enable 5G and beyond 5G wireless networks, where
small cell sizes and a large number of antenna units are indispensable to meet the
envisioned low latency and high bandwidth specifications [99].

1.6.2 LiDAR

While silicon along with InP and GaAs currently dominate the tele- and datacom
markets, many other applications can benefit greatly from the superior passive
performance of silicon nitride. One example is LiDAR, an acronym for Light
Detection and Ranging, which has become increasingly relevant for autonomous
vehicles and machine perception sensors in general.

In most cases, LiDAR or laser ranging is based on one of two different prin-
ciples: time-of-flight or coherent ranging [100]. With time-of-flight ranging, the
distance to an object is inferred from the delay of laser pulses that reflect on the
object. At present, all commercially mature LiDAR solutions are based on a time-
of-flight detection method. On the other hand, coherent ranging, also known as
frequency-modulated continuous-wave (FMCW) ranging, relies on the homodyne
detection of a reflected linearly chirped CW laser beam. The latter method can si-
multaneously reveal the object’s distance as well as its velocity, greatly simplifying
image classification. Moreover, due to eye-safe power limits, a higher sensitivity
and hence a longer ranging distance can be achieved with coherent LiDAR. De-
spite these advantages, coherent LiDAR exhibits a higher complexity compared to
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time-of-flight ranging as it requires a laser with a narrow linewidth as well as the
capability for fast and linear frequency chirping [101].

Recently, on-chip solid-state LIDARs based on optical phased arrays have been
developed, enabling accurate 3D imaging of the surrounding environment without
requiring mechanical scanning with moving or rotating components. Numerous
companies have been developing solid-state coherent and time-of-flight LiDAR
technology, some of which based on silicon nitride such as Voyant Photonics,
Deeplight, Tower Photonics (acquired by Intel in 2022), and Aeva Technologies'
amongst others. Using silicon nitride for LiDAR offers several advantages: 1)
sufficiently high output powers, necessary for laser ranging, are attainable with-
out suffering from nonlinear absorption and 2) the low waveguide losses are in-
strumental to realize narrow-linewidth lasers for high temporal coherence. Fur-
thermore, optical comb sources (sources which generate coherent, equally spaced
discrete laser lines) on silicon nitride have been used for massively parallel laser
ranging, providing a promising technological basis for compact and ultra-fast co-
herent LiDAR systems [101].

1.6.3 Sensing and spectroscopy

Besides LiDAR, silicon photonics has enormous potential in a plethora of other
sensing applications. In recent years, silicon photonics has for example found its
way into structural health monitoring solutions. Based on fiber Bragg gratings
combined with a silicon photonics interrogator, the mechanical integrity of critical
infrastructure such as bridges and windturbines can be continuously monitored in
a cost-effective manner [102].

Furthermore, silicon photonics holds particular promise in medical applica-
tions. A first promising, upcoming medical market for silicon photonics is op-
tical coherence tomography (OCT), which is a label-free three-dimensional non-
invasive imaging modality. OCT has become a standard tool in diverse medi-
cal disciplines, notably in ophthalmology, to obtain high-resolution images of the
retina [104], and dermatology [105]. In addition, OCT is an emerging imaging tool
in various other medical areas such as gastroenterology [106] and oncology [107].
Typically, a broadband light source or a widely tunable laser are employed to illu-
minate the specimen. The emitted light is first split into a reference arm and a sens-
ing arm, and reflected light from the specimen is superimposed with light from the
reference arm to retrieve a depth profile. Currently, OCT tools are expensive, lim-
iting their use to few medical specialists who can afford it. Significant cost savings
could be achieved by leveraging silicon photonics technology to integrate the light
source, the interferometer and the spectrometer into a single mass-manufacturable

'While most LiDAR companies do not reveal details of their photonics platform, their recent patent
applications can be insightful to make an educated guess.
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Figure 1.5: Schematic of an optical coherence tomography (OCT) setup with a broadband
supercontinuum source generated with a silicon nitride PIC. Reproduced from [103].

PIC [103, 108, 109]. The availability of compact, high-performance OCT tools
at a fraction of the cost of traditional systems could enable general practitioners
to adopt this imaging modality, greatly expanding their diagnostic capabilities. A
notable first step to serve this vision was recently reported in [103], where a sili-
con nitride PIC was employed to generate a broad supercontinuum light source for
OCT-based breast tissue imaging. A schematic of the corresponding OCT setup is
shown in Fig. 1.5.

Another widely anticipated application realm for silicon photonics is related to
molecular analysis, typically either spectroscopic sensing in an industrial or envi-
ronmental setting, or the analysis of gasses or liquids in biomedical applications.
Generally, three common sensing modalities can be distinguished in this context:
refractive index sensing, absorption spectroscopy, and Raman spectroscopy.

With refractive index sensing, minuscule changes in the refractive index are
detected to reveal the presence of a to-be-detected analyte. Such label-free biosen-
sors are most often based on a Mach-Zehnder Interferometer (MZI), where one of
the two arms is exposed to the analyte and the other arm acts as a reference arm,
a microring resonator, or a photonic crystal cavity [110]. Some photonic biosen-
sors are schematically illustrated in Fig. 1.6. The light source is typically either
a broadband emitter or a tunable laser. Furthermore, as several biosensing appli-
cations operate in the visible wavelength range, material platforms such as silicon
nitride have been widely used. A silicon nitride lab-on-a-chip optofluidic sensor at
visible wavelengths for human blood analysis was demonstrated in [111], while a
silicon nitride MZI-based biosensor for biomarker detection in urine was reported
in [112]. Similar devices could be employed to target countless other biosensing
applications, including COVID-19 serology testing [113] or the detection of food
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pathogens [114].
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Figure 1.6: Schematic illustrations of some label-free integrated photonic biosensors. (a)
Mach—-Zehnder interferometric (MZI) biosensor. (b) Ring resonator biosensor. Reproduced
from [115].

Absorption spectroscopy, as the name suggests, quantifies the amount of light
absorbed by a sample as a function of wavelength. As the absorption spectrum is
primarily determined by the atomic and molecular composition of the sample, one
can detect the presence of a particular chemical substance and, in most cases, quan-
tify the amount of the substance present. Similar to many other photonic sensing
devices, a broadband emitter or a tunable laser can be employed to scan the wave-
length range of interest for spectral analysis. With a global diabetes prevalence
over 8%, affecting over 400 million people worldwide [116], one exciting appli-
cation of absorption spectroscopy is continuous glucose monitoring. As the glu-
cose absorption spectrum has clear features in the 1530-1820 nm range originating
from the C-H stretching vibrations, infrared light is used for this purpose [117].
Several companies have been developing wearable continuous glucose monitor-
ing solutions, including Rockley Photonis and Ghent University spin-off Indigo
Diabetes. Such wearable spectrometers could also unlock various other sensing
functions, for example to monitor lactate, alcohol, blood pressure etc. [118]. An-
other promising, upcoming implementation of absorption spectroscopy is dual-
comb spectroscopy, which holds wide promise for many applications, including
environmental sensing to monitor sources and sinks of greenhouse gases or indus-
trial pollution [119]. With dual-comb spectroscopy, two optical comb sources are
used to enable highly multiplexed interrogation of broadband absorption spectra
using a single photodetector. The concept of dual-comb spectroscopy will be dis-
cussed in greater detail in Chapter 2, after a thorough introduction of mode-locked
lasers and on-chip optical comb sources.

Finally, another promising spectroscopic sensing modality is Raman spec-
troscopy, named after the discoverer of Raman scattering. It relies on the inelastic
scattering of light by a material or molecule, which results in a change in the en-
ergy and hence frequency of the scattered photons. This shift in frequency, known
as the Raman shift, is used to obtain information about the chemical structure and
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composition of the sample under study. Unlike absorption spectroscopy, the probe
photon energy is typically much higher than the energy related to the studied exci-
tations, and it is usually not tuned to an electronic transition of the medium, avoid-
ing substantial absorption of light. As a consequence, one can typically use a laser
source with a fixed optical frequency rather than a tunable laser source. Several
Raman spectroscopy experiments have been demonstrated on-chip, including a sil-
icon nitride trace gas Raman sensor [120]. Although lab-on-a-chip Raman sensors
now reportedly outperform conventional confocal Raman microscopes [121], ac-
quiring sufficient detection sensitivity remains challenging. For this reason, other
material platforms than silicon nitride are being explored to enhance the Raman
signal intensity (e.g. TagOs5 [122]), as well as nanoplasmonic waveguide structures
to suppress the Raman background contribution [123].

1.6.4 Integrated quantum photonics

Another emerging yet widely publicized application realm of silicon photonics
lays in quantum technology. This emerging field aims to develop devices and sys-
tem to control the superposition and entanglement of quantum states of light and
matter, offering fundamental performance advantages over classical systems [124].
With the first integrated photonic quantum logic gate demonstrated only a decade
ago [125], integrated quantum photonics is relatively immature compared to plat-
forms such as trapped-ion- and superconducting systems. Still, it offers important
advantages, including seamless compatibility with optical communication tech-
nology, integratability using CMOS-compatible manufacturing, and scalability to
realize large-scale quantum systems. A silicon nitride optical waveguide platform -
likely complemented with other materials through micro-transfer printing or wafer
bonding - is particularly promising in this context owing to its ultra-low propaga-
tion losses and the access to nonlinear optical processes to implement frequency
conversion [126] or entangled photon-pair generation through spontaneous para-
metric down-conversion [127]. Moreover, essential building blocks can readily be
integrated on silicon nitride, including single-photon detectors [128] and single-
photon sources [95, 129] amongst others. In addition, silicon nitride could play
a key role to scale trapped trapped-ion- and cold-atom quantum computers. This
prospect is supported by the recent demonstration of an ion qubit controlled by a
silicon nitride PIC [130], hereby setting the stage for portable, high-fidelity quan-
tum information processors.

1.7 Research objectives and thesis outline

The goal of this PhD project has been to extend the current application scope and
corresponding functionalities of silicon nitride photonic integrated circuits by het-
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erogeneously integrating active devices and materials using micro-transfer print-
ing. Although silicon nitride has been studied as an integrated photonic platform
for several decades, its use has long been limited to implement simple passive
functions such as filters and optical delay lines. With the first fully integrated
lasers on silicon nitride demonstrated less than four years ago [131, 132], ac-
tive devices on silicon nitride signify a much more recent evolution. Building
further on these recent developments, our objectives have been to build more ad-
vanced heterogeneous devices on silicon nitride, namely mode-locked comb lasers
to support emerging applications such as portable spectroscopic sensors, as well as
micro-transfer printable detectors and semiconductor optical amplifiers to unlock
the full potential of silicon nitride in the (near-)visible spectral range. Further-
more, a novel integration process based on two micro-transfer printing steps was
developed to enable heterogeneous laser integration on generic commercial silicon
nitride platforms. Based on these research objectives, this work is divided into 7
chapters.

Chapter 1 has provided a historical perspective to integrated optics, introduced
the field of silicon photonics, and emphasized the relevance of silicon nitride to
extend the capabilities of traditional silicon photonic platforms. Furthermore, sev-
eral ITII-V semiconductor integration techniques were discussed to build lasers, and
active devices in general, on silicon (nitride) photonic platforms. It was shown that
micro-transfer printing is particularly promising in this context, as it combines the
advantages of two widely used integration methods: wafer bonding and flip-chip
integration. Finally, the economical relevance of silicon (nitride) photonics was
highlighted by illustrating the vast application realm that drives the development
of this field.

Chapter 2 elaborates on integrated optical comb sources and on-chip mode-
locked lasers. The concept of dual-comb spectroscopy is introduced as one of
several promising applications of on-chip mode-locked lasers. Furthermore, the
layout, fabrication, and characterization of the first heterogeneous passively mode-
locked laser on silicon nitride are discussed in great detail.

Chapter 3 continues on the topic of heterogeneous on-chip mode-locked lasers
by introducing a novel modeling strategy to simulate such devices. This hybrid
model unifies the traveling-wave modeling technique, which has been widely used
to simulate semiconductor lasers, with a nonlinear Schrodinger equation, which
describes optical pulse propgation in a nonlinear, dispersive, passive waveguide.
By combining these two distinct simulation methods, a wide range of physical phe-
nomena can - in principle - be included, while limiting the model’s computational
workload. Such a hybrid model could therefore serve useful as a mode-locked
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laser design tool in the future.

Chapter 4 presents a novel integration methodology to build heterogeneous
lasers on silicon nitride photonic integrated circuits. By using two micro-transfer
printing steps, one to integrate a crystalline Si coupling layer, and one to integrate
III-V semiconductor optical amplifiers, heterogeneous lasers can be build on vir-
tually any generic commercial low-refractive-index photonic integrated platform
such as silicon nitride or thin-film lithium niobate. After a detailed description
of the process flow and characterization of the losses imposed by the Si coupons,
several recent device demonstrations are discussed to exemplify the potential of
this integration strategy.

Chapter 5, unlike chapters 2 and 4 where demonstrated devices operate at tele-
com wavelenghts, focuses on extending the capabilities of silicon nitride in the
near-visible spectral region. For this purpose, micro-transfer printed Si p-i-n pho-
todiodes on silicon nitride are demonstrated for operation below 850 nm, serving
applications such as biosensing, imaging and quantum photonics amongst others.
The photodiode layout, fabrication process, and experimental performance are dis-
cussed in detail.

Chapter 6 complements chapter 5 by further extending the silicon nitride tool-
box in the near-visible spectrum with micro-transfer printable GaAs semiconductor
optical amplifiers (SOA’s). These amplifiers constitute a first step to build narrow-
linewidth, tunable, and mode-locked- heterogeneous lasers on silicon nitride which
operate around 780 nm. The SOA design and process flow, as well as some pre-
liminary measurement results are presented.

Chapter 7 formulates a number of conclusions to this dissertation and provides
an outlook on future developments.

Contributions from colleagues: parts of this dissertation are the results of work
from colleagues at the Photonics Research Group of Ghent University -imec. These
contributions are specified in the introductions of the corresponding chapters.

1.8 Publications and awards

This dissertation has led to the following patent applications, awards, and publica-
tions in international conferences and peer-reviewed journals.
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(CLEO), (USA, 2023).

T. Vanackere, T. Vandekerckhove, L. Bogaert, M. Billet, S. Poelman, S.
Cuyvers, J. Van Kerrebrouck, A. Moerman, O. Caytan, S. Lemey, G. Torfs,
G. Roelkens, S. Clemmen, B. Kuyken, “High-Speed Lithium Niobate Mod-
ulator on Silicon Nitride using Micro-Transfer Printing”, accepted for pub-
lication in Conference on Lasers and Electro-Optics (CLEO), (USA, 2023).

J. Zhang, L. Bogaert, M. Billet, D. Wang, B. Pan, S. Qin, E. Soltanian,
S. Cuyvers, D. Maes, T. Vanackere, T. Vandekerckhove, S. Poelman, M.
Kiewiet, I. Luntadila Lufungula, X. Guo, H. Li, J. De Witte, G. Lepage, P.
Verheyen, J. Van Campenhout, B. Kuyken, G. Morthier, D. Van Thourhout,
R. Baets, G. Roelkens, “Photonic integrated circuits realized using micro-
transfer printing”, PIERS (invited), Prague (2023).

G. Roelkens, J. Zhang, L. Bogaert, M. Billet, D. Wang, B. Pan, C. Kruckel,
E. Soltanian, D. Maes, T. Vanackere, T. Vandekerckhove, S. Cuyvers, S.



INTRODUCTION 1-27

Poelman, M. Kiewiet, J. De Witte, I. Luntadila Lufungula, X. Guo, H. Li, S.
Qin, G. Lepage, P. Verheyen, J. Van Campenhout, G. Morthier, B. Kuyken,
D. Van Thourhout, R. Baets, “Micro-transfer printing for silicon photonics”,
Optical Fiber Communication Conference (OFC), USA (2023).

12. M. Kiewiet, S. Cuyvers, G. Roelkens, K. Van Gasse, B. Kuyken, “ “ “Facet-
coupled heterogeneous integration of GaAs SOAs on silicon nitride through
micro-transfer printing for near-visible applications”, Annual Symposium
of the IEEE Photonics Benelux, Netherlands (2022).

13. M. Torreele, S. Cuyvers, T. Reep, K. Van Gasse, E. B. Kuyken, “ Hy-
brid modeling technique for on-chip extended cavity semiconductor mode-
locked lasers”, 2022 28th International Semiconductor Laser Conference
(ISLC), (Japan, 2022), pp. 1-2.

14. S. Cuyvers, A. Hermans, S. Poelman, C. Op de Beeck, B. Haq, G. Roelkens,
K. Van Gasse, B. Kuyken, “III-V-on-Silicon-Nitride mode-locked comb lasers”,
Conference on Lasers and Electro-Optics/Pacific Rim (invited), (Japan, 2022).

15. S. Cuyvers, T. Vanackere, T. Vandekerckhove, S. Poelman, C. Op de Beeck,
J. De Witte, A. Hermans, K. Van Gasse, N. Picque, D. Van Thourhout,
G. Roelkens, S. Clemmen, B. Kuyken, “High-Yield Heterogeneous Inte-
gration of Silicon and Lithium Niobate Thin Films”, Conference on Lasers
and Electro-Optics”, in Conference on Lasers and Electro-Optics (CLEO),
(USA, 2022), paper STu4G.2.

16. 1. Luntadila Lufungula, A. Shams-Ansari, D. Renaud, C. Op de Beeck, S.
Cuyvers, S. Poelman, G. Roelkens, M. Loncar, B. Kuyken, “Post-deadline:
On-chip electro-optic frequency comb generation using a heterogeneously
integrated laser, Conference on Lasers and Electro-Optics”, in Conference
on Lasers and Electro-Optics (CLEO), (USA, 2022), paper JTh6B.7.

17. 1. Luntadila Lufungula, A. Shams-Ansari, C. Op de Beeck, S. Cuyvers,
S. Poelman, G. Roelkens, M. Loncar, B. Kuyken, “Universally printable
single-mode laser on low-index platforms”, Conference on Lasers and Electro-
Optics (CLEO), (USA, 2022), paper SM2P.4.

18. B. Kuyken, S. Cuyvers, A. Hermans, S. Poelman, C. Op de Beeck, B. Haq,
K. Van Gasse, J. O. Kjellman, C. Caér, G. Roelkens, P. Soussan, X. Rot-
tenberg, “III-V-on-Silicon-Nitride Mode-Locked Lasers”, in Optical Fiber
Communication Conference (OFC) (USA, 2022), paper Tu2E.1.

19. L. Luntadila Lufungula, A. Shams-Ansari, C. Op de Beeck, S. Cuyvers, S.
Poelman, B. Haq, M. Loncar, B. Kuyken, “Two-step transfer printed sin-



1-28

INTRODUCTION

20

21.

22.

23.

24.

25.

26.

27.

gle mode DFB laser on LN”, Annual Symposium of the IEEE Photonics
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Van Thourhout, G. Morthier, G. Roelkens, “Micro-Transfer-Printing for III-
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2020 (ASSL, LAC), (USA, 2020), paper JTh2A.39.
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Mode-Locked Comb Laser”, Laser & Photonics Reviews, p.2000485 (2021).
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For the paper: S. Cuyvers, B. Haq, C. Op de Beeck, S. Poelman, A. Hermans,
Z. Wang, G. Roelkens, K. Van Gasse, B. Kuyken, “Ultra-Dense III-V-on-
Silicon Nitride Frequency Comb Laser” , 2020 European Conference on
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III-V-on-silicon-nitride
mode-locked laser

This chapter describes the layout, fabrication and characterization of a low-noise
heterogeneous III-V-on-silicon-nitride mode-locked laser and compares it to state-
of-the-art devices. The content presented in this chapter has been published in part
in[1, 2].

2.1 Introduction

Mode-locked lasers are a special class of lasers that can generate ultra-short optical
pulses by phase-locking a large number of longitudinal lasing modes inside their
cavity. As dictated by the Fourier theorem, such an optical pulse train in the time
domain corresponds with an optical comb, i.e. a set of coherent equally spaced dis-
crete laser lines, in the spectral domain. The frequency spacing between adjacent
comb lines is equal to the pulse repetition rate of the mode-locked laser. These de-
vices have played an essential role in several scientific breakthroughs such as the
development of fully stabilized optical frequency combs and optical clocks [3].
As a result, their impact has been widely recognized, most notably in 2005 when
John Hall and Theodor Hiansch were awarded the Nobel prize in physics “for their
contributions to the development of laser-based precision spectroscopy, including
the optical frequency comb technique” [4].

Mode-locked lasers exist in various types and formats. Solid-state bulk lasers
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are based on doped-insulator crystals or glasses such as Ti:Sapphire or Nd: YAG as
an optical gain material [S]. These systems offer unparalleled performance reach-
ing extremely short pulsewidths (pulses down to 5 fs have been generated using
Ti:sapphire mode-locked lasers [6]) and high pulse energies. With the advent of
mode-locked fiber lasers in the past decade, mode-locked laser systems capable
of generating fully stabilized optical frequency combs have become commercially
available [7]. These mode-locked fiber lasers typically rely on Erbium- or Ytter-
bium doped glass fibers as an optical gain material [8]. Finally, semiconductor
mode-locked lasers, often denoted as mode-locked laser diodes, form a third cat-
egory. These devices can be easily miniaturized and can be electrically pumped,
unlike solid-state and fiber lasers which rely on optical pumping. This greatly
reduces the complexity and cost of the laser.

(a) (b)

Loss modulation Loss Gain
s WY P T
\l/
\_)< — . Hlé
T=1/fep
Pulse train
Time Time

Figure 2.1: Schematic of active mode-locking (a) and passive mode-locking (b) with the
time dependence of the pulse train and gain and loss dynamics.

Alongside different gain materials, various mode locking techniques exist, and
they can mostly be categorized in two main classes: active and passive mode lock-
ing [5]. With active mode locking, an intracavity loss modulator is incorporated
in the laser cavity which is actively driven at a frequency equal to the pulse repe-
tition rate, as illustrated in Fig. 2.1(a). In the time domain, this approach can be
visualized as a periodic shutter which opens once every pulse roundtrip time. With
passive mode locking, a nonlinear optical element is employed whose loss de-
creases with optical intensity, hence discriminating low-intensity continuous wave
light with respect to intense optical pulses. The gain and loss dynamics as well
as the optical pulse train as a function of time are schematically illustrated in Fig.
2.1(b). Passive mode locking has the advantage that no externally driven modula-
tor is required. Moreover, much shorter pulses can be achieved compared to active
mode locking as the cavity loss modulation is automatically synchronized with the
optical pulse train and the pulse-shortening mechanism can remain effective even
for ultrashort optical pulses [5]. The possible implementations of passive mode
locking greatly depend on the platform used. Solid-state mode-locked lasers of-
ten employ ultrafast nonlinear phenomena, for example by using Kerr lens mode
locking as with Ti:Sapphire mode-locked lasers [9]. Here, the nonlinear refrac-
tive index change of the material is exploited to realize self-amplitude modula-
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tion through self-focusing [5]. Similarly, mode-locked fiber lasers often rely on
nonlinear polarization rotation [10] or a nonlinear amplifying loop mirror [11] to
realize ultrafast artificial saturable absorption. On the other hand, mode-locked
laser diodes mainly utilize semiconductor saturable absorbers [5]. In this case, the
saturable absorption is related to an interband transition. For low optical intensi-
ties the number of excited electrons remains low and unsaturated. However, when
the optical intensity increases, many electrons accumulate in the conduction band
and Pauli blocking limits further absorption [5]. Although integrated mode-locked
lasers with ultrafast artificial saturable absorbers have been demonstrated [12], the
optical pulse intensities and material nonlinearities of established integrated pho-
tonic platforms currently seem too restrictive to realize practical devices. So far,
semiconductor saturable absorbers have therefore been the dominant technology
for integrated devices [13]. A third class of mode locking, widely used for quan-
tum cascade lasers (QCLs), is so-called self mode locking. In this case, there is
no active or passive modulation element and the self mode locking is achieved
through four-wave mixing in the active medium combined with spatial hole burn-
ing [14]. This approach has the advantage that a higher efficiency can be achieved
as no lossy intracavity element needs to be included to establish mode locking.
However, self mode locking does not necessarily yield single optical pulses: al-
though the longitudinal modes of the laser maintain a stable phase relationship,
they might not share a uniform phase over the comb spectrum [15].

2.2 Optical comb sources on a photonic chip

Although traditionally optical comb spectra have mostly been generated using
Ti:Sapphire solid-state lasers and Erbium- or Ytterbium-doped fiber mode-locked
lasers, these laser sources are bulky and hence merely suitable for experiments
in a lab environment. To unlock the full potential of optical frequency combs,
miniaturization to a compact mass-manufacturable device is indispensable. In
recent years, considerable effort has therefore gone into realizing more compact
and cost-efficient optical comb generators, extending their application range well
beyond fundamental frequency metrology [13, 15, 16]. For example, consider-
able progress has been made on the development of quantum cascade laser fre-
quency combs for operation in the mid- and far-infrared and terahertz spectral
regions [17-20]. Furthermore, resonant electro-optic comb generators, which em-
ploy phase modulation in a resonator with a strong second-order nonlinearity, have
gained attention, owing to the excellent stability and unique complement of fre-
quency reconfigurability [21]. Phase modulation leads to the growth of sidebands
at the modulation frequency, which are subsequently modulated as well, resulting
in a cascading effect and hence the formation of an optical comb. Electro-optic
comb generators have recently been demonstrated on-chip, for example by the
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group of Marko Loncar et al. on a thin-film lithium niobate platform [21].

(c)

Figure 2.2: Schematic of different optical frequency comb technologies. (a) Kerr mi-
crocomb. (b) Resonant electro-optic comb. Reproduced from [22]. (c¢) On-chip heteroge-
neously integrated mode-locked laser diode [1].

Thirdly, a large number of Kerr-effect-based frequency comb generators have
been demonstrated using different material platforms in various spectral windows
[23-30]. In these devices, a comb is generated based on nonlinear four-wave mix-
ing in an optically pumped dispersion-engineered microresonator [16]. The comb
spacing is in this case determined by the free spectral range (FSR) of the res-
onator. A fourth class contains the so-called quadratic microcombs where the
optical comb is generated by exploiting the quadratic nonlinearity through sum-
and difference frequency generation. Although quadratic combs naturally exhibit
higher efficiencies than Kerr combs, they require a non-centrosymmetric crystal
to operate [31]. Finally, a fifth class entails the traditional optical frequency comb
technique translated to a chip-scale device: the integrated mode-locked laser. Al-
though integrated mode-locked lasers can rely on various gain materials, semi-
conductor mode-locked lasers have so far been the dominant approach for realizing
mode-locked lasers on a photonic chip [15]. These integrated solutions can offer a
small footprint and can be manufactured in large volumes using established semi-
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conductor processing technology [32]. Figure 2.2 depicts some common on-chip
comb generation techniques, including the Kerr comb (2.2(a)), the electro-optic
comb (2.2(b)), and the on-chip mode-locked laser (2.2(c)).

The miniaturization of optical comb sources has allowed for the identification
of many new applications, beyond fundamental metrology, such as ultra-low-noise
microwave signal generation [33, 34], optical communication [35], LIDAR [36],
astronomical spectrograph calibration [37], and on-chip spectroscopy [38]. In par-
ticular the concept of dual-comb spectroscopy has received substantial interest,
as it allows for a highly multiplexed interrogation of broadband absorption spec-
tra using a single photodetector, enabling accurate characterization of rotational-
vibrational transitions of numerous gasses, liquids and solids [38—45]. With this
spectroscopic tool, one of the combs is sent through the sample under study, while
another comb with a slightly different repetition rate acts as a ‘local oscillator’, as
depicted in Fig. 2.3. By interfering the two combs on a photodetector, a frequency
comb in the radiofrequency (RF) domain is generated, composed of distinguish-
able beats between pairs of optical comb lines. The sample’s spectral information
is hence readily available in the RF domain and accessible for electronic process-
ing. As all spectral components are simultaneously measured, systematic errors
such as temporal variations in the sample are effectively equalized. Moreover,
the frequency combs can be calibrated with an atomic clock, providing unrivalled
precision. A key requirement for this spectroscopic technique is the ability to
generate a dense low-noise optical comb on-chip. As the resolution of the spec-
tral measurement is directly related to the spacing between adjacent comb lines, a
denser comb allows for the identification of otherwise undetectable features in the
sample’s spectral response [46].

Molecular absorption

| —

Probing comb
Detector

[ [l

Reference comb Downconverted comb (RF)

Figure 2.3: Simplified schematic of a setup for dual-comb spectroscopy.

Although the aforementioned integrated nonlinear comb generation techniques
such as Kerr combs, quadratic combs and electro-optic combs have shown impres-
sive results, their integration challenges (optical pump source is required), low
conversion efficiency (particularly for the well-known bright dissipative Kerr soli-
ton (DKS) combs [47]) and most importantly, their large comb line spacing (>
10 GHz), inhibit their use in certain applications. In particular molecular dual-



2-6 III-V-ON-SILICON-NITRIDE MODE-LOCKED LASER

comb spectroscopy in the gas-phase has proven difficult because gasses typically
have narrow absorption features with a full width at half maximum (FWHM) on
the order of a few GHz. Optical combs with a narrow line spacing are therefore
critical to accurately sample these spectra without the need for interleaving multi-
ple spectra measured at different times. Recent attempts were aimed at densifying
the comb spectrum of Kerr- and electro-optic-comb generators [48, 49]. However,
their implementations are rather complex and their comb-line spacing exceeded
2 GHz, even after densification.

Mode-locked laser diodes on the other hand can provide low repetition rates,
high conversion efficiencies, turnkey operation and are electrically powered. There-
fore, this class of comb generators nicely complements the application scope of
other comb generation techniques and is well fit for the demands of on-chip gas-
phase dual-comb spectroscopy.

2.3 Low repetition rate III-V-on-silicon-nitride
mode-locked laser

Semiconductor mode-locked lasers can be fabricated on a chip using the same
manufacturing techniques as used for continuous-wave laser diodes. The primary
difference is the addition of a Saturable Absorber (SA) which favors the forma-
tion of pulses over continuous wave lasing. The SA is typically realized by elec-
trically isolating a part of the gain waveguide and reverse biasing it [32]. Fur-
thermore, numerous material platforms have been used for developing integrated
mode-locked laser diodes, ranging from InP/InGaAsP or InP/InAlGaAs quantum
wells to InAs/InP, InAs/GaAs and InP/InAlGaAs quantum dots [13, 50-55]. How-
ever, as the noise performance and comb line spacing are proportional to the
cavity length, there has been a large incentive to extend the size of the laser
cavity to broaden their application scope. This has lead to the development of
extended-cavity InP lasers [56], and more recently, heterogeneous III/V-on-silicon
lasers [44, 53, 55] with a long passive waveguide cavity. To push performance
further, the silicon nitride platform has been widely recognized as a promising
passive photonic platform for integrated laser sources [57, 58]. While typical
silicon waveguides exhibit losses around 0.7 dB/cm, silicon nitride waveguides
can routinely achieve ultra-low losses close to 1 dB/m [59]. Moreover, owing
to the smaller bandgap, silicon waveguides suffer from nonlinear two-photon and
free-carrier absorption, fundamentally limiting the attainable cavity size and lasing
power. Switching from a III/V-on-silicon to a III/V-on-silicon-nitride platform can
therefore eliminate these pitfalls and enable a new generation of improved on-chip
mode-locked lasers [1, 60].

In the remainder of this chapter, we provide a detailed description of the layout,
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fabrication and characterization of the first heterogeneously integrated III-V-on-
silicon-nitride mode-locked laser [1, 2]. This MLL features a low repetition rate of
755 MHz and record noise performance, making it well suited for high-resolution
on-chip dual-comb spectroscopy applications. The author took the lead in the
fabrication of the devices, while the device characterization was led by Prof. Dr.
Kasper Van Gasse. The semiconductor optical amplifiers used for micro-transfer
printing were fabricated by Dr. Bahawal Hagq.

II/V gain and

saturable absorber

L SOl wafer

Si3Ng4 laser cavity

Figure 2.4: Rendering of the extended ring cavity MLL with two 10 cm long silicon
nitride spirals and InP/InAlGaAs-based amplifiers with saturable absorber.

2.4 Design and fabrication

The laser is designed based on a ring-type extended cavity topology where a
waveguide-based directional coupler is used to couple light out of the laser cav-
ity [13]. This is a colliding-pulse mode-locked laser topology where two counter
propagating pulses collide in the saturable absorber [56, 61]. A rendering of the
ring-cavity MLL is shown in Figure 2.4. Compared to other semiconductor MLL
topologies such as Fabry-Pérot-cavity MLLs, the ring-cavity MLL has the advan-
tage that no gratings are needed, avoiding any unwanted spectral shaping. This
comes at the expense of a larger surface area that is required compared to a Fabry-
Pérot-cavity MLL. Moreover, Fabry-Pérot-cavities with e.g. Distributed Bragg Re-
flector (DBR) mirrors are typically preferred when some tunability is desired [62].

It has been shown theoretically [63] and experimentally [64] that compared to
colliding-pulse topologies, an anti-colliding mode-locked laser design, where the
SA is placed next to the low-reflectivity output coupler of a Fabry-Pérot cavity,
can lead to an increase in output power, a reduction in amplitude and timing jitter,
a reduction of pulse duration, and an enlargement of the range of currents where
stable passive mode-locking can be achieved. However, such an anti-colliding
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design is more complicated to fabricate on a SizNy4 platform compared to a ring-
cavity geometry because the distance between the SA and the output mirror needs
to be sufficiently small. This ensures that the optical pulse can interact with itself
within the SA. It was shown in [65] that when the distance between the SA and
output mirror increases, the pulse energy decreases and the stability of the pulse
train degrades. Typically, stable passive mode-locking can be achieved when the
distance between the SA and the output mirror does not exceed the width of the
pulse and is less than 4 times the optical path length of the SA [62]. To meet
these requirements, one possible approach to build an anti-colliding MLL on a
SizNy platform could be to use a broadband multimode interference reflector in a
Si layer as an output mirror, right next to the III-V SA [66].

The extended ring-cavity MLL is realized using two 10 cm long and 2 pm wide
waveguide spirals that are patterned with deep ultraviolet (DUV) lithography in a
SizNy layer. The loss of the spirals is estimated to be 0.05 dB/cm at a wavelength
of 1550 nm. The 330 nm thick nitride layer is deposited by means of low-pressure
chemical vapor deposition (LPCVD) on top of a Silicon-on-Insulator (SOI) wafer,
which consists of a 400 nm thick silicon layer on top of a 3 um thermally grown
silicon oxide (TOX) layer [67]. A Chemical-Mechanical Polishing (CMP) step
was employed to planarize the SOI surface prior to the silicon nitride deposition.
LPCVD-based SigN4 can provide superior thickness uniformity and lower optical
losses compared to a PECVD-based deposition [57]. A drawback is that a higher
deposition temperature is needed as the breakdown of precursor gases into radi-
cals for film growth is a purely thermal process [68]. Moreover, LPCVD-based
SigNy can suffer from high internal stress, complicating the growth of thick SigNy
films which may be required to obtain anomalously dispersive waveguides. For-
tunately, several remedies have been demonstrated to overcome crack formation,
for example by using crack barriers and thermal cycling [69]. Here, the silicon ni-
tride thickness is only 330 nm, and the waveguides exhibit -444 ps/nm/km normal
dispersion.

Using a silicon-nitride-on-silicon-on-insulator platform has some advantages
compared to the hydrogenated-amorphous-silicon-on-silicon-nitride platform [70].
The first advantage are the reduced waveguide losses: typically 20 dB/cm versus
0.7 dB/cm for hydrogenated amorphous silicon (a-Si:H) waveguides and crys-
talline silicon waveguides respectively. Furthermore, it was observed that the
properties of deposited a-Si:H layer tend to exhibit some variability, inhibiting
precise reproducibility. A more detailed comparison of different heterogeneous
III-V-SigNy platforms is provided in Chapter 4.

A two-stage taper is employed to couple the light from the SisN, waveguide to
the III-V amplifier waveguide [70, 71]. The light is first coupled from the nitride
layer to the 400 nm thick silicon layer underneath and subsequently to the III-V
layer, allowing for a better match in refractive index and consequently a higher
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Figure 2.5: Silicon nitride to InP/InAlGaAs waveguide taper. (a) Schematic of the two-
stage taper from the SizNy to the InP/InAlGaAs amplifier through an intermediate silicon
coupling layer. A cross-section is visualized for different stages of the taper and the mode
profile is visualized in the ITII-V SOA. (b) An optical microscope image of the micro-transfer
printed amplifier coupon on top of the taper structure.

coupling efficiency. A schematic of the two-stage taper is depicted in Fig. 2.5(a)
and an optical microscope image is shown in Fig. 2.5(b). To enable the heteroge-
neous integration of a III-V semiconductor optical amplifier (SOA) and coupling
to the silicon layer, a recess of 1450 um x 300 um is locally etched in the top oxide
cladding using dry etching techniques, resulting in a local exposure of the silicon
waveguides. The SigN4 waveguide is tapered over a length of 155 ym and is termi-
nated at a distance of 10 um from the recess boundary. The silicon waveguide has
a total length of 440 um at each side of the recess, and consists of a 160 um and a
180 um taper, respectively at the SizN,4 and the III-V side. In between the two sili-
con tapers is a 2 um wide silicon waveguide with a length of 100 um. The recess in
the top cladding starts and ends at a distance of 110 um from the Si taper tips. This
ensures the mode is well confined to the silicon waveguide at the recess interfaces,
minimizing parasitic reflections. The reflection induced by the discontinuity of the
SiO9 cladding is investigated using a 3D finite-difference time-domain (FDTD)
simulation. Fig. 2.6(a) shows the reflection coefficient |S1;|? as a function of the
silicon waveguide width. A low reflection around -60 dB is achieved when the
waveguide width exceeds 500 nm. The Si waveguide width which was used in the
presented MLL is highlighted with a black star in Fig. 2.6(a). For completeness,
the reflection for a silicon nitride waveguide of the same dimensions is included
in the figure as well, demonstrating that the reflection is more than two orders of
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magnitude higher due to a reduced mode confinement.

The II-V SOA layer stack consists of a 200 nm n-doped InP cathode on top
of a 60 nm intrinsic InP layer, six InAlGaAs quantum wells and barriers, a 25 nm
etch stop InGaAsP layer underneath a 1.5 um p-doped InP cladding and a 200 nm
highly p-doped InGaAs contact layer. The quantum wells and barriers are sur-
rounded by a pair of 75 nm thick InAlGaAs separate confinement heterostructure
(SCH) layers and a pair of 40 nm thick InAlGaAs transition layers. More details
on the III-V SOA can be found in Ref. [72], where an identical layer stack was
employed. The multiple-quantum-well (MQW) layers and p-InP are tapered to a
tip width of 500 nm at a distance of 51 um from the recess interfaces to couple the
light from the silicon to the III-V and vice versa. The III-V tapers are based on the
alignment tolerant design, proposed in Ref. [72]. Fig. 2.6(b) depicts the simulated
optical transmission of the fundamental TE mode from the Si waveguide to the
[II-V waveguide for different lateral alignment errors of the III-V amplifier. The
coupling efficiency is nearly 100 % for alignment errors up to 750 nm, and still
exceeds 70 % for an alignment error of 1 um. Only for alignment errors beyond
1 um, the coupling efficiency rapidly drops.

For the heterogeneous integration of the III-V amplifier in the recess on the
SigN, target chip, the micro-transfer printing technique is used. Unlike wafer
bonding techniques, this approach allows for the integration of III/V devices in a
cavity. This first demonstration of micro-transfer printing in a recess is therefore an
important technical milestone to demonstrate the compatibility with ultra-low-loss
top-cladded waveguide platforms.

The micro-transfer printing process starts by the definition of the III-V SOA’s,
which are here denoted as “coupons”, on a III-V source substrate. The III-V pro-
cessing is illustrated in Figure 2.7(a)-(d). Next, the active devices are transferred to
a target sample, which in this case is the SigNy passive cavity chip (Figures 2.7(e)-
(1)). Finally, the active devices are post-processed to isolate the saturable absorber,
open the N- and P-contacts and add electrical contacts (Figures 2.7(j)-(1)).

The III-V layer stack is epitaxially grown on 50 nm InGaAs on top of a 500 nm
thick AllnAs release layer, which can be selectively etched with respect to the InP
substrate. The layer stack is depicted in Fig. 2.7(a). In a first step, the III-V SOA
mesa and active regions are patterned using contact lithography and dry and wet
etching processes. Next, PECVD Si3Ny is deposited to cover the sidewalls of the
MQW and p-InP. A lift-off step is used to deposit Ni/Ge/Au on the n-InP cathode.
The wafer is subsequently planarized with divinylsiloxane-bis-benzocyclobutene
(DVS-BCB or BCB) and the InGaAs contact layer is opened to deposit Ti/Au
contacts on the anode. A dry etching step is employed to pattern the DVS-BCB
and n-InP, hereby exposing the release layer. Next, the release layer is patterned
and openings are created down to the InP substrate by means of dry etching (Fig.
2.7(b)). Thereafter, a photoresist (TI 35E) encapsulation layer is deposited on top
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Figure 2.6: (a) Reflection induced by the SiOs recess boundary for a Si waveguide and
a SizNy4 waveguide, simulated using Lumerical’s 3D FDTD solver. The used Si waveguide
width of 650 nm is highlighted with a star. (b) Optical transmission from the silicon waveg-
uide to the III-V waveguide as a function of the lateral alignment offset, simulated using
Lumerical’s EigenMode Expansion solver.

of the SOA coupon and afterwards patterned (Fig. 2.7(c)). This encapsulation
resist is highly resilient to the release etchant and attaches the coupon to the III-
V substrate through thin tethers. A FeCls:H>O solution at 7°C is then used to
selectively etch the AllnAs release layer (Fig. 2.7(d)). After the release etch,
the coupons are solely supported by the encapsulation resist and are ready to be
printed. The total coupon size after patterning is 1411 pm x 47.5 pm.

Next, the transfer printing target is prepared, which is the SigNy passive ring
cavity. A thin adhesive layer of DVS-BCB (Cyclotene 3022-35 from Dow Chem-
icals), diluted with mesitylene to a 1:4 volumetric ratio, is spincoated at 3000 rpm
for 40 s and baked at 150°C for 10 min, during which the mesitylene solvent evap-
orates (Fig. 2.7(g)). This adhesive layer is approximately 50 nm thin, and enhances
the yield of the micro-transfer printing process. Moreover it effectively planarizes
surface roughness in the recess.

The source with the SOA coupons and target sample are loaded into the X-
Celeprint uTP-100 micro-transfer printing tool and are carefully aligned. The
printing procedure is illustrated in Figures 2.7(h) and (i). A PDMS stamp with
a length of 1400 ym and a width of 50 um was used to pick a single coupon by
laminating the stamp against the coupon and then rapidly moving upwards. Dur-
ing this movement, the adhesion between the coupon and stamp increases and the
tethers break at predetermined locations. To print the coupon on the target sample,
the coupon is laminated against the target and then retracts very slowly, leaving the
coupon behind on the target. Some shear force can be applied to ease the printing
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Figure 2.7: Illustration of the device process flow. (a)-(d) III-V SOA fabrica- tion, (€)-(g)
preparation of the target, (h)-(i) micro-transfer printing, (j)-(1) post-processing. (a) III-V
layer stack, (b) III-V SOA definition on source substrate, (c) coupon encapsulation with
photoresist, (d) release layer etch, (e) target layer stack, (f) recess etch in SiO» top cladding,
(g) BCB adhesive layer deposition, (h) pick-up coupon from source, (i) print coupon on
target, (j) encapsulation removal and BCB cladding, (k) SA isolation, (I) via opening and
final metallization.

process. To warrant efficient coupling between the silicon taper on the target sam-
ple and the III-V SOA, accurate alignment is indispensable. Pattern recognition
software has been developed to auto-align a coupon to a desired location on the
target sample. For printing single coupons, an alignment accuracy of 1 ym (30) is
achieved [70]. However, for this particular device, the alignment for micro-transfer
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printing was performed manually and no image recognition was utilized.

After transfer printing, the encapsulation is removed with an oxygen plasma
and the adhesive DVS-BCB layer is cured at 180°C. Thereafter, a DVS-BCB
cladding (Cyclotene 3022-57) is spincoated for 40 s at 2000 rpm and cured at
280°C, yielding a film thickness of approximately 8 um. The DVS-BCB is subse-
quently etched back by means of RIE dry etching using O and SFg to expose the
top of the mesa. As the printed coupon is a conventional SOA, a saturable absorber
still needs to be defined to enable mode-locking. For this purpose, two isolation
trenches are defined with a width of 30 um and separated by 34 um. The Au and
Ti metal of the anode are locally removed by means of a KI/I; (20 s) and a 10 s
1 % buffered hydrofluoric acid (buffered HF) wet etch, respectively. Afterwards,
an inductively coupled plasma (ICP) etch at 60°C with CH,4 and H, gasses is used
to locally remove the InGaAs. A photoresist mask with 45° inclined trenches was
used for the ICP etch to suppress parasitic reflections from the discontinuity of
the layer stack. Next, vias are etched to access the n-InP cathode using a thick
AZ10XT photoresist. By reflowing a thick resist (1 min bake at 120° after photo-
resist development), vias with a slightly inclined slope are achieved, ensuring bet-
ter metal coverage. Finally, 1 um Au with a 40 nm Ti adhesion layer is deposited
for electrical contacting. An optical microscope image of the post-processed I1I-V
coupon is shown in Figure 2.8 and the vias and probing pads are indicated. The
SA is approximately 34 um long and isolated by two isolation trenches of approx-
imately 30 um each. The amplifiers are 600 pm long at both sides. The footprint
of the realized device is 4.7 mm?. A microscope image of the entire mode-locked
laser cavity is shown in 2.9.
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Figure 2.8: Optical microscope image of the post-processed coupon with a saturable
absorber and 600 um long III-V amplifiers at each side. P-G-S-G-P denotes the power-
signal-ground-signal-power probing pads for biasing.
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Figure 2.9: Microscope image of the III-V-semiconductor-on-SizN4 mode-locked laser chip, consisting of two 10 cm SizNy spirals and InP/InAl-
GaAs amplifiers and saturable absorber, as depicted in inset (a). Light couples from the SisN4 waveguide to the InP waveguide through an intermediate
silicon waveguide, depicted in inset (b).
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Figure 2.10: Measurement setup. DTU: Device under Test; EDFA: Erbium Doped Fiber
Amplifier; FPC: Fiber Polarization Controller; PD: Photodetector; CW: Continuous Wave
laser; OSA: Optical Spectrum Analyzer; PM: Power Meter; ESA: Electrical Spectrum An-
alyzer; RTO: Real-Time Oscilloscope.

2.5 Characterization

To characterize the MLL, the chip containing the MLL was placed on a temperature-
controlled chuck, consisting of an aluminium block on top of a Peltier element,
which was controlled using a Thorlabs TH10K thermistor and a TED200C tem-
perature controller. This setup allows to keep the device substrate at a temperature
of 15 °C. The laser was electrically contacted using a custom-designed RF-probe
and two Keithley 2400 current sources. The optical output was collected using a
chip-to-fiber grating coupler and a cleaved SMF-28 fiber. The SisN, grating cou-
plers exhibit a coupling loss of approximately 9 dB per coupler at 1580 nm. A
schematic overview of the measurement set-up is shown in Figure 2.10.

As shown in Fig. 2.9, the MLL has a symmetric ring-cavity design resulting in
two outputs. All presented measurement results were obtained from the same out-
put. Furthermore, the measurement results were checked with the other output and
were found to show no discernible difference, confirming stable operation of the
symmetric ring-cavity MLL. In Figure 2.11(a) a 2-dimensional map is shown of
the optical output power of the MLL, as a function of the SA bias voltage and SOA
injection current. To determine which combinations of SA bias and SOA current
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lead to mode-locking, the electrical signal at the repetition frequency was analyzed
for a wide range of settings. This was achieved by sending the optical pulse train
to a photo-receiver and analyzing the output signal with an electrical spectrum
analyzer (ESA) in a band of 200 MHz centered around the designed repetition
frequency of 750 MHz. In Figure 2.11(b) a map of the power of the repetition fre-
quency signal is shown for different SA bias and SOA current settings. From this
map, one can deduce that mode-locking occurs for a wide range of settings when
the SOA current exceeds 70 mA and the SA bias is more negative than -2.0 V. For
an SOA current of 75 mA (corresponding with a current density of approximately
2.3 kA/cm?) and a bias of -2.9 V applied to the SA, optimal low-noise operation
was identified. At this bias point, the SA current is approximately -0.50 mA and
the total consumed electrical power is approximately 143 mW. For these settings
both the optical linewidth of the comb lines and the RF linewidth of the repetition
rate were minimized.
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Figure 2.11: Map of the optical output power (b) and RF power (c) as a function of SA
reverse bias voltage and SOA injection current. The operating point used to obtain the
measurement results is indicated with a black square.

For optimal low-noise operation the output power in the silicon-nitride waveg-
uide is approximately 125 uW for a single optical output. This optical power is
sufficient if the laser is to be used, for example, in an on-chip dual-comb spectrom-
eter. It has been demonstrated that gas-phase molecular dual-comb spectroscopy
can be performed with an on-chip mode-locked laser with 10 uW of optical output
power [46]. If for other applications higher optical output power is desired, ei-
ther the amplifier inside the laser cavity can be redesigned to exhibit a lower mode
confinement in the quantum wells, or an on-chip amplifier can be integrated at the
output of the MLL. For example, integrated InP/InGaAsP-on-silicon optical am-
plifiers with an on-chip optical-output power exceeding 50 mW have been demon-
strated [73, 74]. Furthermore, passively mode-locked SCOWLs (slab-coupled op-
tical waveguide lasers) have been demonstrated with pulse energies beyond 50
pJ [75]. Such high-power SCOW amplifiers could in principle also be integrated
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through micro-transfer printing. Moreover, connecting a heatsink to the ampli-
fier or utilizing thermal shunts could improve the thermal impedance, enabling
higher injection currents and enhanced gain. Finally, the n-contact layer area can
be enlarged to serve as a heat spreader, an approach previously demonstrated with
die-to-wafer bonded devices [44].

2.5.1 Optical pulse train

Figure 2.12(a) shows the pulse train of the MLL recorded using the aforementioned
Discovery (DSC-R409) photo-receiver and a Teledyne Lecroy real-time oscillo-
scope (RTO). A pulse train without satellite pulses was found, confirming stable
mode-locked operation. The ripple in the tail of the pulses is due to the overshoot
of the photo-receiver and is an artefact not related to the optical pulse. As the ana-
log bandwidth of both the photo-receiver and the RTO are insufficient to estimate
the pulse duration, an intensity auto-correlation measurement was performed using
an APE pulseCheck intensity autocorrelator. The resulting auto-correlation trace
together with a sech? fit and the calculated deconvoluted pulse width, are shown
in Figure 2.12(b). For sech?-shaped pulses, the pulse duration is approximately
0.65 times the width of the autocorrelation signal [76]. Using this relation, the
calculated deconvoluted pulse has a full width at half maximum (FWHM) of ap-
proximately 7.5 ps, indicating that the generated pulses are not transform-limited.
As the transform-limited sech? pulse has a time-bandwidth product of 0.315, the
estimated minimal pulse duration is 1.53 ps for the observed 3-dB optical band-
width of 1.72 nm [5].
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Figure 2.12: (a) Recorded pulse train by a real-time oscilloscope. (b) Measured autocor-
relation (AC) trace with a sech? fit.

2.5.2 Electrical spectrum

Figure 2.13 shows a large bandwidth (10 MHz to 35 GHz) electrical spectrum of
the MLL at the chosen bias point, recorded using an Agilent electrical spectrum an-
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alyzer (N9010A) with a frequency operation range of 10 Hz to 44 GHz. The result-
ing spectrum shows a flat densely-spaced RF comb spectrum with a 755 MHz line-
spacing. Moreover, a high signal-to-noise ratio, exceeding 40 dB, of the repetition
frequency signal and harmonics is obtained with a resolution bandwidth (RBW) of
300 kHz. This confirms stable mode-locking and strong phase coherence between
the different optical modes [77]. The roll-off of the RF comb at higher frequencies
is caused by the limited (30 GHz) analog bandwidth of the transimpedance ampli-
fier (TTA) inside the photo-receiver. The measured repetition rate of 755.2 MHz
is one of the lowest reported repetition rates to date for any integrated passively
mode-locked laser and enables an unparalleled resolution for spectroscopy appli-
cations when compared to other on-chip approaches [30, 48, 49].
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Figure 2.13: RF spectrum of the generated pulse train at the chosen operating point for a
RBW of 300 kHz.

2.5.3 Optical linewidth

For most applications, the optical linewidth of the individual lasing modes is an
important quality for an optical frequency comb. As the presented device primar-
ily targets heterodyne dual-comb spectroscopy, a heterodyne measurement is most
appropriate to characterize the optical linewidth. Therefore, the optical linewidth
of the central lasing mode was measured by heterodyning the output of the MLL
with a Santec-770 external-cavity tunable laser (60 kHz), using a fiber coupler,
on a Discovery photo-receiver (DSC-R409). The optical linewidth of the other
modes can then be extrapolated based on the knowledge of the optical linewidth
of the central lasing mode and RF linewidth of the repetition frequency [78]. The
beating signal of the MLL and the tunable laser was recorded using an ESA, set
to a 400 MHz span with a 100 kHz RBW. The resulting spectrum is shown in
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Figure 2.14. The heterodyne signal was fitted using a Voigt profile with a FWHM
of 146 kHz, based on the datapoints above the -142 dBm/Hz noise floor of the
ESA. This sub-200 kHz optical linewidth confirms the exceptional low-noise per-
formance of the MLL. Furthermore, the optical linewidth of the MLL approaches
that of a diode-laser-pumped Kerr-comb [79].
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Figure 2.14: Optical linewidth measurement by heterodyning the MLL with a Santec-770
tunable laser (RBW is 100 kHz). The black horizontal line indicates the -142 dBm/Hz noise
floor of the ESA.
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Figure 2.15: Drift of the frequency of the optical beatnote between the mode-locked laser
and the Santec-770 tunable laser as a function of time.

Because of the relatively small thermo-optic coefficient of silicon nitride [80],
the temperature sensitivity of the MLL is limited compared to devices with silicon
waveguide cavities. Figure 2.15 shows the frequency drift of the beatnote between
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the mode-locked laser output and the Santec-770 tunable laser over a time interval
of 30 seconds. As presented in the plot, the central lasing mode drifts approxi-
mately 20 MHz during this time interval. As the MLL was not placed in a temper-
ature controlled container, ambient conditions limited the temperature stability of
the sample. During the measurement, the temperature stability of the sample was
estimated to be approximately 20 mK. This corresponds to a frequency drift of the
central lasing mode of approximately 1 MHz/mK, which is similar to the stability
(1.3 MHz/mK) of a state-of-the-art narrow linewidth III-V-on-silicon-nitride CW
laser [71]. This result demonstrates the excellent stability of the individual lasing
modes, complementing the overall low-noise performance of the MLL.

2.5.4 Optical spectrum

To determine the spectral shape of the comb, the optical spectrum of the MLL
was measured with an Anritsu MS9740A OSA with a resolution of 30 pm. The
resulting spectrum is shown in Fig. 2.16. The spectral shape results from the
complex interplay of the gain spectrum, absorption spectrum and the waveguide
cavity properties. Asymmetric spectra are not unusual for semiconductor mode-
locked lasers [81, 82]. For example, the work in [81] demonstrated that the mode-
locked laser spectrum can be slightly skewed because the gain and absorption do
not have flat spectra. The comb has a 10 dB bandwidth of 3.27 nm, corresponding
with 519 narrowly spaced comb lines. The ability to generate several hundreds
of lines with a sub-GHz linespacing and a flat-top shape is unrivaled by other
comb generators such as QCLs, soliton microcombs or nanophotonic resonant EO-
combs. Moreover, it allows for a flat spectrum without an intense central optical
pump signal.

Several approaches can be investigated to further broaden the comb spectrum.
Firstly, due to chromatic dispersion, the longitudinal modes of the mode-locked
laser are typically not exactly equidistant, and the mode-locking mechanism en-
forces - to some extent - the laser to operate at frequencies which can slightly
deviate from the natural resonant frequencies. Moreover, depending on the used
material platform and envisioned pulse intensity, it might be necessary to take op-
tical nonlinearities into account to determine the exact resonance frequencies of
the resonator modes. Hence, proper engineering of the cavity, including disper-
sion engineering and spectral shaping of the gain, would allow for a broader comb
spectrum. In [83], a tunable gain-flattening filter for integrated mode-locked laser
diodes was presented. This filter was an asymmetrical Mach-Zehnder interfer-
ometer (MZI) and provides the inverse of the semiconductor spectral gain profile
to achieve a broad flattened net gain, enhancing the performance of the MLL by
enabling more longitudinal modes to lase simultaneously. A 10 dB comb band-
width of 17 nm was reported. More recently, quantum-well mode-locked lasers
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generating combs with a spectral bandwidth as wide as 40 nm have been demon-
strated [51, 84]. Furthermore, several of these MLLs can be integrated and multi-
plexed on a single chip allowing to span any wavelength interval of interest. Such
a superposition approach can consist of various sub-combs that are mutually inco-
herent as e.g. dual-comb spectroscopy can be carried out for each spectral region
separately [42]. Finally, one could use on-chip amplification of the output pulse
and on-chip nonlinear broadening to achieve a wider comb, enabling for example
the measurement of the carrier-envelope offset frequency.
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Figure 2.16: Optical spectrum, with a 10-dB span of 3.27 nm, measured with a 30 pm
resolution. The individual comb lines cannot be distinguished due to their dense spacing.

2.5.5 Repetition frequency linewidth

The repetition frequency RF linewidth is a commonly used figure of merit for the
noise properties of a semiconductor mode-locked laser [13, 55]. Furthermore, the
RF linewidth is related to both the timing-jitter of the pulse train, the comb-line
spacing noise and the optical linewidth of the comb lines [77, 78]. A 60 kHz wide
ESA spectrum, centered at the repetition frequency, measured with a 100 Hz reso-
lution bandwidth (RBW) and a 25 Hz frequency spacing is depicted in Figure 2.17.
From the graph it is clear that the repetition rate has a high Signal-to-Noise Ratio
(SNR) and a very small FWHM. Due to the narrow RF linewidth, a quantitative
analysis can only reliably be achieved using a single-sideband phase-noise (SSB-
PN) measurement, as discussed in section 2.5.6. From Figure 2.17, a qualitative
-10 dB RF linewidth of 300 Hz can be deduced from the raw data. The narrow
RF linewidth indicates that all optical modes are tightly phase-locked and that the
optical linewidth of all comb lines is similar to the linewidth of the central las-
ing mode [78]. However, the RF linewidth deviates from the expected Lorentzian
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profile and is therefore broadened by noise not related to laser dynamics. To gain
additional insight in the noise sources affecting the laser, a single-sideband phase-
noise (SSB-PN) measurement of the repetition frequency is needed.
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Figure 2.17: Zoom-in of the repetition frequency signal with a center frequency of
755.2 MHz (RBW is 100 Hz).

2.5.6 Single-sideband phase noise

As described by von der Linde [77], measuring the electrical spectrum of the
photo-current pulse train, generated by the output of the mode-locked laser, al-
lows to identify different perturbations of the optical pulse train. For example, if
one assumes that the pulse train only exhibits timing-fluctuations and no amplitude
fluctuations, then it can be shown that the phase noise of the harmonics signal is
directly related to the phase noise of repetition frequency. Namely, the phase noise
increases quadratically with the harmonic number. In the other case, if only am-
plitude noise is present in an otherwise ideal pulse train, all harmonics will show
a noise pedestal identical to the repetition frequency. For passively mode-locked
semiconductor lasers, the RF linewidth of the repetition frequency signal is in most
cases dominated by the ASE-induced timing jitter of the pulse train [77, 85-89].
In this case the repetition frequency signal has a Lorentzian profile. However,
if the Lorentzian linewidth becomes sufficiently narrow, the RF linewidth can be
dominated by environmental and technical noise resulting in a non-Lorentzian pro-
file [55]. To determine the RF linewidth achievable when eliminating technical and
environmental noise, a SSB-PN measurement can be performed [86].

Figure 2.18(a) shows the SSB-PN of the repetition frequency signal (755 MHz)
at sufficiently large offset frequencies from the carrier to avoid influence of tech-
nical noise. Together with the measured SSB-PN, a Lorentzian profile with a 1 Hz
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Figure 2.18: (a) Single-sideband phase noise (SSB-PN) of the repetition-frequency beat
signal. A fundamental RF linewidth of 1 Hz FWHM is achieved. (b) Normalized SSB-PN
of the repetition-frequency beat signal and its 37¢, 9'" and 27" harmonic.

FWHM is plotted. At offset frequencies exceeding 200 kHz the white noise floor
of the photo-receiver is reached. Furthermore, between 10 kHz and 200 kHz the
SSB-PN follows the Lorentzian profile, while at lower frequencies the influence
of technical noise becomes apparent. This can be attributed to noise from the cur-
rent sources and acoustic noise sources, which result from both air circulation as
well as vibrations from the lab environment. As the presented device has not been
packaged and is hence not shielded in any way from acoustic perturbations, the
technical noise is significant. Moreover, the device was characterized using con-
tact probes, cleaved fibers (not glued) for coupling, as well as long optical fiber
cables, making the experimental setup susceptible to acoustic disturbances. For
commercial deployment, the device could be packaged using a butterfly package,
glued fibers and wire bonded contacts to limit the device’s susceptibility to acoustic
perturbations. However, environmental temperature changes could still affect the
stability of the mode-locked laser. If a fully stabilized optical comb is envisioned,
it will be necessary to include feedback circuitry with thermoelectric actuators,
enabling continuous stabilization of the laser cavity [90, 91].

As the the direct spectrum SSB-PN measurement method was used to obtain
the SSB-PN, one cannot distinguish between phase noise and amplitude noise.
This method is applied assuming that phase noise dominates all amplitude noise
in the measurement range of interest. To verify that this assumption is correct,
the SSB-PN of the harmonics of the repetition frequency signal was measured.
If the SSB-PN is phase-noise-dominated than it should scale quadratically with
harmonic number [77]. In Fig. 2.18(b) the SSB-PN for the repetition frequency
and its third, ninth and twenty-seventh harmonic divided by the square of the har-
monic number is shown. One can see that in the offset frequency range between
10 kHz and 500 kHz the normalized SSB-PN spectra overlap. This confirms that in
this frequency offset interval the SSB-PN is generated by timing fluctuation of the



2-24 [1I-V-ON-SILICON-NITRIDE MODE-LOCKED LASER

pulse train. At frequencies exceeding 500 kHz the spectrum does not overlap as
it is dominated by amplitude noise of the photo-receiver. Therefore, the SSB-PN
at offset frequencies exceeding 500 kHz is not related to properties of the optical
pulse train. Similarly, at offset frequencies smaller than 10 kHz the phase noise
does not scale and is related to technical noise.

The resulting ASE-limited 1 Hz RF linewidth is the lowest reported so far
for an on-chip passively mode-locked laser and is determined in the same way
as was done for the previously reported narrowest linewidths [86]. This 1 Hz
linewidth corresponds to a pulse-to-pulse root-mean-square timing jitter of 19 fs
for a repetition period of 1.3 ns [87].
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Figure 2.19: Impact of hybrid mode-locking on the RF linewidth of the fundamental
755.2 MHz tone.

2.5.7 Hybrid mode-locking

Although the laser shows excellent stability and noise performance, for a number
of applications it is useful if the line-spacing can be locked to an external RF syn-
thesizer, as this allows for relating the comb-line spacing to a frequency standard
such as a hydrogen maser. To lock the comb-line spacing one can modulate the
saturable absorber with the output of a reference frequency synthesizer, effectively
gating the optical pulse train [87]. To experimentally lock the MLL to a synthesizer
hybrid mode-locking is employed, where the SA is modulated with the low-power
(10 uW) output of a low-noise synthesizer at the repetition frequency of the pas-
sively MLL. The spectrum centered on the repetition frequency for both passive
and hybrid mode-locking is shown in Fig. 2.19. Under hybrid mode-locking, a
clear single frequency signal with high SNR exactly matching the driving signal
frequency is found. This confirms that the repetition rate is locked to the synthe-
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sizer. For low RF powers a locking range of approximately 10 kHz is found.

The SSB-PN measured under both passive and hybrid mode-locking is shown
in Figure 2.20(a). It is clear that for frequencies below 10 kHz the phase noise is
strongly suppressed by locking the laser to the reference synthesizer. For higher
frequencies the phase-noise remains unchanged and is dominated by the ASE-
induced pulse train timing jitter. At the same time the noise floor at higher offset
frequencies is still dominated by the amplitude noise coming from the TIA. These
results show that the line-spacing can be locked to a synthesizer with a low-power
RF signal of 10 uW (22 mV), hereby offering a straightforward solution to elimi-
nate any residual line-spacing noise.

Figure 2.20(b) depicts the same spectra as 2.20(a) with the addition of the
SSB-PN spectrum of the twenty-seventh harmonic (normalized by dividing by the
square of the harmonic number) under hybrid mode-locked operation. As is clear
from the plot, the SSB-PN spectrum of the repetition frequency and the normalized
twenty-seventh harmonic overlap perfectly up to offset frequencies of 500 kHz.
This indicates that the hybrid mode-locking operation strongly suppresses the low-
frequency noise not only for the repetition frequency but for all harmonics.
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Figure 2.20: (a) SSB-PN for hybrid mode-locking. Hybrid operation suppresses the low
frequency noise but leaves the Lorentzian noise undisturbed. (b) Normalized SSB-PN of
the repetition frequency under both passive and hybrid mode-locking and its twenty-seventh
harmonic under hybrid mode-locking.

2.6 Comparison with state-of-the-art

Table 2.1 compares our III-V-on-SisN, MLL with other state-of-the-art integrated
passively mode-locked lasers in the literature. For each device, the platform used
to realize the laser is mentioned as well as the repetition rate, pulse duration
(7p), the RF linewidth (Afg ), the optical bandwidth (A)), the optical linewidth
(Af,p¢) and the number of optical modes in the comb are specified.
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Table 2.1: Comparison of the presented III-V-on-silicon-nitride MLL with state-of-the-art integrated passively mode-locked lasers. 7,: pulse
duration, Afgrr: RF linewidth, A\: optical bandwidth, Af,,;: optical linewidth.

Ref.; year Type Repetition rate Tp Afgp AX Afopt Nr. of comb lines
[92]; 2010 Monolithic InP 1 GHz 36 ps 500 kHz 1 nm 70 MHz 110
[507; 2008 Monolithic InP 92 GHz 312 1fs 20kHz  11.62 nm n/a 16
[51]; 2014 Monolithic InP 20 GHz 0.9 ps 1 MHz 11.5 nm 1 GHz 67
[56]; 2015 Monolithic InP 2.5 GHz 9.8ps 18.9kHz 3 nm n/a 144
[52]; 2016 Monolithic InP 10 GHz 21.2 ps 15 kHz 8.7 nm n/a 107
[93]; 2017 Monolithic InP 1 GHz 272 ps 398 kHz n/a n/a n/a
[55]; 2018 III-V-on-Si 20 GHz 0.9 ps 1.1 kHz 3 nm n/a 18
[94]; 2010 III-V-on-Si 0.93 GHz 200 ps n/a 0.08 nm <7 MHz 10
[44]; 2017 III-V-on-Si 1 GHz 7 ps 0.9 kHz 12 nm 400 kHz 1400
[95]; 2019 III-V-on-Si 9.4 GHz 32 ps 400 Hz 4.5 nm n/a 84
[95]; 2019 III-V-on-Si 9.4 GHz 1.7 ps 4 kHz 2.6 nm n/a 48
[53]; 2019 III-V-on-Si (epitaxial) 20 GHz 5ps 1.8 kHz 8.6 nm 10.6 MHz 80
[96]; 2021 Hybrid RSOA/SisN, 2 GHz n/a 110 kHz 25 nm n/a 1600
[97]; 2021 Hybrid RSOA/SisN,4 0.255 GHz 34 ps 40 Hz 0.11 nm 5.4 kHz <60
[98]; 2021 Hybrid RSOA/SisN,4 2.18 GHz 6.31 ps 31 Hz 8.3 nm N/A 465
[60]; 2021 III-V-on-SizNy 3 GHz 8 ps 400 Hz 4 nm 1 MHz 154
This work; 2021 III-V-on-Si3Ny 755 MHz 7.46 ps 1 Hz 3.27 nm 146 kHz 519
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In [60], a heterogeneous III-V-on-SizNy MLL is reported where a high pulse
energy of 2 pJ was achieved to target applications such as laser ranging and remote
sensing. Furthermore, a 400 Hz fundamental RF linewidth, a repetition rate of
3 GHz and a comparable optical comb span of 4 nm are obtained, resulting in 154
comb lines compared to the 519 comb lines demonstrated in this chapter. Although
the 0.16 pJ pulse energy of our III-V-on-SigN4 MLL is considerably lower, it suf-
fices to perform on-chip gas-phase molecular dual-comb spectroscopy [46]. While
the micro-transfer printing technique was also used in [60], a different integration
strategy was followed. An amorphous silicon layer was deposited and patterned
on top of the silicon nitride waveguide to enable efficient evanescent coupling,
in contrast to the silicon-nitride-on-silicon-on-insulator platform employed in this
chapter.

Hybrid integrated mode-locked lasers with a reflective SOA (RSOA) and an
external silicon nitride cavity are reported in [98], [97] and [96]. With a hybrid
integration approach, a passive cavity chip and a gain chip are fabricated sepa-
rately with waveguides extending to the edge of the chip. The waveguides are then
butt-coupled to minimize the coupling loss between the two chips. Although this
approach can offer improved thermal performance and superior flexibility with re-
gard to the gain section design [98], the coupling section induces significant excess
loss and the cost associated with assembly and packaging is higher. In [98], 6.3 ps
pulses and a repetition rate of 2.18 GHz with 465 comb lines are obtained. Fur-
thermore, the reported RF linewidth of the fundamental RF tone is 31 Hz, higher
than the 1 Hz presented in this chapter. In [96], 1600 comb lines are generated
within a 25 nm bandwidth. However, the noise performance is rather poor as the
measured RF linewidth exceeds 100 kHz. The lowest repetition rate for an inte-
grated mode-locked laser is reported in [97], where a repetition rate of 255 MHz is
achieved. However, the optical bandwidth is only 0.11 nm resulting in few comb
lines and a large pulse duration of 34 ps.

Furthermore, several III-V-on-Si mode-locked lasers have been reported in re-
cent years [44, 53, 55, 94, 95]. In [44], a III-V-on-Si MLL is presented with a
low repetition rate of 1 GHz. Here, an InP/InGaAsP gain material, epitaxially
grown on its native substrate, was transferred on top of an SOI passive photonic
circuit through a die-to-wafer bonding technique. In this way, a long low-loss sil-
icon waveguide cavity could be combined with a high-quality quantum well gain
waveguide to enable a narrow linewidth and a small comb line spacing. The de-
vice emits over a wide optical bandwidth of 12 nm, generating a dense optical
comb consisting of over 1400 equally spaced optical lines with narrow linewidth
of <400 kHz. Although the III-V-on-SizNy MLL presented in this chapter ex-
hibits a narrower optical linewidth <200 kHz, the III-V-on-Si MLL achieves a
broader optical comb spectrum and a higher pulse energy of 0.5 pJ compared to
the 0.16 pJ pulses of the III-V-on-SisNy MLL. This discrepancy can be attributed
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to several factors. Firstly, for the III-V-on-SisN, MLL in this chapter, the mode is
strongly confined to the III-V waveguide as the silicon waveguide is not continued
underneath the amplifier and saturable absorber. Hence, reducing the confinement
in the quantum wells, as with the III-V-on-Si MLL, could improve the saturation
power and increase the pulse energy and comb span. For example, the III-V-on-
SigNy presented in [60] demonstrates 2 pJ pulses by limiting the confinement in
the quantum wells and utilizing a SisN, waveguide cavity to eliminate the detri-
mental effects of two-photon- and free carrier absorption. Secondly, the thermal
impedance with micro-transfer printing typically tends to be inferior compared to
a bonding approach. The primary cause for this disparity can likely be attributed
to the n-contact layer (as well as the metal on top) which typically spans a larger
area in the case of a bonding approach. While the micro-transfer printed III-V
coupon is about 1.3 mm long and 40 um wide, a typical die used for die-to-wafer
bonding has a size on the order of 1 cm?. In the case of die-to-wafer bonding, the
n-contact layer is usually etched in such a way that a large area remains, which can
subsequently be covered with metal to serve as a heat spreader, hence improving
the thermal performance of the device. In principle, a similar approach could be
pursued with micro-transfer printing by using wider coupons, or by using a metal
heatspreader or thermal shunts [99]. The thermal performance of micro-transfer
printed SOA’s, as well as the effect of thermal shunts, is discussed in more detail in
Appendix A. Finally, although the exact mechanism behind the generation of the
wide optical spectrum in [44] is not well understood, it is expected that dispersion
engineering of the laser cavity and spectral shaping of the gain, would allow for a
significantly broader optical comb spectrum, as was discussed in section 2.5.4.

Finally, numerous monolithic InP MLLs have been demonstrated in the past
decade [50-52, 56, 92, 93]. Although pulse widths down to a few hundred fem-
toseconds have been demonstrated [50], the high waveguide losses of monolithic
InP waveguides result in linewidths typically more than two orders of magnitude
higher compared to the III-V-on-SizsNy MLL presented in this chapter. Neverthe-
less, low repetition rates of 1 GHz were reported in [92] and [93], but the optical
spectra were very narrow (<1 nm), resulting in a limited number of optical comb
lines. Moreover, the MLL presented in [92] only displays mode-locking when an
external RF source is applied and no passive mode-locking could be demonstrated.

To compare the noise performance of the presented III-V-on-SizNy on-chip
mode-locked laser with low-noise solid-state and fiber mode-locked lasers, the
timing jitter power spectral density (PSD) is calculated from the SSB-PN mea-
surement results using the relation [100]:

11 s
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where S, (f) is the timing jitter SD (s2/Hz), S¢(f) is the phase noise (dBc/Hz),
and f,.,, is the repetition frequency of the MLL. The on-chip mode-locked laser
exhibits a timing jitter PSD of 111 fs?/Hz at a 10 kHz offset frequency, as shown
in Fig. 2.21(a). Low-noise passively mode-locked fiber lasers on the other hand
exhibit timing jitter PSDs around 1073 £s2/Hz [8, 90, 91, 101-104]. Furthermore,
the integrated timing jitter of the chip-scale mode-locked laser, obtained for a fre-
quency range between 10 kHz and 1 MHz as indicated in Fig. 2.21(b), is 1 ps.
As most state-of-the-art low-noise fiber and solid-sate mode-locked lasers rou-
tinely achieve an integrated timing jitter below 20 fs, fiber- and solid-state-based
systems outperform our chip-scale mode-locked laser by 2 orders of magnitude

or more [8, 90, 91, 101-104]. This performance gap can be attributed to several
factors.
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Figure 2.21: Timing jitter Spectral Density (SD). (a) Timing jitter spectral density of the
repetition frequency beat signal. (b) Timing jitter spectral density for hybrid mode-locking

between 100 Hz and 100 MHz. The interval used to calculate the integrated timing jitter is
indicated.

First, fiber- and solid-state lasers often rely on nonlinear artificial saturable ab-
sorption. Such saturable absorbers are inherently less noisy compared to a semi-
conductor saturable absorber which exhibits carrier dynamics. Moreover for the
on-chip III-V-on-silicon-nitride MLL the saturable absorber is incorporated in the
same epilayer stack as the amplifier. By using a separate optimized epi stack for the
saturable absorber (such as with saturable absorber mirrors (SESAM) which are
used in some fiber mode-locked lasers [8]) a performance enhancement is likely
possible. Alternatively, one could employ a chip-scale Kerr-based artificial sat-
urable absorber similar to what has been demonstrated in [12]. However, to have
sufficient modulation depth with an on-chip artificial saturable absorber, a mate-
rial with a high nonlinear coefficient n, is preferred. Heterogeneously integrating a
highly nonlinear optical material, for example GaP or AlGaAs, on a silicon nitride
photonic chip could therefore be an interesting route to develop improved on-chip
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mode-locked lasers [105-107].

Secondly, several experimental methods have been demonstrated to reduce the
timing jitter of fiber lasers, for example by introducing an active intracavity phase
modulator [108] or by utilizing an intracavity spectral filter [104, 109]. A similar
technique could be employed for a chip-scale mode-locked laser, e.g. by introduc-
ing a high finesse filter in the silicon nitride laser cavity [110].

Thirdly, the noise performance can be improved by optimizing the semiconductor
amplifier in order to acquire lower internal losses, reduced mode confinement and
correspondingly, increased saturation energy [75, 111].

Fourthly, a further reduction of the cavity losses would allow to narrow the gap
between ultra-low fiber losses and the current 5 dB/m losses of the silicon nitride
waveguides. In recent years, silicon nitride waveguides with losses below 1 dB/m
have been demonstrated [112].

Finally, the noise performance of mode-locked lasers is not solely determined
by spontaneous emission, but also by environmental technical noise [113]. For
this reason, low-noise fiber mode-locked lasers are carefully packaged and pro-
vided with built-in feedback loops and piezoelectric actuators to accurately con-
trol any cavity length fluctuations [90, 91]. The presented chip-scale mode-locked
laser on the other hand has not been packaged and is hence not shielded from its
environment.

2.7 Conclusion

In this chapter, a III-V-on-silicon-nitride passively mode-locked laser with a low
repetition rate of 755 MHz was demonstrated. By using a long low-loss extended
SizNy ring cavity, unparalleled noise performance is achieved with a narrow op-
tical linewidth below 200 kHz and an ASE-limited RF linewidth of 1 Hz. At the
time of writing, these record values indicate that this MLL is the lowest noise
on-chip passively MLL presented in literature to date, and illustrates the supe-
rior noise performance a III-V-on-silicon-nitride-on-silicon-on-insulator platform
can offer compared to conventional monolithic III-V, InP, and heterogeneous III-
V-on-Si platforms. The device was fabricated by means of micro-transfer print-
ing an InP/InAlGaAs-based multiple quantum-well coupon in a recess, enabling
wafer scale manufacturing. State-of-the-art micro-transfer printers can support
high throughput integration by utilizing array stamps, enabling multiple coupons
to be picked up and printed simultaneously. Furthermore, two mode-locked laser
devices were fabricated and both devices displayed similar performance, proving
the reproducibility of our methodology.

Such an integrated and electrically pumped dense optical comb generator pro-
vides several advantages in terms of cost, device foot-print, robustness and power
consumption, enabling its use in high-resolution spectroscopic applications. In the
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future, other material platforms, such as GaSb, could be combined with the SizNy4
cavity to target the spectral region beyond 2 um, uncovering the full capabilities of
on-chip spectroscopic sensing. Furthermore, the presented work can be extended
to target various other applications such as datacom, telecom, and low-noise mi-
crowave signal generation by changing the comb line spacing while at the same
time keeping the excellent noise properties. This can for example be achieved by
introducing a high-finesse resonator filter inside the laser cavity [114, 115] or by
co-integrating a pulse interleaver [116].
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Modeling extended cavity
mode-locked laser diodes

In the previous chapter, experimental work with regard to on-chip mode-locked
lasers was presented. However, the performance of such devices remains largely
unpredictable due to a lack of design tools and a limited understanding of the
mode-locking dynamics. In this chapter we provide a brief overview of existing
mode-locked laser modeling techniques and introduce the hybrid modeling con-
cept. This hybrid model unifies the traveling-wave modeling technique for the
active semiconductor sections with a nonlinear Schrodinger equation for the pas-
sive laser cavity. It is therefore particularly well-suited to model heterogeneous-
or hybrid on-chip mode-locked laser diodes with a long extended passive cavity.
The operation of the model is illustrated using a heterogeneous III-V-on-silicon
mode-locked laser example. Furthermore, the significance of the third order op-
tical nonlinearity and the group-velocity dispersion of the passive waveguide is
demonstrated. Finally, some generalizations and suggestions for future work are
proposed to further extend the scope and physical accuracy of the model.

The material presented in this chapter has in part been published in [1, 2].
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3.1 Introduction

Mode-locked laser diodes, emitting coherent ultrashort optical pulses, are an im-
portant class of chip-scale comb generators with numerous applications in funda-
mental science and technology [3-6]. As illustrated in the previous chapter, a num-
ber of such devices have already been demonstrated in the past decades [7-16].
Yet, their design remains challenging as it is often based on simple rules of thumb
and hence lacks predictability [17]. It is evident that appropriate modeling tech-
niques are therefore desirable to facilitate the development process and advance
the understanding of the complex mode-locking dynamics [18-22]. Ideally, such
a model can provide some design guidelines to (approximately) acquire some tar-
geted device parameters such as pulse duration, output power and comb shape.
Furthermore, it is preferable that the MLL model not only incorporates the neces-
sary physical details, but also minimizes the computational workload in order to
conveniently serve as a design aid and enable parametric studies.

In the past decades, a wide variety of modeling techniques for MLLs have been
presented, which, as proposed in [23], can be categorized in two distinct classes:
distributed models and discrete models. Distributed models average the effects on
the circulating pulses so that a single partial differential equation can be employed
to describe the MLL. It is often based on the so-called Haus’s master equation [24],
which has proven successful for modeling solid-state- and fiber mode-locked lasers
[25, 26]. Although distributed models allow for analytical solutions and enable the
study of pulse dynamics, they assume that the pulse is near equilibrium and only
undergoes mild changes when traveling inside the laser cavity [27, 28]. MLLs with
strong gain and high losses in each roundtrip can therefore not be appropriately
represented. Moreover, these equations employ generic formalisms to describe
gain and absorption and are hence unable to grasp complex semiconductor physics
that can greatly affect the gain and saturable absorber characteristics [22, 23].

In contrast, discrete models can be seen as an approach where each compo-
nent of the laser cavity is modeled separately. This does not necessarily mean a
different set of equations is utilized for the various laser components, rather it of-
ten implies the parameters in the equations are distinct for different components.
In other words, the gain, saturable absorption, etc. happen in different sections
of the device and the assumption that the pulse is near equilibrium is therefore
eliminated [23]. Such discrete models are typically based on delay differential
equations [27-29], a finite difference time domain description of the electromag-
netic field [30], the full Maxwell-Bloch equations [18, 31-33], or traveling-wave
models [21, 22, 34-36].

In recent years, Traveling-Wave Models (TWMs) have often been favored for
semiconductor-based MLL modeling because they can incorporate the rich physics
of semiconductors while limiting the computational workload under to the slowly-
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varying envelope approximation [19, 21, 34]. However, existing TWMs are mostly
geared towards monolithic mode-locked laser diodes with a high repetition rate
and are currently unable to incorporate nonlinear and dispersive effects of a long
extended passive laser cavity [20, 21, 34]. Although recent work successfully
included Kerr-nonlinearity and chromatic dispersion in a TWM [22], these com-
putationally intensive models target single-section diode mode-locked lasers and
are consequently not suitable to aid the design of extended cavity semiconductor
MLLs or to perform parametric studies. This is particularly troublesome when
simulating low-repetition-rate MLLs, which have a long extended passive cavity
as compared to the length of the active semiconductor section. For these devices,
dispersive and nonlinear effects of the passive waveguides can become important.
Moreover, low-repetition-rate heterogeneous- or hybrid mode-locked laser diodes
are becoming increasingly relevant in the pursuit of lower repetition rates and low
noise performance [8, 17, 37]. Yet, the ability to efficiently model such devices
while including relevant nonlinear and dispersive effects of the long extended pas-
sive cavity has not been demonstrated by existing traveling-wave models. An ex-
ception are commercial tools, such as those currently offered by Photon Design.
Their proprietary time-domain traveling-wave model (PICWave [38]) can be com-
bined with a hetero-structure model (Harold [39]) to accurately simulate hetero-
geneous mode-locked laser diodes [40]. Although such a commercial tool offers
excellent performance, it is not open source and requires a license.

Unlike a TWM, the nonlinear Schrodinger equation, implemented using the
well-established split-step Fourier method, is well-suited to rapidly simulate pulse
evolution in passive waveguides with arbitrary dispersion and nonlinearity [41—
43]. It could therefore be advantageous to combine a TWM for the semiconductor
laser sections with a split-step Fourier approach for the extended passive laser
cavity.

In this chapter, we demonstrate a first implementation of such a hybrid simula-
tion strategy and include nonlinear and dispersive effects of the extended passive
laser cavity with low computational penalty. Furthermore, the method is used to
simulate a heterogeneous III-V-on-silicon mode-locked laser. In particular the im-
pact of the Kerr nonlinearity, dispersion, two-photon and free-carrier absorption of
the extended passive laser cavity on the laser performance is discussed.

This chapter is organized as follows. Section 3.2 introduces the extended non-
linear Schrodinger equation and the split-step Fourier method to simulate optical
pulse propagation in a nonlinear waveguide. In section 3.3, the traveling-wave
method is introduced to model the active semiconductor sections of the mode-
locked laser. A detailed description of the hybrid modeling approach along with
a simulation example is provided in section 3.4. Finally, some generalizations
and suggestions for future improvements are outlined in section 3.5. The hybrid
model was conceived by the author in close collaboration with Dr. Kasper Van
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Gasse. Furthermore, the author implemented the model in MATLAB and Python.
Ir. Maxim Torreele further extended the model by interfacing it with the PHIsim
traveling-wave package, developed by Prof. Erwin Bente et al. at the Technical
University of Eindhoven.

3.2 Simulating pulse propagation in passive photonic
waveguides

3.2.1 Extended nonlinear Schrodinger equation

The extended nonlinear Schrodinger equation (NLSE) serves as a basic equation
to describe optical pulse propagation in a dispersive and nonlinear single-mode
waveguide. It can be derived from Maxwell’s equations, and a detailed derivation
is provided in appendix B. When considering optical pulsewidths exceeding 100 fs,
one can write the following extended NLSE

0A B 0?PA  B30°A  « BrpPA | 2 oN,
9o g a BY L Ty APRA - T ey =
oz 2o G 2t a4, A 2
. ) JIAZ.
—i(JAPA — L L (1A2A) — TRA N,A (3.1
Jv(A] woaT(l |“A) — Tg 5T ) + jkckoN.A - (3.1)

where A(z,T) is the slowly varying pulse envelope (units of v W), and z is the
spatial variable and has the dimension of distance. A reference frame moving with
the pulse at the group velocity v, was defined using the transformation

T=t—z/vg=t— [Pz (3.2)

B2 and (3 respectively represent the group-velocity dispersion and third-order dis-
persion, and « denotes the linear losses. Furthermore, the nonlinear parameter
is defined as v = Xf“_fc, where no is the material nonlinear coefficient, A,y
is the effective mode area, c is the speed of light in vacuum, and wy represents
the center frequency. The parameter Tz accounts for intrapulse Raman scatter-
ing and is defined as T = fooo tR(t)dt, where the nonlinear response function
R(t) = (1— fr)d(t) + frhr(t) with fg the fractional contribution of the delayed
Raman response to the nonlinear polarization and h () the Raman response func-
tion, which can be approximated by an analytical function [41, 44, 45]

2, 2
hr(t) = 2072 =t gin(t/m) (3.3)
T17T5
where 7 = 1/Tg, 71 = 1/(w% — I'4)!/2, and for a silicon waveguide,

I'g/m ~105 GHz and wr/27=15.6 THz respectively determine the Raman-gain
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bandwidth and Raman shift [45]. As optical pulses with high intensities can suf-
fer considerably from two (or multi)-photon absorption as well as from absorption
due to optically generated free carriers [46], it can be desirable to include these
absorption terms. The two-photon absorption is here incorporated through the
two-photon absorption parameter Srpa. The free-carrier absorption and disper-
sion are included through the free-carrier absorption coefficient o, the free-carrier
dispersion k., and an auxiliary equation that governs the time dependence of the
free-carrier density N, [47, 48]

ch _ ﬂTPA | 4 Nc
dt QMOAgff TFCA’

(3.4)

where Tpc 4 is the free-carrier lifetime in the waveguide and fwy is the photon
energy.

3.2.2 Split-step Fourier method

In most cases, the NLSE does not support analytic solutions and a numerical ap-
proach is therefore needed. One method that has been used extensively to simulate
optical pulse propagation, for example to simulate supercontinuum generation in
a nonlinear fiber or waveguide [49-51], is the split-step Fourier method. As this
numerical method relies on the Fast Fourier Transform (FFT) algorithm, this ap-
proach is relatively fast compared to competing finite difference schemes [43].
To understand how the split-step Fourier method operates, it is useful to rewrite

equation 3.1 as

Z—A = (D+N)A, (3.5)

z

where the differential operator D and the nonlinear operator N are given by

A _52 32 ﬂg (93 (0% O’]\fC

D:]?WﬁLgﬁ*E‘i’ 9 +]kck0Nc (36)
. . j 0 0|A? B
N = —ioAF - LA T ) - EE AR Ga)

The split-step Fourier method utilizes the nonlinear- and dispersion operator to
act alternately upon the propagating field [42, 43, 52]. Although in reality, the
dispersion and nonlinearity act simultaneously on the propagating pulse, the split-
step Fourier method approximates the exact solution by assuming the dispersion
and nonlinearity to act independently over a short distance §z, an approach that
is accurate to second order in the step size [43]. The waveguide length is divided
into a large number of segments with length §z so that the pulse can be propagated
from segment to segment. For the propagation from z to z+Jz, one can write the
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propagation step in the symmetric form
(SZ ~ ~ 62 A
A(z+462,T) = e:z:p(?D)exp((;zN)ezp(?D)A(z, T) (3.8)

Over the first distance ¢z /2, the dispersion operator acts alone. Next, the nonlinear
operator is applied over the entire step size dz. Finally, the dispersion operator is
applied once again for half a step size, §z/2. The optimal step size 0z depends on
the specific problem (for example the considered pulse power and duration), and a
typical value is 100 pm [44]. The dispersion operator can be computed efficiently
in the Fourier domain:
0z » 1 0z »
exp(?D)A(z,T) =Fr ea:p(?D(w))}'TA(z,T), (3.9)
where F and F ! denote the Fourier transform and the inverse Fourier trans-
form respectively. It is important to note that the use of the FFT imposes periodic
boundary conditions. For a standalone optical pulse propagation simulation, this
typically does not pose a problem as the temporal window can be taken much
larger than the pulse duration. This prevents pulse energy from reaching the win-
dow boundaries, avoiding potential numerical instabilities [43]. However, when
simulating pulse propagation in resonators and assuming that the actual pulse rep-
etition rate should be preserved (for example to ensure accurate modeling of gain
recovery in a mode-locked laser cavity), either the temporal window size should
exactly match the natural periodicity of the optical pulse train, or artificial ap-
proaches are required to prevent the spectrally spreading or shifting pulse from
reaching the temporal window boundaries. This particular issue will be addressed
in more detail in section 3.4.

3.3 Traveling-wave model for laser diodes

Traveling-wave models have been widely used to model monolithic laser diodes
and mode-locked lasers [21, 22, 34, 53, 54]. With this time-domain simulation
method, the photonic circuit is divided into small segments with equal optical
pathlengths. For each segment, an average carrier density as well as an average
optical intensity (or photon density) is defined, and a set of partial differential
equations are used to describe the evolution of the two counterpropagating waves
and the carrier densities. Unlike monolithic mode-locked laser models based on
delay differential equations (DDEs), no assumption of unidirectional propagation
is made [34], and faithful reproduction of experimental observations is therefore
possible [55]. The TWM used in this chapter is applied to model the active sec-
tions (i.e. semiconductor optical amplifier and saturable absorber) of a previ-
ously demonstrated III-V-on-silicon anti-colliding MLL with a 2.6 GHz repeti-
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tion rate [8, 56]. The considered laser consists of a 14 mm long silicon waveg-
uide cavity, an 850 um Semiconductor Optical Amplifier (SOA) gain section and a
60 um Saturable Absorber (SA) separated with an unbiased 30 um ISOlation sec-
tion (ISO) from the gain region. Although several elaborate TWMs have been
proposed in the literature for semiconductor quantum well and quantum dot lasers,
such as [22] and the open source model FreeTWM [21], a simple TWM is adopted
here to demonstrate the hybrid modeling concept. It is nevertheless straight for-
ward to extend the presented approach to any other TWM in order to include more
physical details. Assuming the MLL pulse width is significantly larger than the
intraband relaxation time of the semiconductor medium, one can describe the tem-
poral and spatial evolution of two counterpropagating waves with amplitudes \Ai|
(units of /W /m?) in the semiconductor laser sections as [34, 57]

1 OA* A+ jwol
1047 947 jwol' e B 4 (3.10)
vy Ot 0z’ 2neppe 2v4

where v, represents the group velocity of light, I' the Multiple Quantum Well
(MQW) optical confinement factor, n.ys the effective modal index, ¢ the speed
of light, wp the angular frequency of operation, x the electrical susceptibility. and
7’ is the spatial variable with units of meters. The term containing S models the
internal losses in the semiconductor material. The above equation can be rewritten
as follows

+ + i
OAF | 0AF _ juosl v B e (3.11)

ot 0z 2nepfe 2

where the spatial variable z was divided by the group velocity to yield a dimen-
sion of time. Furthermore, the carrier density N can be approximated as [34, 57]

ON 1 N  TIm(x(V))
= - — AR 3.12
o qvV T + hnegrc 4l (3-12)
where I is the injected current, q is the electron charge, V is the active volume
and 7 represents the carrier lifetime. Assuming a parabolic band structure, low
temperature, charge neutrality within the quantum well, and k-vector independent
intraband relaxation rates, one can express the electrical susceptibility as [19, 20,
58]

(V) = —xol2n(1 - T,
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where N, is the transparency carrier density, {2, is the bandgap offset, v is the
intraband relaxation rate, (27 is the angular frequency of the top of the energy band
and o is a material gain parameter. To eliminate the frequency-dependency of the
susceptibility, one can approximate the susceptibility as a frequency-independent
quantity x(w = wo, N(z,t)) by adding a separate spectral filter to the model.
This approximation can be motivated by noting that Bragg gratings are utilized as
cavity mirrors in the MLL under consideration, causing strong spectral shaping.
Here, a Lorentzian filter is incorporated at the output facet of the laser, in corre-
spondence to what was proposed in previous work [34]. In case a more accurate
model for gain dispersion is desired, the lumped filter could be replaced by a dis-
tributed implementation, similar to what has been demonstrated in [53, 59]. This
is particularly important for laser topologies without narrowband reflectors where
the gain dispersion of the semiconductor medium plays a salient role [59]. The
traveling-wave equations are than given by

+ + i
10A%  0A% gl | v B s pux (3.14)
vg Ot 92 2neppe 204

where DA* = g(Ai — p¥) is a linear operator used to model gain dispersion
using a distributed Lorentzian filter. The polarization terms obey

op* A AT + -+
— =J(A" —p™) + jwp (3.15)
ot
where 7, w and g are the half width at half maximum of the Lorentzian (units
rad/ps), the peak position of the Lorentzian with respect to wg and the amplitude of
the gain dispersion (units m~'). The Lorentzian FWHM=2% and the Lorentzian
peak is g2 /4. The carrier rate equation is than given by

ov _ I
ot qV

I'Im(x(N))
hneffc

Vg

R(N) + o
g

A" -

Re [A*(zﬁ)A} (3.16)

In the remainder of this chapter, the localized Lorentzian filter is used for sim-
plicity unless specified otherwise. In order to solve the aforementioned set of
equations 3.11 and 3.12, a numerical scheme is used where the semiconductor
section is discretized into K segments of normalized length Az = At, where At
is the time required for light to travel over one segment and Az is the physical
length of the segment normalized with the group velocity of light. A schematic of
the TWM numerical scheme is depicted in Fig. 3.1. Combining equations (3.10)
and (3.13), the wave solutions in each segment z; < z < zi41 are given by [34]
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A+ (t + At7 Zk»Jrl) ~

BAz  jwol'vg
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. / o X(N(z,t))dz] (3.17)

2k

AT (t, zp)exp [—

AT (t+ Aty zy) =
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/+ X(N(z,t))dz] (3.18)
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Figure 3.1: Traveling-wave model numerical scheme for the mode-locked laser’s active
semiconductor sections. The sections are discretized in segments of optical length Az =
At. A Lorentzian filter is used at the output facet to model the gain bandwidth and spectral
shaping of the gratings. SA: saturable absorber, A*: amplitudes of the counterpropagating
waves in the cavity.

The integrals can be evaluated numerically by using a simple trapezoidal ap-
proximation. Furthermore, an expression for the carrier density can be formulated
based on equation (3.12) and a first order Euler scheme

I N t— At
N(e,t) = Nzt = A8+ At (= %
r
+ e SNzt = A} (147 (1 2)” + A7 (1 2)lP) - (3.19)
TeffC

Note that in [1] and for the simulation results in the following section 3.4, the
stimulated recombination term was chosen to scale with the local field intensity
|A* + A~|? rather than |A*|? + |A~|? (i.e. proportional to the photon density).
Although experiments with gain-coupled distributed feedback (DFB) lasers show
that this recombination term in reality scales with the local field intensity [60, 61],
such an approach generally requires the use of coupled wave equations where cou-
pling effects induced by the carrier oscillations resulting from the spatially varying
intensity, are incorporated. Although no coupled-wave equations nor carrier diffu-
sion are included in the simple model presented here, the validity of [AT + A~ |2



3-10 CHAPTER 3

can be motivated by noting that the used discretization scheme employs a step size
which is comparable or larger than the wavelength. This leads to an averaging ef-
fect which eliminates strong interference effects and allows one to neglect carrier
gratings and coupled wave equations. Nevertheless, care should be taken to ensure
that the TWM step size is not an exact multiple of the wavelength in the material
as this could yield an approximation error. To eliminate this potential pitfall, it is
often preferred to work with |A+|? 4 |A~|? [34, 53, 62]. It was confirmed that for
the presented simulations this modification does not yield a significant difference.

Finally, a boundary condition can be defined for the left laser facet by convolv-
ing the backward propagating wave with the Lorentzian spectral filter f(t) using a
first-order infinite impulse response (IIR) filter [34]

AT(t+ At 0) = /i [a- AT(,0)+b- A~ (t+ AL, 0)], (3.20)

exp(—5AL)

where 1 describes the left facet reflectivity, and filter coefficients a = —

and b = 0At. Alternatively, one can implement the filter using an FIR filter

M
AF(t+ At,0) = /riAt Y f(m)A™(t — (m — 1)At,0) (3.21)
m=0

When a sufficiently large number of samples is considered for the truncated
convolution sum, the output of the model shows no discernible differences com-
pared to the IIR filter implementation.

The right boundary condition (corresponding with the right mirror of Fig. 3.1)
is simply defined as A~ (¢t + At, L) = \/r5 - AT (¢, L).

3.4 Hybrid modeling concept

The hybrid model employs the aforementioned TWM for the active sections of the
mode-locked laser diode, i.e. the SOA and SA. The extended passive laser cav-
ity is modeled either with the extended nonlinear Schrodinger equation (using the
split-step Fourier method), or by using a simple delay with loss. This approach
is schematically illustrated in Fig. 3.2. In the following paragraphs, the interface
between the two distinct models is described in detail, and several simulation ex-
amples are discussed. The current model is implemented in MATLAB, and the
code is available on GitHub [63].
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Figure 3.2: Mode-locked laser simulation flow, consisting of a traveling-wave model for
the active region and a split-step Fourier propagation algorithm for the extended passive
waveguide cavity. (a) In case no pulses are observed, e.g. at laser start-up, the split-step
Fourier algorithm is not employed and the extended cavity is simply represented by a delay
with some loss. (b) When pulses are observed, the split-step Fourier method is used and
dispersive and nonlinear effects are accounted for.
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3.4.1 Unifying the traveling-wave model and
the split-step Fourier method

To effectively propagate the output of the TWM in the passive waveguide model, a
custom algorithm was developed. For the passive waveguide, a so-called reservoir
and a queue data array are defined with a size equal to twice the propagation delay
of the passive waveguide cavity divided by the TWM time stepsize, resembling
respectively the forward and backward traveling waves in the passive cavity. In
other words, the length of these arrays is in correspondance with the delay AT
(in this case 359 ps) between light leaving the amplifier at the right side (see Fig.
3.2), and reaching the amplifier again at the right side after a roundtrip propagation
through the silicon spiral waveguide cavity.

The forward propagating envelope of the TWM gradually fills the reservoir of
the cavity, i.e. every iteration the last sample of the forward propagating envelope
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AT at the interface with the passive cavity (see Fig. 3.2) is send to the reservoir.
Simultaneously, a sample from the queue is concatenated to the backwards trav-
eling envelope A~ at the same interface. The forward propagating envelope A™
hence continuously feeds the reservoir whereas the queue feeds the backward prop-
agating envelope A~. When the reservoir is full, the split-step Fourier method is
activated to propagate (a number of) the reservoir samples. The split-step Fourier
method is hence not called with every TWM iteration. The propagated samples
are subsequently stored in the queue for continuation in the TWM.

To propagate the pulse, an appropriate time window has to be chosen to center
the pulse, ensuring that energy is centralized in the window to comply with the
periodic boundary conditions of the split-step Fourier method [43, 64]. This avoids
unphysical results and numerical instabilities [43]. A peak search algorithm is
employed to detect any pulse-like patterns in the reservoir of the extended passive
cavity. In case no peaks are detected, one can conclude that the laser either operates
in continuous wave or is in a noisy (start-up) state. In these cases where no pulses
are detected, the cavity is simply modeled with loss and a delay, as is shown in Fig.
3.2 (a). In case a single pulse is detected, a time slice is taken from the reservoir
data and subsequently used as an input for the passive waveguide model. The slice
is taken in such a way that the pulse is centered and can be readily propagated
using the split-step Fourier method. Once the pulse is propagated, the resulting
output is added to the queue. Finally, in case multiple pulses are detected in the
reservoir, a time slice with one or more pulses is selected from the reservoir in
a way that centralizes the signal energy in the slice as much as possible. This
certifies that the intensity vanishes near the boundaries and warrants valid usage
of the FFT in the split-step Fourier method. The resulting output is then again
added to the queue that feeds the backward propagating wave of the TWM. As
such, when pulsed behavior is observed, nonlinear and dispersive effects of the
laser cavity are accounted for.

As expected, simulations confirm that after start-up, the time slice used for
split-step Fourier propagation is nearly equal to the entire reservoir size, i.e. the
delay AT'=359 ps. Furthermore, the number of samples employed for the split-step
Fourier propagation are equal to the number of samples selected from the reservoir
as this avoids the need for interpolation. As such, the propagated signal samples in
the queue can simply be concatenated to the backward propagating wave A~ after
applying a scaling factor to convert the field envelope in units of [v/T] to units of
[ W/m?2].

It is observed that once steady-state mode-locking is reached, the split-step
Fourier method is consistently employed for all pulses, as is conceptually shown
in Fig. 3.2 (b). Moreover, simulations confirm that in case dispersion and non-
linearity of the passive waveguide are omitted, the hybrid model yields results
identical to the TWM without the split-step Fourier approach. In case the cavity
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dispersion is anomalous, it can be worthwhile to consistently use the full reser-
voir for split-step Fourier propagation instead of a simple delay with loss. This
allows one to account for the breakup of (quasi)-CW light or the amplification of
noise through modulation instability. However, the current model is not optimized
for continuous-wave-like operating points. Moreover, modeling pulsed regimes
with nonvanishing backgrounds is currently outside the scope of the hybrid model
owing to the periodic boundary conditions of the FFT. This issue is addressed in
section 3.5.
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Figure 3.3: Mode-locked laser simulation example. (a)-(d) Hybrid model output with a
20 fs stepsize and a 100 ns (260 roundtrips) duration. (a) Signal build-up at the output facet
of the mode-locked laser. The arrow indicates the time instant of the corresponding normal-
ized carrier densities (b) and pulse profile (c). (d) The optical comb spectrum corresponding
with the generated pulse train.

3.4.2 Simulation example

Figures 3.3 (a)-(d) show the hybrid model results for the 2.6 GHz anti-colliding
III-V-on-silicon MLL. A simulation time of 100 ns (260 roundtrips) was used with
a 20 fs stepsize. The model parameters are based on earlier work [48, 65, 66] and
are listed in Table 3.1. The real part of the nonlinear coefficient yn; = A";‘;’c ~
69 m~ W1, with ny the material nonlinear coefficient and A, r7 the effective

mode area. The dispersion parameters 35 = 1.3 ps?/m and B3 = 0.0042 ps3/m
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were acquired using Lumerical [67] based on the silicon waveguide dimensions

specified in [56].

Meaning Symbol Value Units
‘Wavelength A 1.57 um
Group index ng 3.85 -
Effective index Neff 3 -
Transparency carrier density Ny 8.7-10%7 em ™3
MQW confinement factor r 0.075 -
MQW mode area Amaow 0.54 .10~ *2 m?
Carrier lifetime TSOA, TSA, TISO ;10721 ns
Gain constant X0,50A45 X0,SA3 X0,I1SO 0.07; 0.48; 0.07 -
Intraband relaxation rate YSOA:YSA; YISO 4.10%2;8-10%2;8-10%2 st
Filter bandwidth A 2 THz
Section length Lsoa;Lsa; Liso 850; 60; 30 um
Top band frequency Qp 90 -10'2 rad s~ !
SA Bandgap offset Qg 5 THz
Active region internal losses rate B 2.56 -1011 st
Injection current I 45 mA
Silicon waveguide mode area As; 0.29 10712 m?
Second-order dispersion B2 1.3 ps?/m
Third-order dispersion B3 0.0042 ps®/m
Silicon Kerr nonlinearity ng 5.10718 m2w !
Silicon waveguide losses e} 0.7 dB/cm
Two-photon absorption silicon Brra 0.6 cm/GW
Free-carrier dispersion silicon ke 1.35-10727 m?
Free-carrier lifetime silicon TECA 1 ns
Free-carrier absorption silicon o 1.45.1072¢ m?
Facet reflectivity r1; T2 0.5;0.99 -

Table 3.1: Parameters used for the hybrid model. SOA is Semiconductor Optical Ampli-
fier, SA is Saturable Absorber, ISO is Isolation region in between the SOA and SA.

An injection current of 45 mA was found to correspond with fundamental
mode-locking. At this operating point, the pulse train converges after approxi-
mately 40 ns (100 roundtrips), as can be seen in Fig. 3.3 (a). The black arrow in
Fig. 3.3 (a) indicates the time instant used to acquire the carrier density profiles,
shown in Fig. 3.3 (b), and the individual pulse profile, shown in Fig. 3.3 (c). The
output pulse has an energy of 2.11 pJ and a full-width at half maximum (FWHM)
of 3.68 ps. These values are in in line with experimental results where pulses with
energies on the order of 1 pJ are observed and autocorrelation measurements in-
dicate pulsewidths around 3 ps [56, 68]. The carrier densities were normalized
with respect to the transparency carrier density and were monitored in the middle
of the amplifier, saturable absorber and isolation sections. The carrier density in
the saturable absorber quickly saturates with the incoming pulse but recovers fast
compared to the SOA. Furthermore, as the SOA is close to the output facet, the
pulse propagates twice through the SOA with a short delay in between, resulting
in two subsequent dips in the SOA carrier density, as can be seen in Fig. 3.3 (b).
The comb spectrum, shown in Fig. 3.3 (d), exhibits a dip around 1571 nm caused
by the cavity third-order nonlinearity. In addition, part of the comb spectrum is
slightly red-shifted resulting from the Raman effect. The line spacing between the
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comb teeth is 2.6 GHz, corresponding with the pulse repetition rate of the laser.

1 Dummy TWM

B Hybrid model 101 min_

100 ns simulation
20fs stepsize
i5 6600 CPU

60 min

38 min

21 min 21 min 21 min

5 GHz 2.6 GHz 1 GHz

Figure 3.4: Comparison of a dummy TWM and a hybrid model for a 5 GHz, 2.6 GHz and
1 GHz repetition rate. The hybrid model computation time is approximately invariant to the
extended passive waveguide cavity size as it is not modeled by a slow TWM.

Figure 3.4 shows a comparison of the hybrid model and a dummy TWM (without
split-step Fourier propagation and of identical complexity) for different MLL rep-
etition rates. In the dummy TWM case, the field propagation through the passive
waveguide cavity is calculated in a traveling-wave fashion to emulate the naive
incorporation of dispersive and nonlinear effects. However, actual dispersive and
nonlinear effects are omitted in the dummy TWM as it solely serves as a ref-
erence for the simulation time. Note that if one does not desire to include dis-
persion and nonlinearity in practice, one can use a traveling-wave model with a
simple boundary condition for the passive waveguide cavity, leading to a simula-
tion time comparable to that of the hybrid model. The MLL was simulated for
100 ns with a timestep of 20 fs on a standard desktop with an i5-6600 Central
Processing Unit (CPU). The MATLAB script of the hybrid model takes around 20
minutes to complete, almost independently of the passive cavity size. Note that
the considered hybrid model is solely prototyped in MATLAB and does not rely
on any custom memory allocation or parallelization. Switching to a low-level pro-
gramming language could therefore provide for a massive speed-up, as was also
exploited by earlier work [21, 22]. As the TWM dominates the total simulation
time of the hybrid model, the split-step Fourier algorithm for the passive cavity
only marginally increases the computation time with decreasing repetition rate.
The classical TWM on the other hand, in which also the passive laser cavity is
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modeled with a traveling-wave method, requires significantly more time, as is in-
dicated in Fig. 3.4. Moreover, the simulation time of the classical TWM rapidly
increases with decreasing repetition rate because the TWM complexity directly
scales with the laser cavity size. This drawback highlights the benefits of a hybrid
modeling strategy: it allows to include complex dispersive and nonlinear effects
of the extended passive laser cavity with minimal computational penalty. This is
particularly valuable for integrated MLLs with a low repetition rate [8, 11, 17], as
the impact of nonlinear and dispersive effects of the cavity becomes apparent in
these devices and the simulation time with existing TWMs can become impracti-
cally long.
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Figure 3.5: Stability analysis of the hybrid mode-locked laser model for an injection
current of 45 mA. Map of the pulse energy (left) and of the pulsewidth (right) as a function
of the discretization step of the TWM and the stepsize of the split-step Fourier propagation.

Figure 3.5 depicts a map of the output pulse energy (left) and the output pulse
width (right) as a function of the traveling-wave discretization step and the split-
step Fourier step. One finds that the stability of the TWM model degrades grad-
ually without an abrupt transition to a numerically unstable regime. For a TWM
step below approximately 100 fs, the model yields no discernible differences and
convergence is achieved. However, when the TWM stepsize is further increased,
the amplitude of the pulse train acquires an oscillatory fluctuation. Furthermore,
for very large stepsizes, approaching 500 fs, the amplitude fluctuations appear to
be chaotic and the pulse train becomes unstable, as can be seen from the inset on
the right of Figure 3.5. Moreover, due to the coarse TWM grid, the pulse envelope
is poorly sampled, leading to strongly distorted pulse shapes with sharp edges. Fi-
nally, it is observed that the model is robust with regard to the split-step Fourier
(SSF) step size. Although the pulse energy and pulse width remain nearly iden-
tical for increasing SSF steps, the comb spectrum starts to deviate when the step
size exceeds several millimeters. For all simulations in the manuscript, a step of
approximately 100 um was employed for the split-step Fourier method.
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Figure 3.6: Impact of nonlinearity and dispersion of the extended passive laser cavity on
the MLL performance and stability. Map of the pulse width (a) and pulse energy (b) as a
function of GVD and Kerr nonlinearity. Stable fundamental mode-locking is predominantly
observed for sufficiently small nonlinearities and normal dispersion.

3.4.3 Impact of dispersion and nonlinearity

It is well known that the complex interplay of dispersion and nonlinearity can
greatly affect the pulse generation of MLLs. Even more so, careful management
of these properties has lead to various types of soliton lasers, where the balance
between quadratic [69, 70] or higher-order dispersion [71] with nonlinearity have
allowed for stable ultrashort pulse generation. Although solitons have tradition-
ally been produced with fiber MLLs, they can also arise in chip-scale devices [71].
Furthermore, even for existing integrated MLLs which do not target solitary oper-
ation, dispersive and nonlinear effects of the passive waveguides can significantly
affect the properties of the pulse train, in particular for long waveguide cavities.
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A map of the pulse energy and the FWHM pulse duration as a function of Kerr
nonlinearity and group-velocity dispersion of the passive cavity is shown in fig-
ures 3.6(a) and 3.6(b) respectively. The injection current of the III-V-on-Silicon
MLL model was fixed at 45 mA. Stable fundamental mode-locking can primar-
ily be observed at low nonlinearities, while fundamental mode-locking ceases for
anomalous dispersive and/or highly nonlinear operating points.
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Figure 3.7: Output pulse for different nonlinearities and Sz = 1.3 ps?/m (a), and for
different cavity dispersions with yxr = 69 m~'W ™! (b). The corresponding operating
regions on the maps 3.6 (a),(b) are indicated.

The output pulses under normal dispersion 32 = 1.3 ps?/m and Kerr nonlinear-
ities yyr = 0m ™ WL ynp = 69 m™ Wt and vy = 150 m~ W ! are
depicted in Fig. 3.7(a). By introducing a positive nonlinear coefficient no, the
Self-Phase Modulation (SPM)-induced chirp leads to a spectral red-shift for the
leading edge of the pulse and a blue-shift for the trailing edge. Under normal dis-
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persion, this leads to enhanced pulse broadening, as can be observed in Fig. 3.7(a)
and in the map Fig. 3.6(a). Furthermore, the SPM-induced chirp in combination
with normal dispersion in the silicon waveguide shapes the pulse as such that it be-
comes rectangularly shaped with sharper leading and trailing edges, a phenomenon
known as optical wave breaking [72]. This cavity pulse shaping is however not
apparent from the output pulse plot as the pulse shape is also strongly affected
by the amplifier and absorber sections, smoothing the sharpened pulse edges. In
contrast, under anomalous dispersion the pulse duration reduces with increasing
SPM. For sufficiently strong SPM, the pulseshape is distorted and experiences
a temporal oscillation around the pulse peak, eventually leading to an unstable
pulse train as is the case for vy, = 150 m~ W1 in Fig. 3.7(a). The output
pulses for different Group-Velocity Dipsersion (GVD) values and for a nonlinear-
ity ynvz, = 69 m~1W ! are shown in Fig. 3.7(b). The cases 32 = 1.3 ps%/m and
B2 = 4 ps?/m lead to stable mode-locking and yield a nearly identical pulse train.
On the other hand, changing the 3o = —4 ps?/m results in a chaotic pulse train
with varying pulse amplitudes and the emergence of satellite peaks.

Figures 3.8(a) and (b) depict the pulse width and pulse energy for the case (1)
where all aforementioned cavity effects are considered, in case (2) two-photon-
and free-carrier absorption are neglected and for case (3) only dispersion is con-
sidered without nonlinearity, Raman effect or nonlinear absorption. Stable fun-
damental mode-locking is achieved for injection currents between 42 mA and
60 mA. For lower injection currents, the MLL operates in a noisy or Q-switched
state, whereas at high injection currents, satellite peaks arise in the trailing edge
of the pulse, leading to chaotic or seemingly harmonicly mode-locked operation.
Omitting the nonlinearity leads to a slight enhanced stability range, ranging from
42 mA to 62 mA. For the considered operating point, the Kerr nonlinearity hence
slightly deteriorates the stability of the MLL and advances the transition to an un-
stable pulse train regime. As a simulation time of 100 ns was used, it is feasible
that some stable fundamental operating points lay outside the depicted region but
require long convergence times. Furthermore a number of stable attractors are
potentially not accessible by self-starting the mode-locked laser and may require
some form of excitation such as a pulse injection.

For case (1) and (2) the pulsewidth increases up to an injection current around
47 mA, after which the pulse width monotonically decreases. As the pulse peak
power is observed to be approximately invariant with the injection current, the
pulse energy follows a similar trend as the pulsewidth, reaching the maximal pulse
energy at an injection current around 47 mA. Surprisingly, here, the incorporation
of two-photon- and free-carrier absorption leads to a slightly larger pulse energy.
Although the pulse peak power is reduced (for injection currents below 55 mA),
the pulse duration increases, leading to a slightly increased output pulse energy. As
for the example considered here the effective mode area Ay is relatively large
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Figure 3.8: Output pulse width (a) an pulse energy (b) as a function of injection current
for ynr = 69 m W land B = 1.3 ps2/m.

and the pulse energies are rather low (<2.2 pJ intracavity energy), the significance
of FCA and TPA is limited. However, in general it is expected that nonlinear losses
can play a salient role in chip-scale mode-locked lasers with a silicon waveguide
cavity, and pose a limiting factor to the attainable output pulse energy [46]. As
outlined in the previous chapter, switching to a silicon-nitride platform could be
a valuable alternative to eliminate the potentially detrimental effects of nonlinear
absorption [7, 46].

In case (3), the pulse width and peak power respectively decrease and increase
with injection current. Moreover, although the pulse is significantly shorter com-
pared to cases (1) and (2), the pulse energy is greatly reduced as well, leading to
a lower average output power compared to the cases where the third-order nonlin-
earity is included.
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The temporal and spectral evolution of the pulse in the laser cavity is depicted
in Fig. 3.9. The pulse and the corresponding spectrum are shown at 6 locations
along the laser cavity to visualize the impact of the SA, SOA and extended silicon
waveguide cavity. The spectrum after split-step Fourier propagation is strongly
broadened and red-shifted and reveals a subtle oscillatory structure at the peak,
as can be expected based on the SPM-induced nonlinear phase shift [73]. Fur-
thermore, the spectral filter turns out to significantly affect the pulse spectrum and
hence plays an essential role for stabilization.
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3.5 Generalized hybrid modeling approach

Although the hybrid model is suited to model conventional passively mode-locked
laser diodes, the optical pulses are assumed to reside in a vanishing background to
obey the periodic boundary conditions of the FFT. However, it is possible to gen-
eralize the hybrid modeling concept to extend its applicability, enabling modeling
of pulsed regimes with nonvanishing backgrounds. This can be accomplished by
matching the size of the temporal split-step Fourier window to the pulse repetition
rate so that the periodicity condition of the FFT is always satisfied in steady-state.
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Figure 3.10: Simulation flow of the generalized hybrid mode-locked laser model.

3.5.1 Implementation

A schematic of the updated simulation flow is depicted in Fig. 3.10. For the passive

waveguide, a ‘reservoir’ array with a size R corresponding with the total roundtrip

time of the laser AATtR ,and a ‘queue’ array with a size Q corresponding to twice the

propagation delay of the spiral waveguide cavity (i.e. %) are defined. With
every time step At, the leading signal sample of the forward propagating wave
of the TWM is added to the reservoir. At the same time, a signal sample from
the queue is added to the backward propagating wave of the TWM. The forward
propagating field A* hence feeds the reservoir, whereas the backward propagating
field A~ is fed by the queue. This step-wise process continues until the queue has
no remaining signal samples available for the backward propagating wave of the
TWM. At this point, the reservoir — with a time span matching the total roundtrip
time of the laser — is propagated using a split-step Fourier method to impose the

losses, dispersive and nonlinear effects of the extended passive waveguide cavity.
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The Q last signal samples of the propagated reservoir samples are subsequently
substituted in the queue so that the simulation can continue. The R-Q leading
samples of the propagated reservoir (highlighted in red in Fig. 1) are discarded as
they solely served as dummy samples to match the split-step Fourier window to the
total roundtrip time. These dummy samples are simply the trailing R-Q reservoir
samples from the previous split-step Fourier step. The incorporation of dummy
samples to match the split-step Fourier window size to the pulse repetition rate
ensures amplitude periodicity to comply with the periodic boundary conditions of
the FFT. For phase periodicity, which is generally not automatically satisfied, an
artificial phase correction vector can be introduced. Here, a linearly increasing
or decreasing phase correction vector e/? is multiplied with the reservoir samples
prior to split-step propagation to avoid a phase jump between the first and last sam-
ple of the reservoir. After split-step propagation, the propagated reservoir samples
are multiplied with the conjugate of the phase correction vector. This methodology
allows one to consistently use the split-step method in contrast to our earlier work,
enabling e.g. the modeling of pulsed regimes in nonvanishing backgrounds.
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Figure 3.11: Mode-locked laser simulation example. (a) Signal build-up at the output
facet. (b) Pulse profile. (c) Optical spectrum.
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3.5.2 Simulation example

To exemplify the generalized hybrid model, it is applied to the 1 GHz III-V-Si
mode-locked laser reported in [8]. A slightly modified traveling-wave model was
employed, which includes distributed gain dispersion rather than a localized spec-
tral filter, as outlined in section 3.3 and in [2]. The simulation results are depicted
in Figure 3.11. A single broad input pulse was injected to circumvent the problem
of self-starting. Some qualitative agreement can be observed with the reported
experimental results, although further optimization of the model’s parameters is
needed. The generalized model was implemented in Python, and the code and the
used parameters can be found on GitHub [74].

3.6 Conclusion

In this chapter, a hybrid modeling strategy for mode-locked laser diodes was demon-
strated. The hybrid model combines the traveling-wave modeling technique for the
active semiconductor laser sections with a nonlinear Schrodinger equation, im-
plemented using a split-step Fourier method, for the extended passive waveguide
cavity. This novel approach paves the way to include a wide range of physical
phenomena, such as the semiconductors physics of the SOA and SA as well as
the dispersive and nonlinear properties of the extended passive laser cavity while
simultaneously limiting the model’s computational workload. The model was ex-
emplified using a heterogeneous III-V-on-silicon MLL example. The impact of
dispersion and third-order nonlinearity on the pulse train and stability of the MLL
were shown, hereby demonstrating the relevance to include these effects. We be-
lieve such a hybrid modeling strategy can be valuable to study low-repetition-rate
MLLs, as for these devices dispersive and nonlinear effects of the long extended
cavity can become important.

Compared to mode-locked laser models based on delay differential equations
(DDEs) [27-29], the traveling-wave approach does not presume a ring-cavity ge-
ometry with unidirectional propagation. Unidirectional ring-cavity mode-locked
lasers do not exist in practice and are hence merely an idealization. Furthermore,
in some cases it might be desirable to account for reflections at various interfaces
in the semiconductor sections of the mode-locked laser. In addition, the split-
step Fourier method easily incorporates other potentially relevant effects of the
extended passive waveguide such as the Raman effect. Mode-locked laser models
based on DDEs have yet to demonstrate this ability. While DDE-based models can
offer a powerful alternative and offer insight into the underlying dynamics, they
hence exhibit a reduced physical accuracy [75, 76]. We believe a hybrid model
with a TWM therefore offers a valuable complementary modeling technique to
DDE-based approaches.
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Recently, Ir. Maxim Torreele has incorporated the PHIsim TWM in the hy-
brid model in the context of his Master thesis “A Hybrid Modeling Technique for
On-Chip Extended Cavity Semiconductor Mode-Locked Lasers”. PHIsim is an
open-source model, developed by Erwin Bente et al. at Eindhoven University of
Technology [62], and includes many more physical effects (such as the Kerr-effect,
TPA, etc.) compared to the simple traveling-wave model which was used in this
chapter. In addition, the work of Ir. Maxim Torreele et al. further improves upon
the original PHIsim code by including distributed gain dispersion. For more de-
tails, we refer to the Master Thesis of Maxim Torreele [77]. The associated Python
code is available on Github [78].

Given the limited computational complexity, the hybrid modeling approach
allows one to conduct extensive parametric studies and explore novel operating
regimes such as chip-scale soliton mode-locking. Such studies could advance our
current understanding of mode-locked laser diodes, potentially leading to a new
generation of improved on-chip mode-locked lasers. However, further develop-
ment is still needed to serve this vision. Firstly, the large number of parameters
that needs to be set for the traveling-wave model poses a tedious optimization
challenge. Although some parameters can straightforwardly be extracted from
measurements (for example the gain of the SOA), typically not all parameters are
easily retrieved experimentally or known in advance. Moreover, the device pa-
rameters can rely critically on the manufacturing process, ultimately limiting the
attainable accuracy of the model. Building a material library or Process Design Kit
(PDK) with experimentally validated amplifiers and saturable absorbers could be
an approach to make the model more readily accessible and allow one to quickly
obtain some approximate results. Secondly, for the generalized hybrid model, it
has been noticed that for long simulation times a small periodic fluctuation can be
observed. These fluctuations occur when the optical pulse shifts through the border
of the SSF window. In this case, the resulting output pulse is in fact a concatena-
tion of two pulses originates from subsequent split-step Fourier simulation cycles.
This nonphysical perturbuation might be induced by the linear phase gradient that
is applied over the pulse to ensure phase periodicity of the SSF window (as dis-
cussed in section 3.5.1). However, the precise origin of this bug remains unknown
and should be investigated further in future work. Fortunately, for the results re-
ported here, this fluctuation is relatively small and does not display a destabilising
effect on reaching or maintaining the equilibrium mode-locked operating point.
Thirdly, several physical effects have currently been ignored. For example, the
incorporation of thermal effects is likely relevant, in particular when considering
heterogeneous micro-transfer printed lasers which are often prone to heat accumu-
lation. Fourthly, although PHIsim is written in the C++ language, the split-step
Fourier method as well as the interface between the traveling-wave model and the
split-step Fourier method are written in Python. Therefore, considerable headroom
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remains to drastically bring down the overall computation time. Finally, extensive
experimental validation of the model is essential to eliminate any undiscovered
bugs and proof the model’s physical accuracy. With the aforementioned develop-
ments that are still needed to transform the current hybrid model to an established
open-source simulation package, one could consider existing commercial tools in-
stead. Commercial models, such as those offered by Photon Design, have already
been thoroughly optimized and validated, and are therefore well-suited to simulate
heterogeneous mode-locked laser diodes [40].
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Micro-transfer printing
silicon thin films

In this chapter, micro-transfer printing of crystalline silicon is demonstrated to en-
able the integration of semiconductor optical amplifiers on generic low-refractive-
index integrated photonic platforms such as silicon nitride or thin-film lithium
niobate. In contrast to the custom silicon-nitride-on-silicon-on-insulator platform
used in chapter 2, this chapter aims to provide a more general integration metho-
dology which is compatible with standard commercially available low-index inte-
grated photonic platforms, for example those currently offered by Ligentec or Hy-
perLight. The content presented in this chapter has been published in part in [1-5].

4.1 Introduction

Silicon nitride has been widely recognized as a promising material to comple-
ment conventional silicon-on-insulator platforms [6, 7]. The importance of silicon
nitride relies on its exceptional passive performance, including low propagation
losses, a wide transparency window, and high power-handling capabilities. These
properties have sparked academic and commercial interest in silicon nitride for
diverse applications, including telecommunications [8], optical frequency comb
generation [9, 10], chip-scale nonlinear photonics [11], sensing [12], and quantum
photonics [13].

At the same time, thin-film lithium niobate has recently attracted considerable
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attention, in particular for applications where a large electro-optic coefficient or
strong second-order optical nonlinearity are desired [14]. As silicon and silicon ni-
tride exhibit centrosymmetric crystallinity, their second-order nonlinear response
vanishes [15]. Lithium niobate is therefore considered as a valuable optical mate-
rial to extend the scope of integrated photonic platforms. Although lithium niobate
is already widely used commercially in bulk modulators for fiber-optic communi-
cation links, the high power usage and large size of bulk lithium niobate compo-
nents prohibit further scaling [14]. Significant research efforts have therefore been
devoted towards the development of integrated formats, for example the thin-film
lithium niobate on insulator (LNOI) platform [16] or thin-film lithium niobate on
sapphire (TFLN-on-sapphire) platforms [17]. As a result, devices such as optical
transceivers, among others, can enjoy the benefits of lithium niobate without sac-
rificing the small package sizes silicon photonics and other photonic integration
approaches make possible [14]. In recent years, several devices have been demon-
strated using TFLN, such as high-speed modulators with bandwidths exceeding
100 GHz [16] and frequency agile electro-optic comb generators on LNOI [18].
Moreover, the TFLN platform has recently become commercially available. For
example, the Harvard spin-off company HyperLight currently offers custom solu-
tions and foundry services based on their proprietary TFLN platform.

Still, both the silicon nitride platform and the TFLN platform by themselves
are purely passive platforms (apart from thermo-optic tuning capabilities). The
integration of other materials, such as III-V semiconductors, is therefore essential
to enable important device functionalities, including photodetection and optical
amplification [19]. However, the large refractive index difference between silicon
nitride or TFLN, and III-V semiconductors (e.g. An ~ 1.3 — 1.5 for InP-based
materials) makes it challenging to make use of direct evanescent coupling, which
has been used to realize heterogeneous III-V lasers on the silicon-on-insulator
platform [20]. Early demonstrations therefore relied on an edge-coupling (hy-
brid integration) approach instead. III-V-silicon-nitride hybrid single-mode lasers
with high spectral purity [21-23] (lorentzian linewidths below 1 kHz), tunable
lasers [24], and mode-locked lasers [25] have been demonstrated in recent years.
Furthermore, an integrated pockels laser, where a reflective semiconductor opti-
cal amplifier (RSOA) chip was edge coupled to a LNOI PIC, was recently re-
ported [26]. Yet, to enable dense integration of active devices, flip-chip integration
or heterogeneous integration are often favored [20]. Hybrid integration through
flip-chip attachment of an InP SOA on a low-loss silicon nitride platform was re-
cently demonstrated [27]. Furthermore, flip-chip integration of a DFB InP laser on
a LNOI PIC with an optical output power up to 60 mW was recently reported [28].
Such a flip-chip integration approach simultaneously enables a compact device
footprint and good thermal management as the III-V chip is bonded directly on
the (silicon) substrate of the target PIC [27]. Despite these advantages, hetero-
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geneous integration is typically preferred when higher-volume manufacturing is
envisioned, owing to the significantly lower cost.

4.2 Approaches for heterogeneous III-V integration
on low-index integrated photonic platforms

Several approaches have been pursued to build heterogeneous lasers on silicon ni-
tride. Firstly, silicon-on-insulator (SOI) wafers can be bonded on the silicon nitride
wafer. After removal of the silicon substrate and the burried oxide layer, the silicon
layer is patterned to form an intermediate coupling layer, enabling efficient evanes-
cent coupling between the silicon nitride layer and the III-V waveguide [29-31].
Alternatively, the silicon nitride layer can be deposited directly, through LPCVD
or PECVD, on a patterned and planarized SOI wafer [32, 33]. This approach was
used in chapter 2 to build III-V-on-silicon-nitride mode-locked lasers [10]. In this
case, light couples evanescently from the silicon nitride waveguide to the silicon
waveguide underneath it, and subsequently from the silicon waveguide to the III-V
waveguide above it. However, such an approach requires a custom platform which
is expensive and currently not readily available from most commercial foundries.

Patterned
a-Si waveguide

~ Si3N4 waveguide SiO2 cladding

(a) (b)
t Stamp |

BCB adhesive

(c) (d)

Figure 4.1: Schematic process flow for the heterogeneous integration of III-V devices
on silicon nitride using an intermediate a-Si:H layer and micro-transfer printing. A similar
process flow could be utilized for the thin-film lithium niobate platform. (a) Patterned and
planarized silicon nitride PIC. (b) Deposition of a thin etch stop layer and an a-Si:H coupling
layer. The a-Si:H is patterned using lithography and dry etching techniques. (c¢) Deposition
of a thin BCB adhesive layer. (d) Integration of a ITI-V device using micro-transfer printing.

An alternative approach was proposed by C. Op de Beeck et al., where a hydro-
genated amorphous silicon (a-Si:H) coupling layer is used instead of a crystalline
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silicon layer [20]. This layer can be deposited with PECVD and the need for a
wafer bonding step is hence omitted. To avoid the need for planarization steps, the
a-Si:H and silicon nitride layer can be patterned in a top-down fashion after the
a-Si:H deposition. A thin SiO4 layer is introduced in between the silicon nitride
and a-Si:H layer to avoid damaging the silicon nitride surface during the pattern-
ing of the a-Si:H layer [20]. Alternatively, in case the silicon nitride PIC has been
patterned and planarized already, one can deposit a thin etch stop layer prior to
the a-Si:H deposition, and pattern the a-Si:H layer. This fabrication process is il-
lustrated in Fig. 4.1. After patterning, a thin adhesive layer of DVS-BCB can be
deposited and the III-V device can be conveniently integrated on the PIC using
micro-transfer printing.

Similar approaches can be employed to heterogeneously integrate active de-
vices on TFLN. Recently, wafer-bonded III-V-on-LNOI lasers and photodetectors
have been demonstrated without an intermediate coupling layer [34]. A multi-
section spotsize converter with an ultra-narrow III-V taper tip of 150 nm was de-
fined with electron beam lithography to achieve acceptable coupling efficiencies.
However, requiring such narrow III-V taper tips complicates fabrication. More-
over, a high alignment accuracy between the LNOI taper and the III-V taper is
essential, making such an approach unsuitable for micro-transfer printing technol-
ogy. Finally, researchers recently aimed to combine the ultra-low losses of sili-
con nitride waveguides with the unique electro-optic and nonlinear properties of
TFLN by bonding an LNOI wafer to a silicon nitride wafer. Such an approach has
for example been demonstrated in [35], where a DFB laser was edge-coupled to a
TFLN-on-silicon-nitride PIC to build low-noise frequency agile lasers. In princi-
ple, the laser source could also be heterogeneously integrated on either the silicon
nitride or TFLN by using one of the aforementioned methods.

4.3 Heterogeneous III-V integration using
two micro-transfer printing steps

Although the aforesaid heterogeneous integration techniques have proven success-
ful to develop integrated laser sources, these approaches are currently largely in-
compatible with some leading commercial foundry platforms, for example the sili-
con nitride platform offered by Ligentec. As these silicon nitride PICs have a thick
SiO4 top cladding to enable ultra-low losses, heterogeneous integration needs to
be performed in a recess. This poses a significant challenge for existing integration
methods. In contrast to the obvious incompatibility of conventional wafer bonding
approaches, an a-Si:H layer could in principle be deposited in a recess. However,
it was found that the resulting planarity of such an a-Si:H film in a recess can be
poor, making subsequent patterning irrealizable. Furthermore, the properties of
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the deposited a-Si:H layer can vary significantly, as they strongly depend on the
deposition parameters, complicating reproducibility. Moreover, a-Si:H typically
exhibits higher waveguide losses compared to crystalline silicon, and tends to suf-
fer from material degradation for high power pulses [36], ultimately limiting the
application scope of such devices.

Recess in cladding

BCB adhesive

~ Si3Ng waveguide

Si substrate

(@) (b)

Patterned
| — Si coupon
t Stamp |
I ] ]
(c) (d)
e — |
t Stamp |

N [ . [ RN ——

(e) (f)

Figure 4.2: Process flow for the heterogeneous integration of III-V devices on silicon
nitride (or TFLN) using two micro-transfer printing steps. (a) Patterned and planarized sili-
con nitride PIC. (b) Deposition of a thin etch stop layer (in case the Si coupon are patterned
after the integration) and, optionally, a thin adhesive BCB layer. (c) Micro-transfer printing
of the silicon coupon. (d) Patterning of the Si coupon. If desired, the Si coupon can be
patterned on the SOI source wafer, prior to micro-transfer printing. (¢) Deposition of a thin
adhesive BCB layer. (f) Micro-transfer printing of the III-V device.

In this chapter we propose an alternative heterogeneous integration strategy
based on two micro-transfer printing steps. A typical process flow is illustrated in
Fig. 4.2. In a first step, a crystalline silicon coupon, which constitutes the inter-
mediate coupling layer, is transfer printed on the target PIC. The silicon coupon
can be pre-patterned prior to micro-transfer printing or it can be patterned after
the integration (as is the case in Fig. 4.2). In a second step the III-V device is
transfer printed on top of the patterned silicon coupon. Given the limited number
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of required processing steps and the possibility to micro-transfer print in a recess,
this novel approach enables rapid prototyping and allows for low-loss III-V inte-
gration on generic commercially available low-index passive photonic platforms.
Moreover, as crystalline silicon is employed, material degradation at high optical
powers is avoided and lower losses can, in principle, be attained compared to an
a-Si:H layer [19].

In the remainder of this chapter, a detailed description of the two-step micro-
transfer printing process is provided, and the design and fabrication of the Si
coupons are discussed. Two different approaches are investigated: Si coupons
without encapsulation, where release etching is performed using vapor-phase hy-
drofluoric acid (vapor-phase HF) etching, and Si coupons encapsulated with photo-
resist, where liquid HF release etching is used. Furthermore, some transmission
measurements are discussed to evaluate the current performance of the micro-
transfer printed coupling layer. Finally, some device demonstrations on silicon
nitride and TFLN, led by colleagues at Ghent University - imec, are presented
to exemplify the potential of the presented integration methodology. The author
together with Ir. Stijn Poelman took the lead in the design, fabrication and char-
acterization of the two-step micro-transfer printing process. Ir. Stijn Poelman
carried out the electron-beam (e-beam) lithography steps and measurements on
the Ligentec PIC. Ir. Jasper De Witte and and Ir. Tom Reep optimized the taper
design for evanescent coupling. Ir. Tom Vandekerckhove performed the atomic
force microscopy (AFM) measurements. The device demonstrations were led by
the author, Ir. Stijn Poelman, Dr. Camiel Op de Beeck, and Ir. Isaac Luntadila
Lufungula.

4.4 Design and fabrication of Si coupons without en-
capsulation

While traditional micro-transfer printing approaches typically rely on photoresist
or silicon nitride encapsulation of the coupon (anchoring the coupon to the source
substrate), an approach without an encapsulating material can reduce the number
of required processing steps and can hence, potentially, lower the overall fabrica-
tion cost. Still, a cost trade-off exists: eliminating the encapsulation reduces the
number of required processing steps at the expense of a lower achievable coupon
density on the source wafer. Furthermore, the absence of an encapsulation mate-
rial could eliminate possible incompatibilities with some of the widely used release
etchants, such as HF, needed to suspend the coupons on the source wafer.

The Si coupons are defined on the native SOI source wafer. For the devices
demonstrated in this chapter, the SOI wafer comprises a 400 nm Si device layer and
a 2 um burried SiO4 layer. The SOI wafers are manufactured by SOITEC using
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their proprietary smart cut process based on wafer bonding and ion implantation
[37]. Silicon coupons can be pre-patterned on the source SOI wafer, prior to micro-
transfer printing, or they can be patterned after integration. Both approaches are
discussed in the following sections.

Si device layer

(a) Si substrate

tStamp)| tStamp)

| I [
Release

Figure 4.3: Process flow to define suspended silicon coupons for micro-transfer printing.
(a) Standard silicon-on-insulator wafer. (b) Photoresist patterning. (c) RIE dry etching of
the Si coupon and resist removal. (d) Release etching of the SiO» layer using vapor-phase
HEF. (e) Pickup of a suspended Si coupon. (f) Printing of the Si coupon on a SizgNy4 PIC.

4.4.1 Unpatterned Si coupons

A schematic overview of the process flow to define Si coupons without an encapsu-
lating material, is shown in Fig. 4.3. The sample is first thoroughly cleaned using
acetone, isopropylalcohol (IPA) and an oxygen plasma treatment. If necessary,
one could use a more extensive cleaning procedure based on the RCA standard
clean procedure [38]. For example, wet chemical removal of particles on a silicon
wafer can be done using the Standard Clean 1 solution (SC-1), which is a mixture
of NH,OH, H505 and H>O, while metal contamination can be removed using the
Standard Clean 2 solution (SC-2), based on a mixture of HCl, HyO5 and H5O.
Next, a TI Prime adhesion promotor (spincoated at 4000 rpm for 40s and subse-
quently baked at 120 °C for 3 minutes) and AZ 5214E photoresist (spincoated at
4000 rpm for 40s and subsequently baked at 100 °C for 3 minutes) are deposited.
A high resolution photoresist is used to enable accurate definition of the support-
ing Si tethers. The photoresist is exposed for 22 s using an MA-6 contact aligner
(300-320 nm lithography) and developed for approximately 35 s in AZ400K:H>O
(1:3), as illustrated in Fig. 4.3(b). Next, the Si coupons are anisotropically etched
using reactive ion etching with a mixture of CF4, SFg, and Hy. The etch is mon-
itored in-situ using an etch depth monitor from Intellemetrics. However, some
overetching can be tolerated as the SiO5 layer will be removed at a later stage any-
way. After etching, the photoresist is stripped using acetone/IPA and an oxygen
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plasma (Fig. 4.3(c)). A microscope picture of two etched Si coupons is depicted
in Fig. 4.4(a). Fig. 4.4(b) shows a close-up of a corresponding tether which se-
cures the Si coupon to the surrounding Si material. It was experimentally found
that a tether breaking region width around 1 um, combined with a tether spacing
between 100 um and 150 um works well for micro-transfer printing 400 nm thick
silicon films. However, the latter specification did not seem critical in contrast to
the width of the breaking region. A breaking region which is too narrow can lead
to premature tether breaking and a collapse of the Si coupon. On the other hand,
when the breaking region is too wide, either the coupon cannot be picked up or
part of the surrounding Si support structure is peeled of along with the coupon
itself.

Finally, the SiO2 layer underneath the coupon is etched using an Idonus HF
vapor-phase etcher to suspend the Si coupons on the source wafer, without suffer-
ing from capillary forces which can lead to a collapse of the suspended Si coupon
(Fig. 4.3(d)). To speed up the release etch, one can first submerge the SOI wafer
in liquid HF (e.g. 40% HF) and switch to vapor-phase HF for the final part of the
release process. Furthermore, depending on the dimensions of the coupon and the
envisioned design, holes could be introduced in the coupon through which the HF
can penetrate, reducing the required etching time.

Si coupon

%’7
%M Breaking region

(c)
4
SiO, residue

suspended Si coupon

X

Underetch reach T Ll 10 um

Figure 4.4: (a) Si coupons on the source SOI wafer after reactive ion etching. (b) Close-
up of a tether from the Si coupon highlighted in (a). (c) Incomplete release etch, indicating
a direction-dependent etch rate. (d) Suspended Si coupon after the release etch.

The vapor-phase HF etch rate of thermally grown SiOg is on the order of
15 pm/hour at 40 °C. However, this etch rate should be considered as a ball-
park number because of several reasons. Firstly, a significant start-up time seems
to exist (on the order of 15 minutes), as it takes some time for the vapor-phase HF
etchant to stabilize and reach the SiO- layer. Hence, if the sample is loaded in
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the vapor-phase HF tool for 15 minutes or less, barely any SiO; is etched. Fur-
thermore, it is observed that the etch rate of thermally grown SiOs is typically
strongly anisotropic: for a given etch time, the SiO2 seems to etch much faster
in the horizontal plane compared to the vertical direction. This can be seen from
Fig. 4.4(c), where a sample with Si coupons was first submerged for 90 s in 40%
liquid HF and subsequently etched for 45 min in vapor-phase HF. Although the
2 um thick SiO; is not completely removed where it was initially exposed (some
Si0, residue is still visible), an underetch distance of 11 um is observed in the
horizontal direction. From this, one can conclude that the etching rates in the hori-
zontal and vertical directions differ by roughly an order of magnitude. Amorphous
Si0, layers such as PECVD SiOs do not display this anisotropic etching behav-
ior [39]. Thirdly, some etch rate variation is found between different SOI wafers,
presumably owing to different SOI manufacturing methods (smart cut versus al-
ternative methods) or slightly different SiOy growth parameters. Finally, the used
vapor-phase etching tool displays some etch rate variability, most likely resulting
from temperature fluctuations as well as from aging and contamination of the HF
in the reservoir. A more advanced vapor-phase etching tool could resolve this is-
sue. Given the aforementioned reasons, it is recommended to check the SOI wafer
at regular intervals (e.g. every 45 min) during the release etch. Such an approach
also lowers the risk of unnoticed HF condensation on the wafer surface, which
frequently has detrimental consequences. A microscope picture of a suspended Si
coupon with a size of 1670 um x46 um is shown in Fig. 4.4(d).

Once the Si coupons are suspended on the source SOI wafer, micro-transfer
printing can commence, as illustrated in Fig. 4.3(e),(f). Some suggested micro-
transer printing parameters are listed in Table 4.1. Similar to micro-transfer-
printing of I1I-V devices, a thin adhesive DVS-BCB layer (for example CYCLOTENE
3022-35:mesitylene 1:6) can be used to ensure a high printing yield. Nevertheless,
micro-transfer printing without an intermediate adhesive was also investigated and
is discussed in subsequent sections.

Source Parameters Target Parameters Clean Parameters

Pick acceleration: 1 g Print speed: 0.002 mm/s Clean speed: 0.05 mm/s
Overdrive distance: 0.11 mm  Overdrive distance: 0.13 mm  Overdrive distance:: 0.13 mm
Overdrive speed: 0.02 mm/s Overdrive speed: 0.03 mm/s Overdrive speed: 0.03 mm/s

Pick speed: 100 mm/s X shear distance: 0.02 mm

Y shear distance: 0.01 mm
Shear speed: 0.1 mm/s
Shear duration: 5 s

Table 4.1: Micro-transfer printing parameters for Si thin films as set in the X-Celeprint
UTP-100 tool. The default working distance of 100 um is assumed.

After micro-transfer printing, the BCB is cured at 280°C in vacuum. Next, the
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Si coupon is patterned on the target PIC using electron-beam lithography and the
same reactive ion etching recipe as was used to pattern the coupons on the source
wafer. As the BCB adhesive is etched approximately half as fast as the Si during
dry etching, and as the BCB layer is much thinner than the Si (<100 nm versus
400 nm), no BCB remains around the Si coupon. A separate etch stop layer, here
35 nm of Al,Oj3 (etched at approximately 5 nm/min), is therefore needed to protect
the silicon nitride or TFLN below. If desired, this AlsOg layer can be removed
after etching using a strongly diluted KOH solution or a KOH-based photoresist
developer. An etch rate of 10 nm/min was measured for evaporated AloOg3 in
AZA400K:H>0 1:3.

Partial etch

7

Fully etched taper  Ridge waveguide

Figure 4.5: Microscope picture of a pre-patterned Si coupon on the source SOI wafer. A
first full etch defines the coupon periphery and tapers. A second partial etch step defines the
ridge waveguide and markers for alignment during micro-transfer printing.

4.4.2 Pre-patterned Si coupons

To facilitate rapid prototyping, it is possible to pre-pattern the Si coupons on the
source SOI wafer. In this case, an additional lithography and etching step are re-
quired during the source processing, but no patterning is required on the target PIC.
Similar to the unpatterned Si coupons, the first dry etching step etches completely
through the 400 nm Si layer. However, in contrast to the unpatterned Si coupons,
e-beam lithography is employed rather than contact lithography because the nar-
row Si tapers (for evanescent coupling) are now defined simultaneously with the
coupon periphery. The second patterning step is used to define a ridge waveguide
in the center of the Si coupon. Again, e-beam lithography is employed to ensure a
high resolution. To define the ridge waveguide, 180 nm is etched, leaving 220 nm
of Si at the sides. A microscope picture of a pre-patterned Si coupon on the source
SOI wafer is shown in Fig. 4.5. A transition region is included to adiabatically
transition from a fully etched waveguide to a partially edged ridge waveguide. Fur-
thermore, some overlap between the partial etch and full etch masks is introduced
to tolerate some alignment error during e-beam lithography.
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Although utilizing pre-patterned coupons minimizes the number of processing
steps required on the target PIC, a number of challenges are associated with this
approach. Firstly, the Si coupon needs to be accurately positioned on the target
PIC to ensure efficient evanescent coupling. Although the taper design can be
optimized for alignment tolerance, this typically requires longer (and hence more
fragile) tapers [40, 41]. In contrast, the previous approach with unpatterned Si
coupons benefits from lithographic alignment precision because the Si is patterned
only after micro-transfer printing. Secondly, depending on the PIC platform used
and the thickness of the silicon nitride or TFLN layer, the tapers possibly need to
be long and narrow to acquire adequate coupling. Such long and narrow tapers are
inherently fragile, leading to curling or rupturing during the release etch or during
micro-transfer printing. As an example, Fig. 4.6(a) shows a printed coupon with a
curled taper, after micro-transfer printing. To mechanically protect the tapers, two
approaches were investigated. A first approach is to leave a thin sheet of Si (e.g.
30 nm) around the taper to mechanically support the taper at all times, as depicted
in Fig. 4.6(b). However, such an approach requires an additional lithography and
etching step. Moreover, a thin sheet is easily deformed and dents are observed in
the sheet after the vapor-phase release etch. Although the sheet serves its purpose
and tapers can remain intact during micro-transfer printing (provided that shear
forces during micro-transfer printing are kept to a minimum), some excess losses
can likely be expected from the dented sheet around the taper.

Si taper

Ji

Thin Si sheet

Figure 4.6: (a) Damaged Si taper after micro-transfer printing. (b) Suspended Si coupon
on the source SOI wafer with a 30 nm thin sheet to mechanically support the taper.

A second approach consists of encapsulating the coupon and tapers with photo-
resist. For example, TI 35E photoresist can be used as it is specifically tailored to
withstand HF etching. After micro-transfer printing, the resist encapsulation can
be removed with an oxygen plasma. It was found that this approach is successful in
protecting the tapers, although again, very little shear (particularly in the direction
perpendicular to the taper) can be tolerated to avoid taper damage.

In summary, pre-patterned coupons can be of use to enable rapid prototyp-
ing, but they require careful alignment on the target PIC and, depending on the
required taper dimensions, restrict the achievable yield of the micro-transfer print-
ing process, as little shear forces can be applied during printing. For this reason,
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Figure 4.7: Micro-transfer printed Si coupons on a Si dummy wafer. Most coupons suffer
from cracks induced by stress at the supporting tethers of the coupon.

4.4.3 Crack barriers for enhanced yield

During micro-transfer printing, stress induced at the tethers can result in crack
formation and propagation through the entire structure, leading to severe and in-
tolerable damage to the integrated coupon. A microscope picture of micro-transfer
printed Si coupons on a Si dummy wafer, shown in Fig. 4.7, illustrates this phe-
nomenon. The crack occurrence probability depends on the dimensions of the
tether’s breaking region: a sufficiently weak breaking region in principle leads to
seamless breakage and only sporadically leads to crack propagation through the
coupon. However, the breaking region cannot be too thin either as this will lead
to premature tether breaking and coupon collapse. This delicate balance therefore
leaves little margin for fabrication tolerances and limits the overall micro-transfer
printing yield. For this reason, so-called crack barriers are introduced as a way
to mitigate crack propagation, originating from stress induced at the supporting
tethers of a suspended material membrane, during micro-transfer printing.

Fig. 4.8 depicts a possible design of a Si coupon with crack barriers. A crack
barrier is placed for every tether of the coupon as cracks can originate from any
tether with approximately the same likelihood. The crack barrier consists of:

1. A trench, here 2 pm wide and 16 um long, where the material is locally
removed (i.e. partially or completely etched through). This trench can be
fabricated using lithographic patterning and dry- or wet etching techniques.
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Figure 4.8: Designed Si coupon with crack barriers (image from GDS design file).

For the Si coupons presented here, the crack barriers are patterned in the
same step as the coupon periphery and tethers. This avoids the need for
additional processing steps.

2. It is important that the span of the trench exceeds the span of the tether’s
breaking region(s). This ensures that a crack originating from the tether
reaches the crack barrier and avoids further crack propagation through the
coupon.

3. The width of the barrier should be sufficiently small to limit the required
area of the barrier while being sufficiently large to allow reliable patterning
and etching with the available nanofabrication tools.

4. The specific shape of the crack barrier is not critical for its purpose. Here, a
half bowtie shape is employed. The slightly larger width at the sides of the
crack barrier provides a way to surround the tether, mitigating the impact of
cracks that propagate under a larger angle (along the horizontal direction of
the coupon).

5. The distance between the tether and the crack barrier, here 4 um as de-
picted in Fig. 4.8, should be small enough to minimize the unusable space
of the coupon while ensuring sufficient mechanical strength to certify that
the weakest point remains at the intended tether breaking region.

A microscope picture of suspended Si coupons with crack barriers is shown
in Fig. 4.9(a) and (b). Fig. 4.9(c) depicts a micro-transfer printed Si coupon on a
silicon nitride PIC from Ligentec. The effectiveness of the crack barrier is illus-
trated in Fig. 4.9(d), where a propagating crack is blocked by the crack barrier,
safeguarding the functional integrity of the coupon. Provided that the source SOI
wafer is properly underetched, a near perfect picking and printing yield can be
achieved for these 400 nm thick Si coupons, and several tens of coupons have
been successfully integrated on various target PICs.
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Figure 4.9: Experimental results of micro-transfer printed 400 nm thick Si coupons with
crack barriers. Suspended Si coupons on the source SOI wafer: (a) microscope image and
(b) shadow-effect-mode image. (c) Micro-transfer printed Si coupon on a silicon nitride
PIC from Ligentec. (d) Example of crack propagation induced at the tether and terminated
by the crack barrier.

Figure 4.10: Micro-transfer printed Si coupons on a Ligentec silicon nitride PIC. Several
bubbles are visible underneath the printed coupons, originating from particles on the PIC
surface, contamination of the BCB adhesive, or residue from vapor-phase etching sticking
to the coupon backside.

In some cases, bubbles are observed underneath the printed Si coupons. An
extreme example is shown in Fig. 4.10. This problem can often be attributed to the
presence of particles on the target PIC and contamination of the BCB mixture. A
clean target surface can be achieved using a combination of acetone/IPA, Piranha
(a mixture of HoSO4, Hy09, H20), standard cleaning solutions (see [38, 42]),
or an oxygen plasma treatment. Furthermore, contaminants in the adhesive BCB
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solution can (partially) be filtered using e.g. a Whatman PTFE membrane filter
with 0.2 um pore size. However, in some cases, the observed bubbles originate
from surface roughness or residual oxide particles remaining after vapor-phase
etching. This is most easily observed when coupons are micro-transfer printed
without a BCB adhesive, as elaborated in the following section.

Figure 4.11: Silicon coupons on a dummy substrate, micro-transfer printed without an
adhesive layer. (a) Low surface roughness and no apparent surface contamination. (b)
Significant roughness on the coupon backside, apparent from the color difference at the
center of the coupon, leads to poor adhesion of the coupon to the target surface.

4.4.4 Printing tests without a BCB adhesive

In some cases it is desirable to micro-transfer print without a BCB adhesive. For
example, to minimize optical losses, to reduce the thermal resistance between
the active device and the substrate, or when the temperature required to cure the
BCB cannot be tolerated by the target PIC. It has been shown that when both
the target and coupon surfaces have low roughness, below the nanometer level,
micro-transfer printing can be reliably carried out without the use of an adhesive
layer [43-45].

Fig. 4.11(a) depicts an 80 pm wide Si coupon on a dummy substrate, micro-
transfer printed without an adhesive layer. The target surface was heated to 80°C
and the target overdrive speed was reduced to 0.006 mm/s to facilitate the micro-
transfer printing process. The printed coupon displays few bubbles or fringes,
indicating a low surface roughness and few residual particles on the involved sur-
faces. The surface roughness of the coupon backside was measured with atomic
force microscopy (AFM), and a RMS surface roughness of 0.12 nm was obtained,
as illustrated in Fig. 4.12(a). In contrast, Fig. 4.11(b) depicts a printed Si coupon
where a clear color difference can be observed at the center of the coupon. The
fact that the color difference extends over the entire coupon length and is not lim-
ited to a few randomly located points, hints at a high surface roughness. Indeed,
as illustrated in Fig. 4.12(b), the RMS surface roughness is 3.3 nm, and hence
much higher compared to the printed coupon of Fig. 4.11(a). As the SOI souce
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samples of Figs. 4.11(a), (b) originate from the same SOI wafer, this discrepancy
can be attributed to the vapor-phase release etch. Although the exact mechanism
is currently not well understood, it is probable that temperature fluctuations during
vapor-phase etching (which in turn lead to etch rate fluctuations) play a role in the
resulting surface roughness.

Besides variations in surface roughness, the current vapor-phase etching pro-
cess often leaves some residual (oxide) particles on the source sample, as depicted
in Fig. 4.13. During micro-transfer printing, some of these particles can stick to
the coupon backside, leading to bubbles on the target PIC and, possibly, excessive
waveguide losses. It was observed that additional vapor-phase etching does not
dissolve the residual particles, in contrast to liquid HF which easily dissolves any
residues. A more advanced vapor-phase etcher, with accurate temperature control
and an active, continuous gas flow, can possibly resolve these issues.
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Figure 4.12: Surface roughness, measured with AFM, of the backside of a Si coupon with
low roughness (a) and a coupon with high roughness (b).

Figure 4.13: Residual particles (black dots) remaining on the SOI source sample after
vapor-phase etching and coupon pick-up. Due to the anisotropic etching rate of thermal
SiOg, a pile of SiO2 remains at the center, as is apparent from the colored fringes.
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Figure 4.14: Process flow to define suspended photoresist-encapsulated silicon coupons
for micro-transfer printing. (a) Standard silicon-on-insulator wafer. (b) Photoresist pattern-
ing. (c) RIE dry etching of the Si coupon and resist removal. (d) Photoresist patterning to
define a mask for patterning the release layer. (e) RIE dry etching of the SiO- release layer
and 100 nm of the Si substrate underneath. The resist is removed after etching. (f) Acid
dip to remove the native oxide on the silicon substrate, and photoresist encapsulation of the
coupons. (g) Release etching of the SiO layer using liquid HF. (h) Pickup of a suspended
Si coupon. (i) Printing of the Si coupon on a SizNy4 PIC.

4.5 Design and fabrication of Si coupons with photo-
resist encapsulation

To overcome the current challenges with vapor-phase etching, an alternative pro-
cess flow was developed to enable liquid HF release etching. In this case, the
coupons are encapsulated using photoresist and anchored to the silicon substrate.
Although such a process flow requires more processing steps, coupons can be more
densely integrated on the source wafer, hence making more efficient use of the
source material. In addition, as the coupon is secured to the substrate, a long re-
lease etch can be tolerated, making careful timing of the release etch redundant.
Alternatively, one could possibly stick to the previous process flow and employ
critical point-drying to avoid coupon collapse during liquid release etching.

The process flow is schematically illustrated in Fig. 4.14. After thorough
cleaning of the SOI sample, AZ5214E photoresist is patterned to serve as a mask
for the coupon definition using RIE dry etching, analogous to the previously dis-
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cussed process flow. However, in this case only the coupon itself is patterned and
no surrounding silicon remains. A microscope picture of the patterned 80 pm wide
coupons is depicted in Fig. 4.15(a). After resist stripping and cleaning, a second
lithography step is performed to enable patterning of the SiOs release layer. A
thicker TI35E photoresist is used for this purpose to ensure sufficient resist thick-
ness to withstand the subsequent RIE dry etching step. The recipe used to dry etch
the SiO is based on a mixture of CF,, SFg, Hy and exhibits an etching selectivity
close to 1:1 with the photoresist. To ensure optimal adhesion of the photoresist en-
capsulation to the silicon substrate, etching is continued 100 nm into the substrate.
A microscope picture of the resulting coupons is shown in Fig. 4.15(b).

Next, the coupons are encapsulated in photoresist. Just prior to the lithogra-
phy step, an acid dip is performed, consisting of 7 s submersion in BHF:H,O 1:10
and 7 s in H,SO4:H>05:H50 to remove the native oxide on the silicon substrate.
The sample is subsequently rinsed in IPA and thoroughly dried with a nitrogen
gun. The photoresist encapsulation is spincoated and patterned immediately af-
terwards. Two photoresists were tested for encapsulation: TI35E (4.1 pm thick)
and AZ10XT (6.5 ym thick). The superior thickness of the latter is expected to
provide more mechanical strength, and hence keep the coupons more easily sus-
pended during the release etch. A microscope picture of the encapsulated coupons
with AZ10XT photoresist is shown in Fig. 4.15(c). The sample with TI35E en-
capsulation was baked for 3 min at 125°C and flood exposed for 180 s, to increase
its resilience to HF. However, it was later found that this is not strictly necessary,
and both photoresists seem to survive the release etch without any additional mea-
sures. Finally, the SiOs release layer is selectively removed using 40% liquid HF
for ~15 min. The samples are subsequently rinsed using three cups of DI water,
and left to dry in air. Blow drying is not recommended to avoid coupon collapse.
A microscope picture of AZ10XT-encapsulated suspended coupons is shown in
Fig. 4.15(d). For the sample with AZ10XT encapsulation, all coupons remained
suspended. This is apparent from the colored fringes, as visible in Fig. 4.15(d).
In contrast, a collapsed coupon displays no fringes and exhibits a dark color over
the coupon surface. For the sample with TI35E encapsulation, roughly 1 out of
4 coupons collapsed, while all coupons remained suspended on another sample
with the same TI35E encapsulation. From these observations, one can roughly
conclude that the TI35E photoresist suffices for coupon widths <80 pm, while a
thicker photoresist, such as AZ10XT, seems more appropriate for wide coupons
(>80 pm).

To confirm the successful completion of the release etch, multiple 2000 um
x 80 pum Si coupons were micro-transfer printed on a dummy substrate, without
using an adhesive layer. To facilitate the micro-transfer printing process, the target
surface was heated to 80°C, analogous to previously discussed printing tests.
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Figure 4.15: Microscope pictures of the Si coupons at various stages of the process flow.
(a) Coupons after dry etching and resist removal. (b) Coupons after release layer patterning.
(c) Coupons after photoresist encapsulation. (d) Suspended coupons after release etching
with liquid HF. (e) Printed coupon after removal of the AZ10XT photoresist. (f) Printed
coupon (from a different source sample than (e)) after removal of the TI35E photoresist.
Some fringes are visible at the sides of the coupon, originating from photoresist particles
underneath the coupon edge. (g) Source sample after picking up two coupons. The pick-up
site is clean and no SiOs or residual particles are visible.
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Figures 4.15(e) and (f) depict a micro-transfer printed Si coupon, respectively
based on AZ10XT- and TI35E-photoresist encapsulation, after removal of the en-
capsulation with an oxygen plasma. In both cases, the coupon looks clean and
no bubbles or particles are apparent, except for the top side of the coupon in Fig.
4.15(f). Here, some resist from the encapsulation got underneath the coupon dur-
ing the pick-up process. This issue can typically be resolved by optimizing the
tether dimensions and by increasing the size of the remaining SiO layer prior to
photoresist encapsulation, hereby ensuring that the tethers break in the horizontal
plane. Furthermore, the seamless printing process, in spite of the absence of an
adhesive layer, indicates a clean backside surface with a low surface roughness.
This assumption is supported by the clean pick-up site on the source SOI sample,
as depicted in Fig. 4.15(g). In contrast to the samples released with vapor-phase
etching, no residual particles remain.

At the time of writing, over 60 photoresist-encapsulated Si coupons have been
micro-transfer printed without an adhesive layer, with perfect yield, confirming
the reliability and reproducibility of the process. Given the high yield, low surface
roughness and superior cleanliness of the Si coupon backside, the approach based
on photoresist-encapsulation and liquid HF release etching is currently preferred
over the approach based on vapor-phase etching. Appendix C summarizes both
process flows in detail to serve as a future reference.

4.6 Transmission measurements

A key property of the intermediate silicon coupling layer is its transmission loss, as
this ultimately limits the total cavity loss of the heterogeneous III-V/Si/SisN, (or
MI-V/SV/TFLN) laser. To evaluate this property, Si coupons were micro-transfer
printed on patterned SizN4 PICs. After patterning the Si coupons with e-beam
lithography and dry etching, the transmission losses were characterized with a
Santec TSL510 tunable laser and a HP 8153A optical power meter. Three PICs
were fabricated for characterization.

A first PIC, manufactured by Ligentec, incorporates 800 nm thick, 2 um wide
SizN4 waveguides. Silicon coupons, fabricated through vapor-phase HF release
etching, were micro-transfer printed on the Si3sN, waveguides (with a 35 nm
Al;O3 etch stop layer and a 50 nm BCB adhesive layer in between the SizNy
and the Si). Horizontal transmission measurements were carried out for two ref-
erence waveguides (without a silicon coupon on top) and two waveguides with
a 2 mm long patterned silicon coupon. The Si tapers, used to adiabatically cou-
ple the fundamental TE mode from the SisN, waveguide to the Si waveguide and
vice versa, are 170 um long. The results are depicted in Fig. 4.16. The waveg-
uides with a Si coupon were measured twice, each time with a different polar-
ization. Furthermore, as the fiber drifted significantly during the measurements,
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the reference transmission regularly drops below the transmission of the waveg-
uides with a Si coupon. For this reason, coarse estimates on the excess loss, in-
duced by the patterned Si coupon, are calculated based on the difference between
the maximal reference transmission and the average transmission of the SizN,4/Si
waveguides, as indicated in Fig. 4.16. Based on this approach, the first waveguide
with a Si coupon exhibits an excess loss on the order of 3 dB while the second
coupon-loaded waveguide exhibits an excess loss on the order of 6 dB. This dis-
crepancy can likely be attributed to absorption by a residual particle underneath
the Si coupon and/or higher coupling losses with the lensed fibers. Furthermore,
strong resonance dips are observed in the transmission spectra of the first SigN4/Si
waveguide. The origin of these resonances is currently not well understood, but it
is possibly caused by a damaged taper. The same reference waveguide on another
PIC with the same Si structures did not display such resonances.
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Figure 4.16: Horizontal transmission measurements of a silicon nitride PIC from Ligen-
tec. Two silicon nitride waveguides with 2 mm long Si waveguides on top, and two reference
waveguides without a Si coupon were measured. Estimates on the excess loss induced by
the patterned Si coupon are calculated based on the difference between the maximal refer-
ence transmission and the average transmission of the SizN4/Si waveguides.

As the present Ligentec design contains few test waveguides for characteri-
zation, a second, dedicated silicon nitride PIC was fabricated based on a 300 nm
LPCVD Si3N, wafer from LioniX. The design incorporates 24, 3 um wide, silicon
nitride waveguides with micro-transfer printed Si coupons, and 6 reference waveg-
uides without a Si coupon. In contrast to the Ligentec PIC, the silicon coupons
were here fabricated through photoresist encapsulation and liquid HF release etch-
ing, and coupons were printed without an adhesive BCB layer. The photoresist
encapsulation was simply removed with acetone. From the 24 printed coupons,
one detached during this cleaning step. Furthermore, grating couplers are used for
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Figure 4.17: Images of a silicon nitride PIC with micro-transfer printed Si coupons. (a)
Microscope picture of the sample with 23 printed coupons. (b) Close-up of two printed
coupons. (c) SEM image of the sample after patterning of the Si waveguides. (d) Close-up
SEM image, displaying significant sidewall roughness of the Si taper.

optical coupling. A microscope picture of the PIC with micro-transfer printed Si
coupons is shown in Fig. 4.17(a) and a close-up of two printed coupons is shown
in Fig. 4.17(b). A SEM image of a SizN, waveguide with a patterned Si coupon
is shown in Fig. 4.17(c). The Si taper has a length of 84 um. To differentiate
grating coupler losses, Si taper losses, and SizN4/Si waveguide losses (for a fixed
Si waveguide width of 2 um), the number of tapers along a single coupon is varied
from 2 to 8, and also the waveguide lengths are varied. The measurement results
were analyzed through multiple linear regression to estimate the individual loss
contributions, depicted in Figs. 4.18(a), (b) and (c). From the 29 measurements,
8 were omitted for the analysis, as these waveguides suffered from one or more
damaged tapers or a particle on the waveguide.
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Figure 4.18: Estimation of the losses from the Si taper (a), Si waveguide (b), and silicon
nitride grating couplers (c) based on multiple linear regression of 21 measurements. The Si
coupons were micro-transfer printed on a patterned silicon nitride PIC from LioniX. The Si
waveguide loss was enforced to be wavelength independent to improve the quality of the fit.
The 95% confidence intervals of the parameter estimates are indicated with grey error bars.
(d) Comparison of the total measured transmission losses and the corresponding predictions
of the fit at 1550 nm. (e), (f) Measurement results of another PIC with the same design,
where the Si taper dimensions were pre-compensated to account for the observed waveguide
narrowing during the fabrication process. Assuming the same waveguide losses as in (b),
the estimated taper losses are reduced from 1.5 dB/taper to 0.8 dB/taper at 1550 nm.

The waveguide loss was assumed to be wavelength independent to improve
the fitting quality. Furthermore, the 95% confidence intervals of the parameter
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estimates are indicated to quantify the uncertainty of the fit. Fig. 4.18(d) com-
pares the total measured transmission loss with the prediction of the fit for each
of the 21 considered measurements, indicating reasonable agreement. At a wave-
length of 1550 nm, the loss per taper is approximately 1.5 dB, whereas the excess
loss of the 2 um wide Si waveguide on SigNy is around 7.5 dB/cm. Given that
typical waveguide losses of fully etched SOI waveguides - based on the same e-
beam lithography and etching processes - are on the order of 8-9 dB/cm, the latter
indicates that losses of micro-transfer printed Si waveguides are comparable to
conventional SOI waveguides.

It was observed with SEM that the Si tapers are approximately 55 nm narrower
than initially designed. Simulations indicate that at 1550 nm, such a deviation re-
sults in a 1.2 dB transmission loss per taper (due to evanescent coupling to higher
order modes), suggesting that the taper losses are currently dominated by the di-
vergent taper dimensions. This issue can easily be resolved by pre-compensating
the design before e-beam exposure.

A third PIC, with the same structures as the aforementioned LioniX PIC, was
fabricated with pre-compensated Si taper dimensions. All 24 printed coupons re-
mained attached to the target PIC during the encapsulation removal with acetone.
The measurements were again analysed using multiple linear regression, and the
results are depicted in Figs. 4.18(e) and (f). Assuming that the Si waveguide losses
remain unchanged, the estimated taper loss at 1550 nm is reduced to 0.8 dB/taper.
Due to some lateral misalignment of the Si taper during e-beam lithography, part
of the optical power in the fundamental TE mode is coupled to a higher order
TE mode (Ang, ~ 0.6 1. This manifests itself as a ripple in the transmission
spectrum. Provided that this misalignment can be largely mitigated in the future,
a taper loss <0.4 dB/taper is expected to be possible. This estimate is based on
considering the envelopes of the current transmission spectra for the regression
analysis. Further improvement of the losses can be achieved by optimizing the
e-beam and etching processes, as significant roughness is currently observed (as
apparent from the SEM image in Fig. 4.17(d)). In addition, a Si ridge waveguide
could be employed instead of a fully etched waveguide to reduce the impact of the
waveguide’s sidewall roughness.

4.7 Overview of device demonstrations

To exemplify the relevance and applicability of the two-step micro-transfer print-
ing process, some recent demonstrations - mainly led by colleagues from Ghent

I'The periodicity of the ripple in the transmission spectrum can be calculated based on the difference
in group index between the fundamental and higher order mode (Any), the length of the patterned Si
bY;

coupon (L), and the central wavelength (A\o): AXvipple = .07
9
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University-imec - are discussed below. The Si coupons used in these demonstra-
tions were fabricated with vapor-phase HF etching without a photoresist encapsu-
lation.
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Figure 4.19: (a) Microscope image of the heterogeneous SizN4/Si/III-V ring laser. (b)
Optical spectra of the laser above threshold at 19°C, recorded with a resolution of 30 pm.
(c) LIV curves of the laser at different temperatures. The estimated slope efficiency at 20°C
is approximately 2.8 pyW/mA.

4.7.1 Heterogeneous lasers on silicon nitride

A first, simple demonstration comprises a SigNy ring laser with a micro-transfer
printed Si coupling layer and 2.5 mm long InP/InAlGaAs-based SOA with 6 quan-
tum wells. A microscope picture of the device is shown in Fig. 4.19(a). The used
silicon coupons, which were fabricated through vapor-phase HF release etching,
have slightly oversized tether dimensions, causing part of the supporting Si struc-
ture to remain attached to the Si coupon (left and right side of the SOA in Fig.
4.19(a)). The laser consists of a 4.5 mm SizNy cavity and includes a directional
coupler to extract around 8% of power from the cavity. Some lasing spectra for dif-
ferent injection currents, measured at 19°C, are depicted in Fig. 4.19(b). At low
injection currents, single-mode lasing is achieved with output powers >0.1 mW
and side-mode suppression ratios >36 dB. However, for high injection currents,
multiple longitudinal modes start to lase. To achieve stable single-mode lasing, a
spectral filter can be incorporated in the cavity, for example using a microring res-
onator or a DBR mirror. The voltage-current (V-I) and light-current (L-I) curves
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of the laser, measured at 15°C, 20°C and 25°C, are depicted in Fig. 4.19(c). Out-
put powers close to 1 mW are demonstrated, indicating that the intracavity power
exceeds 10 mW. The slope efficiency is approximately 2.8 uW/mA at 20°C. The
relatively high threshold current of 150 mA results from the high cavity losses,
which are dominated by the losses of the Si tapers. The piecewise linear taper
employed in this design contained a design flaw and did not prove sufficiently ro-
bust to tolerate the change in taper dimensions and the lateral misalignment error.
Simulations in Lumerical’s eigenmode expansion solver indicate a loss of 3 dB
per taper. As such, significant headroom remains to greatly advance current per-
formance.

Recently, more advanced heterogeneous SizN4/Si/III-V lasers have been de-
veloped on the Ligentec platform using a similar process flow (a project led by
Ir. Stijn Poelman). Particularly, a heterogeneous passively mode-locked laser was
demonstrated with a 10-dB optical comb span exceeding 6.6 nm, containing more
than 1000 densely spaced coherent comb lines [46].
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Figure 4.20: (a) Schematic cross sections of the TFLN-on-sapphire platform. (b) Design
of the heterogeneous single-mode laser with electro-optic tunability. Reproduced from [4].

4.7.2 Tunable laser on thin-film lithium niobate

Besides heterogeneous SizN4/Si/III-V lasers, the two-step micro-tranfser printing
process can also be utilized to build heterogeneous lasers on the thin-film lithium
niobate platform. By micro-transfer printing 1.6 mm long Si coupons and 1.3 mm
long InP/InAlGaAs-based SOA’s on a 500 nm x-cut lithium-niobate-on-sapphire
sample, Dr. Camiel Op de Beeck and coworkers recently demonstrated hetero-
geneous amplifiers, multimode ring lasers, and single-mode tunable lasers [4]. A
cross-section of the platform and a schematic of the tunable single-mode laser are
respectively shown in Figs. 4.20(a) and (b). The 1.6 mm Si coupon exhibited a
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total excess loss of 1.5 dB. By integrating an SOA on top, gain up to 11.8 dB at
1537 nm was achieved. Furthermore, single-mode lasing with output powers up to
0.77 mW, linewidths below 1.5 MHz, and 21 nm of electro-optic tunability were
demonstrated.

4.7.3 Electro-optic comb generator on thin-film lithium niobate

The availability of a strong second-order susceptibility in TFLN not only en-
ables fast electro-optic wavelength tuning, but also facilitates the development
of a plethora of nonlinear optical devices on-chip. One noteworthy example is
the generation of an electro-optic frequency comb with a single photonic chip, as
recently demonstrated by Ir. Isaac Luntadila Lufungula and coworkers [5]. In con-
trast to the unpatterned Si coupons of the aforementioned demonstrations, here, a
distributed Bragg grating is pre-patterned in the silicon layer before micro-transfer
printing. This way, a DFB laser can be readily integrated on a patterned TFLN
circuit to pump a high-Q racetrack resonator on the same PIC. A schematic of
the on-chip electro-optic comb device is depicted in Fig. 4.21(a). The resonator,
driven by the electrically-pumped heterogeneously integrated laser, produces more
than 25 comb lines at 19 GHz spacing, as shown in Fig. 4.21(b). It is expected that
significantly broader combs can be generated by improving the Q-factor of the LN
racetrack resonator, by improving the laser power, or by increasing the RF power
of the electro-optic modulator.
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Figure 4.21: (a) Schematic of the on-chip electro-optic comb generator. (b) The optical
spectrum generated by the DFB laser and the electro-optic comb. Reproduced from [5].

4.8 Conclusion

In this chapter, micro-transfer printing of crystalline silicon was presented to en-
able heterogeneous laser integration on generic and commercially available low-
refractive-index integrated photonic platforms such as silicon nitride or thin film
lithium niobate. Two distinct approaches have been investigated to create micro-
transfer printable Si coupons, namely coupons without an encapsulation, where
release etching is performed using vapor-phase HF etching, and Si coupons en-
capsulated with photoresist, in which case liquid HF release etching can be used.
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While both approaches have proven successful, the latter method is currently pre-
ferred owing to the absence of residual particles and the consistently low surface
roughness of the Si coupon backside. Still, the approach based on vapor-phase
etching could be valuable for other materials, for example when the adhesion be-
tween the encapsulating material and the thin film is poor, or when no post-printing
treatment, required to remove the encapsulation, can be tolerated.

A number of transmission measurements were carried out on patterned Si
coupons to demonstrate low attainable propagation losses. Importantly, it was
confirmed that the micro-tranfser printed silicon waveguides exhibit losses com-
parable to standard SOI waveguides. It is expected that a further reduction of the
losses is possible by optimizing the e-beam lithography and etching processes.
Furthermore, a number of devices were presented to demonstrate the potential and
the relevance of the integration methodology, including heterogeneous lasers on
silicon nitride, as well as electro-optic tunable lasers and an electro-optic comb
generator on thin-film lithium niobate.

Besides heterogeneous laser integration, the ability to micro-transfer print crys-
talline silicon can also serve other purposes. One example is the generation of en-
tangled photon pairs through spontaneous parametric down conversion in quantum
photonics applications. In this case, a pump photon (often at visible wavelengths)
generates a wavelength-doubled signal and idler photon. As silicon absorbs at
wavelengths below 1100 nm, a patterned Si coupon could prove simple yet effec-
tive to eliminate the strong pump while imposing minimal losses on the generated
signal and idler photons. Another example is the integration of Si photodiodes on
silicon nitride, a topic discussed in the following chapter. Finally, the presented
integration methodology is largely transferable to other materials. For example,
similar techniques are being employed to micro-transfer print lithium niobate on
silicon nitride [1, 47, 48]. This enables one to profit from the unique properties
of lithium niobate while retaining the CMOS-compatibility of the silicon nitride
platform.
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Silicon photodiodes on silicon nitride
for near-visible light detection

In the previous chapters, demonstrated devices on silicon nitride have operated at
telecommunication wavelengths. Yet, to unlock the full potential of silicon nitride,
lasers and detectors for wavelengths below 850 nm are essential to serve applica-
tions such as biosensing, imaging and quantum photonics amongst others. In this
chapter, we present the design, fabrication and characterization of micro-transfer
printed Si p-i-n photodiodes on a commercially available silicon nitride platform
to target wavelengths in the near-visible spectral range (<850 nm). The content
presented in this chapter has been published in part in [1].

5.1 Introduction

Silicon nitride (SizN4) has been widely recognized as a promising integrated pho-
tonic platform to complement silicon-on-insulator technology owing to its low
propagation losses, high power-handling capabilities, and wide transparency win-
dow [2, 3]. In addition, the low index contrast with silicon oxide results in en-
hanced resilience to fabrication errors and a reduced mode confinement. This
has made SizNy the material of choice for life-science and bio-sensing applica-
tions at visible wavelengths [4-6]. However, developments with regard to hetero-
geneous integration of active devices on SigNy have mostly focused on infrared
wavelengths in the telecom range. Demonstrations of light sources and detectors
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on SizgNy beyond the classic telecom wavelengths remain scarce, hampering the
adoption of SigNy photonic integrated circuits (PICs) for several applications.

State-of-the-art photodetectors (PDs) on SizNy have been developed on a va-
riety of material platforms such as germanium [7], silicon (Si) [8-10] and III-V
semiconductors [11, 12]. Yet, few demonstrations are geared towards detection be-
low 850 nm. An edge-coupled monolithic Si rib avalanche photodetector (APD)
on SizN, for 685 nm was demonstrated in [9], whereas micro-transfer printed
grating-assisted GaAs p-i-n photodiodes, targeting wavelengths around 800 nm,
were reported in [12]. Although a low dark current and a high responsivity were
reported in the latter, a silicon platform is generally preferred for avalanche gain
multiplication [13].

In this chapter, we present, to the best of our knowledge, the first micro-transfer
printed Si p-i-n photodiodes on SizNy for wavelengths below 850 nm. The pho-
todetector is based on a doped silicon rib waveguide and is printed on top of imec’s
BioPIX plasma-enhanced chemical vapor deposition (PECVD) SigNy platform.
The low deposition temperature of PECVD Si3Ny ensures full compatibility with
complementary metal-oxide semiconductor (CMOS) technology [14]. Further-
more, a vapor-HF-based fabrication process is used to suspend the Si p-i-n devices
on the silicon-on-insulator (SOI) source wafer with a high yield, enabling seam-
less heterogeneous integration on commercial SizNy platforms. Such a process
flow is similar to what was demonstrated in Chapter 4. Moreover, the devices are
fabricated using wafer-scale technology, allowing for low-cost and scalable man-
ufacturing.

In the remainder of this chapter, the layout, simulations, fabrication and char-
acterization of the heterogeneously integrated Si p-i-n photodiodes on SigNy, are
discussed [1]. The SigN, target PIC was designed by Dr. Jeroen Goyvaerts, while
the process flow was developed by Dr. Artur Hermans and the author. The hetero-
geneous integration, post-processing and characterization was performed by the
author. Max Kiewiet assisted with the high-speed measurements.

5.2 Device design and fabrication

The Si p-i-n photodetectors are realized on imec’s iSiPP25G integrated silicon
photonics platform through a multi-project wafer (MPW) run. Rib waveguides
are defined in a 220 nm Si layer on top of a 2 um thermally grown silicon oxide
(SiO2) layer. The rib has a width of 500 nm and a shallow etch depth of 70 nm. The
intrinsic region spans over 1.3 um, as depicted in Fig. 5.1. At the sides, 850 nm
wide P- and N-doped regions with a doping concentration of 1.5-10'® cm~3, and
4.3 um wide P*/N* doped regions with a doping concentration of 10?° cm~2 are
created.

The photonic target wafer comprises a SigN4 PIC based on imec’s BioPIX plat-
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Figure 5.1: Rendering of the Si p-i-n photodiode on top of a SizN4 waveguide. The
device is reverse biased by applying a voltage Vg via the metal contacts on top of the doped
PT/NT regions.

form. BioPIX is imec’s technology platform for fabricating PECVD SizNy based
PICs, based on imec’s 200mm CMOS pilot line. The 300 nm thick SizN, layer
is deposited using PECVD on top of a 3.3 um SiOs-on-Si wafer. Furthermore,
a 2 pm deep recess is locally etched in the SiO5 top cladding using dry etching
techniques to expose part of the SisN, waveguides, enabling evanescent coupling
to the Si rib waveguide above it. The BioPIX chip used for this work was orig-
inally designed for a different application, and optimal index matching is hence
not achieved for the current demonstration. Nevertheless, the work presented in
this chapter offers a valuable proof-of-concept to demonstrate the potential of Si
photodetectors on silicon nitride for near-infrared and visible light detection, and
for the manufacturing methodology in general. It is expected that a significant
performance enhancement is within reach by using an optimized silicon nitride
design.

For the heterogeneous integration of the photodiodes, the micro-transfer print-
ing technique is used [12, 15]. Here, an important advantage of micro-transfer
printing is the ability to integrate devices in a recess, an attribute that is essential
for compatibility with top-cladded passive photonic platforms.

Before the micro-transfer printing process can commence, the photodetectors
need to be encapsulated and suspended on the source SOI wafer. As a first step,
the sample is submerged in buffered hydrofluoric acid (HF) to remove the SiO,
cladding on top of the Si device layer (Fig. 5.2(a)-(b)). Next, a TI-35E photo-
resist is spincoated and patterned to define the encapsulation tethers (Fig. 5.2(c)).
Although a photoresist encapsulation is not strictly required - the tethers can also
solely be defined in the silicon device layer, as was outlined in Chapter 4 - the sil-
icon device layer is here only 220 nm thick, making it mechanically more fragile.
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Figure 5.2: Device process flow. (a) Si device layer on imec’s iSiPP25G platform, (b) top
oxide removal using buffered HF, (c) photoresist encapsulation and patterning, (d) vapor-
phase HF release etch, (e) pick-up from source wafer, (f) print on SizN4 target wafer, (g)
encapsulation removal, (h) final metallization.

A photoresist encapsulation is therefore utilized to safeguard the device integrity.
After patterning the photoresist, an RIE dry etch (using CF4, Hs, SFg) is used to
pattern the Si device layer. To make the photoresist more resilient to the HF release
etchant, a hard bake at 145°C is performed. The sample is subsequently cooled
down at a slow pace of ~10°C/min to avoid cracks in the photoresist. However,
it was later found that this is not strictly necessary, and the photoresist seems to
survive the release etch without any additional measures. Finally, the sacrificial
SiOq layer underneath the Si coupons is underetched for 3 hours using HF vapor
(Fig. 5.2(d)). The vapor-HF chamber temperature was fixed at 40°C. Vapor-phase
HF provides a near 100% picking yield as it does not suffer from capillary forces
which can lead to a collapse of the suspended Si device layer, as was discussed
in Chapter 4. After the release etch, the coupons are solely supported by the teth-
ers and are ready for micro-transfer printing. Figure 5.3(a) depicts the 200 pm
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Source Parameters Target Parameters Clean Parameters

Pick acceleration: 1 g Print speed: 0.002 mm/s Clean speed: 0.05 mm/s
Overdrive distance: 0.11 mm  Overdrive distance: 0.14 mm  Overdrive distance:: 0.145 mm
Overdrive speed: 0.02 mm/s Overdrive speed: 0.03 mm/s Overdrive speed: 0.03 mm/s

Pick speed: 100 mm/s X shear distance: 0.02 mm

Y shear distance: 0.01 mm
Shear speed: 0.1 mm/s
Shear duration: 5 s

Table 5.1: Micro-transfer printing recipe parameters.

long suspended Si photodiode on the source silicon-on-insulator wafer, along with
the photoresist encapsulation, as well as the tethers that support the suspended
structure. The photoresist encapsulation exhibits some wrinkles which are a result
of the vapor-HF release etch. The standard TI-35E photoresist used in this work
can nevertheless withstand the HF release etchant without observable mechanical
degradation. Furthermore, note that the top and bottom parts of the Si coupon in
Fig. 3(a) do not contribute to the actual photodiode (as depicted in Fig. 5.1) and
are merely dummy Si material used to match the size of the coupon to the size
of the PDMS stamp used for micro-transfer printing. If desired, one could hence
significantly reduce the size of the Si coupon in the lateral dimension.

To ensure a high printing yield, an 80 nm adhesive DVS-BCB:mesitylene 1:5
layer is spincoated on the target SisN, wafer at 3000 rpm for 40 s. The adhesive
layer is subsequently baked at 150°C for 10 minutes. The source and target wafer
are then loaded in the X-Celeprint uTP-100 micro-transfer printing tool. A PDMS
stamp with a size of 200 um x 50 pm was used to pick up and print the photodiode.
The micro-transfer printing step is illustrated in Figs. 5.2(e), (f). The SizN, target
PIC was kept at a fixed temperature of 80°C to ease the micro-transfer printing pro-
cess. The micro-transfer printing parameters used are listed in Table 5.1. Although
pattern recognition markers enable automated alignment of the photodiodes on the
target wafer, manual alignment was performed for the devices demonstrated in this
chapter. Furthermore, if wafer-scale fabrication is envisioned, array stamps can be
utilized to enable multiple coupons to be picked up and printed simultaneously.
After transfer printing, the photoresist encapsulation is removed using an oxygen
plasma reactive ion etch (RIE) (Fig. 5.2(g)). Thereafter the sample is baked at
280°C in vacuum to cure the BCB layer. Finally, a lift-off process is employed
to pattern the Ti/Pt/Au metal contact pads (Fig. 5.2(h)). Just prior to the metal
deposition, the sample is submerged for 5 seconds in diluted buffered HF and sub-
sequently for 5 seconds in H,SO4:H202:H50 (1:1:40), to remove the native oxide,
reducing the metal-semiconductor contact resistance. A microscope picture of the
post-processed Si p-i-n photodetector on the silicon nitride waveguide is shown in
Fig. 5.3(b).
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Figure 5.4 depicts a damaged Si p-i-n photodetector on SizN4. Here, the vapor-
HF etch time was insufficient to fully release the Si device, leaving a small chunk
of the Si PD on the source wafer and a noticeable defect on the target wafer. Asitis
generally difficult to observe the release layer underneath the coupon, one should
take some margin for the vapor-HF release etch time to make sure the device is
completely released and suspended.
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Figure 5.3: Microscope pictures of the suspended photodiode on the source wafer (a) and
the micro-transfer printed and post-processed photodiode on the silicon nitride target (b).

Figure 5.4: Microscope picture of a micro-transfer printed Si p-i-n photodiode on silicon
nitride with a defect, originating from an incomplete vapor-HF release etch.
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Figure 5.5: Measured photodiode responsivity and external quantum efficiency (a) and
measured impulse response (b) as a function of reverse bias voltage.

5.3 Characterization

5.3.1 Dark current and responsivity

The photodetector was characterized at room temperature using electrical contact
probes and a Keithley 2400A voltage-current source. The optical input was pro-
vided using a silicon nitride grating coupler and a cleaved fiber. A polarization
controller was used to couple in TE-polarized light. From the V-I measurements
it was found that the differential resistance converges to a value of 40 2. Fur-
thermore, a dark current of 107 pA was measured at a reverse bias voltage of
3 V. This dark current is low compared to most state-of-the-art integrated photo-
detectors [8, 11, 16, 17] and comparable to the results in [9]. The waveguide-
referred responsivity was measured at 800 nm and 775 nm. The waveguide-
referred responsivity was defined with respect to the optical power inside the sili-
con nitride waveguide, hence taking into account the SigNy4-Si coupling but not the
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losses of the grating couplers. This figure-of-merit is used as it most appropriately
represents the performance of the photodetector as a building block in a photonic
integrated circuit. The relation between the waveguide-referred responsivity and
the external quantum efficiency is here defined as

e
Rwe =+~ EQE, (5.1)

where Ry is the waveguide-referred responsivity and EQE is the external
quantum efficiency. A Ti:sapphire continuous wave laser (M2 SolsTis) was used
for characterization at 800 nm, whereas a Onefive Katana picosecond laser was
used for measurements at 775 nm. The photodetector was not characterized below
775 nm as no laser sources were available for this wavelength range. The respon-
sivity and corresponding external quantum efficiency as a function of reverse bias
voltage are depicted in Fig. 5.5(a).

Similar responsivities around 0.19 A/W and external quantum efficiencies around
30% at -3 V bias voltage are obtained for both wavelengths. The responsivity was
also simulated using Lumerical’s FDTD and CHARGE simulators by calibrating
the recombination parameters to match simulated and measured dark currents. The
resulting simulated responsivity is approximately 14% higher than the experimen-
tal results. This discrepancy can likely be attributed to an overestimation of the
optical input power and some uncertainty in the model’s recombination parame-
ters. Furthermore, simulations show a ~2% reduction in responsivity for a lateral
misalignment of 1 um, demonstrating robustness against alignment offsets of the
micro-transfer printing process.

5.3.2 High-speed measurements

To estimate the photodetector bandwidth, its impulse response was captured using
a Teledyne Lecroy 65 GHz real-time oscilloscope (RTO) and a Onefive Katana
picosecond laser. The latter generates optical pulses with a duration around 35 ps.
The Keithley current-voltage source and RTO were connected to the high-speed
radio frequency (RF) probe using a bias tee, as depicted in Fig. 5.6.

A full width at half maximum around 91 ps is obtained for reverse bias volt-
ages in excess of -1.5 'V, as depicted in Fig. 5.5(b). From this, the 3-dB bandwidth
can be estimated by Fourier transforming the measured impulse response and di-
viding it by the Fourier transform of the time-domain optical picosecond pulse
trace, which is provided in the Onefive Katana laser output specification sheet.
This derivation yields a 3-dB bandwidth of 6 GHz. To identify whether the RC
time delay or the transit time dominate the bandwidth, the S;; parameter of the
photodiode at 3 V reverse bias is measured using a TITAN MPI T40A GS 100
contact probe and a Keysight N5247B Network Analyzer. Fitting a simple RC
circuit to the measurement data between 0 and 6 GHz yields a resistance of 183 )
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Figure 5.6: Measurement setup used to characterize the bandwidth of the Si p-i-n pho-
todiode. The output of the 775 nm picosecond laser is first coupled to a single mode fiber
using a tunable mirror and collimator, and subsequently through a fiber polarization con-
troller (FPC) to the photonic chip. The photodiode is probed with a ground-signal-ground
RF probe and connected to a Keithley DC bias source and a Lecroy real-time oscilloscope
using a bias tee.

and a capacitance of 133 fF. The resulting RC time constant is found to be frc ~
6.5 GHz. Using the following relation for the overall 3-dB bandwidth of the pho-
todetector [18]:

1 11
= =, (5.2)
fap  fhe 17

one finds that the transit-time-limited bandwidth fr is approximately 15 GHz.
The RC constant is hence dominant for the present device. The relatively large
value of the resistance can be attributed to the high contact resistance of the metal-
semiconductor contact. Although an acid dip was used prior to metalization to
remove the native oxide, a metal deposition tool with RF pre-sputtering or a build-
in Argon ion gun [19, 20], or a rapid-thermal annealing treatment [21] can be
utilized to further reduce the contact resistance.

5.3.3 Avalanche operation

For applications where high receiver sensitivities are indispensable, on-chip avalanche
photodiodes (APDs) with an internal multiplication gain offer an attractive solu-
tion [17]. In this case, strong reverse biasing provides a high field strength across
the depletion region, leading to a phenomenon called impact ionization. Accel-
erating electrons can acquire enough energy to ionize atoms in the material when
colliding with them. This way, a single electron-hole pair can generate many sec-
ondary electrons and holes, all of which contribute to the photocurrent. Due to
this internal gain mechanism, the responsivity can be much larger compared to
a conventional p-i-n photodetector. As silicon exhibits a low impact ionization
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Figure 5.7: Current-voltage measurements at different optical input powers (a) and the
corresponding avalanche gain (b). A picosecond laser at 775 nm was used as an optical
source. The dark current measured without illumination is shown as well in (a), reaching
107 pA at 3 V. The reverse bias voltage was swept until 50 V, sufficiently below the observed
breakdown voltage V, ~ 80 V.

ratio (the ratio between the impact ionization coefficients of electrons and holes)
and consequently limited excess noise, Si-based APDs are particularly suited for
avalanche detection [13]. To investigate the avalanche capabilities of the micro-
transfer printed Si p-i-n photodiode, the current-voltage relation was measured for
reverse bias voltages up to 50 V, below the breakdown voltage V,. =~ 80 V. The
I-V measurements were carried out with different optical input powers at 775 nm,
as shown in Fig. 5.7(a). The specified power values take into account the grating
coupler losses and hence represent the optical power in the SisN4 waveguide. The
avalanche gain G(V p), shown in Fig. 5.7(b), can be calculated as the ratio of the
photocurrent at a given reverse bias voltage Vg divided by the photocurrent at the
unity gain point. The latter is here defined as the point where the second deriva-
tive of the photocurrent with respect to bias crosses zero (here at Vg ~ 3 V), in
correspondance with [9]. Figure 5.8 depicts the measured gain-bandwidth product
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(GBP) as a function of the gain. The highest observed gain-bandwidth product is
68 GHz at 45 V reverse bias for an optical input power of P,,; ~ -26 dBm. From
5.7(b), it is obvious that the observed avalanche gain is higher for lower optical
input powers. This can be expected as more charge carriers are generated at higher
optical input powers, leading to an enhanced space charge effect and consequently
saturation of the photocurrent [9]. Moreover, as a picosecond laser source was
used as an input, this saturation effect is more pronounced. Although the photodi-
ode reverse bias voltage was here swept until 50 V, typical CMOS platforms only
supply voltages up to 12 V [13]. At this bias point, avalanche gains up to ~60
are observed for low optical input powers. Photodiodes with a narrower intrinsic
region or an interdigitated structure could be used to reduce the breakdown voltage
and boost the avalanche gain at lower bias voltages, although this typically comes
at the expense of an increased dark current [9].

80
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40

GBP (GHz)

20

0 . S S S
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Figure 5.8: Plot of the gain-bandwidth product (GBP) as a function of the gain for an
input optical power of P,,: ~ -26 dBm. The highest observed GBP is 68 GHz at a reverse
bias voltage of 45 V.

5.4 Comparison with state-of-the-art

In Table 5.2, the performance of the presented photodiode is compared with other
recent demonstrations of visible and near-infrared PDs and APDs on Si3Ny. Note
that this list is not exhaustive. Edge-coupled monolithic Si rib avalanche photo-
detectors on SizNy for 685 nm are reported in [9, 25]. These devices offer a high
responsivity up to 0.8 A/W as well as a high 3-dB bandwidth up to 19.1 GHz and
a GBP of 234 GHz. This high performance can largely be attributed to the smaller
device size: a length of 16 pm was used compared to 200 pm for the device pre-
sented in this chapter. This is an important advantage of an edge-coupled device
as longer coupling lengths are required to achieve efficient evanescent coupling, in
particular at short wavelengths. A larger device size decreases the bandwidth due
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Table 5.2: Comparison of state-of-the-art visible and near-infrared PDs and APDs on SizNy4. R: responsivity, lg.x: dark current, BW: 3-dB
bandwidth, GBP: gain-bandwidth product. The reverse bias voltage is specified between brackets. The work presented in this chapter as well as the
work reported in [12, 22-24] rely on micro-transfer printing. Other listed devices are fabricated monolithically.
* These results were not explicitly reported but inferred from relevant data.

Ref.; year Type Wavelength (nm) R (A/W) Liare (NA) BW (GHz) GBP (GHz)
[25]; 2022 End-fire SigN,4/SOI, PIN 685 0.8(5.5V) 0.05(5.5V) 11 (18V) 98 (18 V)
[25]; 2022 End-fire SigN,4/SOI, PIN 685 0.8 (7.25V) 0.1(7.25V) 8.8 (18 V) 142 (18 V)
[9]; 2021 End-fire SizN4/SOI, PN 685 0.83(2V) ~0.001(2V) 19.1(20V) 23420V)
[26]; 2022 SizgNy4-on-Si, PIN;PN 405 *0.15 (13.3 V) 0.144 (5V) 8.6(20V) 173 (13.3V)
[27]; 2022 a-Si:H-on-SigN4, MSM 660 0.03(8V) 0.025 4 V) - -

[28]; 2006 poly-Si/SigNy, MSM 654 0.35(10V) 02(5V) - -

[22]; 2018 GaAs-on-SisNy, MSM 850 0.12V) 22 (2V) 2012V) -

[29]; 2019 SigNy-on-SOI, PIN 850 0.29 (20 V) 75 (20V) 14 (20V) *20.3(20V)
[12]; 2020 GaAs-on-SigNy, PIN 850 0312V) 0.02(2V) - -

[30]; 2022 SizgN4-on-SOI, PN 850 0.11(1V) - - -

[23]; 2022 InGaAsP-on-SigN,/Si, UTC 1310 0423V) 303V) 54 (3V) -

[24]; 2023 InP-on-SigNy, UTC 1550 030V) 10(1V) 155(1V) -

This work; 2022 Si-on-Si3Ny, PIN 775 0.19 0.107 (3V) 6(3V) 68 (45 V)
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to the RC limitation, and increases dark noise due to a larger active volume [9].
Still, such an edge-coupling approach is more challenging to fabricate or requires
a custom silicon nitride-on-SOI platform. Furthermore, it is shown in [25] that the
doping profile plays a significant role for APD performance. Hence, it is expected
that careful optimization of the doping profile along with an enhanced device ge-
ometry, could greatly improve the GBP of our presented device. In addition, this
could possibly enable stable, low-noise Geiger-mode operation for single-photon
detection in integrated quantum photonics applications [25].

State-of-the-art evanescently coupled SisN4-on-Si PN and PIN APDs for op-
eration around 405 nm are demonstrated in [26]. Using a well optimized coupling
structure, a record-high EQE of 60%, an 8.6 GHz 3-dB bandwidth and a 173 GHz
GBP were demonstrated using a 50 pm long device. Moreover, wafer-level per-
formance is reported with performance variations limited to 30%. It is expected
that for the device presented in this chapter, optimization of the SizNy-Si coupling
could deliver similar performance while offering full compatibility with generic
SizNy platforms. However, wafer-level variability still needs to be investigated for
such micro-transfer printed devices. Careful control of the alignment accuracy and
BCB thickness (or omitting the adhesive layer altogether) amongst others, is likely
paramount to minimize performance variations.

Metal-semiconductor-metal (MSM) PDs integrated on Si3Ny, respectively us-
ing a-Si:H, poly-Si, and GaAs, are reported in [27], [28] and [22]. MSM PDs
operate as photoconductive detectors where incident photons are absorbed in the
semiconductor layer and current flows between the two Schottky contacts [31].
Using interdigitated contacts, the capacitance and transit time can be minimized,
enabling MSM PDs to achieve high bandwidths. However, this typically comes at
the expense of poor responsivity and high dark current. For example, the GaAs
MSM PD for photonic interposers reported in [22] provides a bandwidth up to
20 GHz, but suffers from a low responsivity of 0.1 A/W and a higher dark cur-
rent of 22 nA. Furthermore, the a-Si:H PD reported in [27] benefits from a sim-
ple fabrication process, but a low responsivity of 0.03 A/W and a low bandwidth
(MHz range) are achieved. Still, given the low complexity, such devices can be
appropriate for in-line power monitoring for reconfiguration and stabilization op-
erations [27].

Finally, the devices reported in [23] and [24] are included in Table 5.2 to illus-
trate the potential of micro-transfer printing for bringing high-speed photodiodes
to the SigNy platform. In this case, uni-traveling-carrier (UTC) photodiodes are
utilized. The fundamental bandwidth limitation of conventional state-of-the-art p-
i-n photodetectors is the transit time required by the electrons and holes to reach
the electrodes. Although this time can be reduced by using a thinner intrinsic layer,
this comes at the expense of a reduced responsivity and dynamic range. An alter-
native is to rely exclusively on high-mobility carriers by including an absorbing
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(blocking) layer. By solely relying on electrons as active carriers and blocking the
transit of holes, which have a significantly lower mobility compared to the elec-
trons, a considerable improvement in bandwidth can be achieved. Record band-
widths up to 155 GHz have been reported using micro-transfer printed UTC PDs
on SizNy [24].

5.5 Conclusion

In this chapter, we have successfully demonstrated the first micro-transfer printed
Si photodiodes, based on imec’s iSiPP25G integrated silicon photonics platform,
on a generic commercially available SisN,4 platform for wavelengths below 850 nm.
This heterogeneous integration approach offers full CMOS compatibility and en-
ables wafer-scale manufacturing. Furthermore, a vapor-HF-based process flow for
micro-transfer printing was utilized, similar to the process flow presented in chap-
ter 4. A vapor-phase release etch provides a near 100% picking yield as it does
not suffer from capillary forces which can lead to a collapse of the suspended Si
layer. Our device features competitive performance with a low dark current of
107 pA at 3 V reverse bias, external quantum efficiencies around 30% at 775 nm
and 800 nm, and a 3-dB bandwidth of 6 GHz. In addition, avalanche gain was
demonstrated to serve applications where higher receiver sensitivities are needed.
These results showcase that our heterogeneously integrated photodiodes can con-
veniently extend the scope of commercial SizNy platforms to serve applications
beyond the telecom domain, such as biosensing, imaging, and quantum photonics.
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Micro-transfer printed
Gallium Arsenide
semiconductor optical amplifiers

In the previous chapter, detectors on silicon nitride for the (near-)visible spectral
region were presented. In this chapter, the toolbox for integrated photonics in
the (near-)visible spectrum is further extended with micro-transfer printable GaAs
semiconductor optical amplifiers. This development constitutes a first step towards
heterogeneous lasers on silicon nitride that emit around 780 nm. The material
presented in this chapter has in part been published in [1].

6.1 Introduction

In recent years, considerable effort has been devoted to extend the application
scope of integrated photonics to the shorter wavelength spectrum below the sil-
icon bandgap. At (near-)visible wavelengths, numerous applications can benefit
from on-chip solutions, including optical coherence tomography (OCT) [2], aug-
mented reality/virtual reality (AR/VR) applications [3], imaging, biosensing and
quantum communications [4]. In addition, more fundamental applications can be
envisioned, such as probing matter in atomic physics [5] or building ultra pre-
cise optical atomic clocks based on the two-photon transition in Rubidium [6].
Moreover, a shorter wavelength platform enables superior high temperature perfor-
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mance for coherent light sources, which could be leveraged to improve the overall
energy efficiency in datacenters or for deployment in hot environments [4] .

As the silicon nitride platform, which is favored for applications in the (near-
)visible spectral range, is a purely passive platform, optical amplification and de-
tection rely critically on the co-integration of other materials. In the previous chap-
ter, silicon photodiodes on silicon nitride were presented to enable light detection
below 850 nm. For optical amplification in the (near-)visible spectral region, III-V
semiconductors such as GaAs or GaN remain indispensable.

Several demonstrations of integrated laser sources for the visible spectrum
have recently been reported in the literature. A hybrid-integrated diode laser oper-
ating around 684 nm is demonstrated in [7]. By butt-coupling an optical amplifier
to a silicon nitride feedback chip with a Vernier mirror, 10.8 nm of tunability and
an intrinsic linewidth of 2.3 kHz are achieved. Such a butt-coupling approach
was also employed in [8], where commercial Fabry-Pérot laser diodes are cou-
pled to a silicon nitride chip containing a ring resonator with a feedback loop
to enable self-injection locking. Such an approach is well suited to stabilize an
integrated laser without requiring additional hardware such as electronic control
circuitry [9]. When the laser frequency is closely aligned to a resonance of the
ring, the reflected optical field provides continuous feedback to align the laser to
the ring resonance, greatly reducing the laser linewidth [9]. By using multiple laser
diodes, wavelengths between 404 nm up to 780 nm are readily available, cover-
ing the entire visible spectrum. Furthermore, a coarse tunability up to 12.5 nm,
fine-tuning speeds up to 267 GHz ps~!, intrinsic linewidths down to a few kilo-
hertz, and output powers up to 10 mW are reported [8]. However, efficient butt-
coupling requires maximal spatial overlap between the optical modes of the two
chips being coupled. This complicates packaging and impedes low-cost and high-
volume wafer-scale manufacturing. Heterogeneous GaAs lasers on silicon nitride,
as demonstrated in [10] and [4], are therefore an attractive alternative. In [10],
lasers operating around 990 nm are realized using a proprietary edge-coupling
technique to limit the coupling loss to approximately 0.5 dB. In [4], microresonator
combs and lasers operating around 980 nm with 20 nm tunability, a fundamental
linewidth of 2.8 kHz and >10 mW output power are reported. For this, an inter-
mediary dielectric waveguide is introduced to couple in two steps. On one side,
the geometry of the intermediary waveguide is optimized for butt-coupling to the
GaAs semiconductor optical amplifier (SOA) and on the other end, it is optimized
for evanescent coupling to the silicon nitride waveguide. Coupling efficiencies up
to 70% are demonstrated, and improvements up to 90% are supposedly possible.

In [11], GaAs epitaxial coupons are micro-transfer printed on a silicon sub-
strate and subsequently processed into Fabry-Pérot ridge waveguide lasers. How-
ever, the potential of micro-transfer printing is not fully exploited because the
GaAs processing is performed on the target wafer. Moreover, no external silicon
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nitride cavity is included, prohibiting functionalities such as wide tunability and
high coherence. Although wavelength tunability is not strictly required for a num-
ber of applications, some tunability nevertheless remains desirable to relax fabrica-
tion tolerances while enabling precise control over the emission wavelength, e.g.
to target atomic transitions [4]. Another recent demonstration of micro-transfer
printed lasers for the (near-)visible spectral region is found in [12], where mass-
manufacturable GaAs vertical-cavity surface-emitting lasers (VCSELSs) on silicon
nitride are reported. The VCSELs emit at 850 nm to target sensing and commu-
nication applications, and exhibit 5 nm tunability, a sub-mA threshold current and
0.1 mW of output power.

In this chapter, etched-facet GaAs SOA’s are presented as a first step towards
narrow-linewidth-, tunable- and mode-locked lasers on silicon nitride using micro-
tranfser printing. The SOA’s operate around 780 nm and constitute a key building
block to develop a versatile silicon nitride platform for applications in the (near-
)visible spectrum. In the remainder of this chapter, the design, fabrication and
characterization of the SOA’s is discussed. The GaAs process flow was initially
conceived by Dr. Artur Hermans and Dr. Jeroen Goyvaerts and later optimized
by the author and Max Kiewiet. Furthermore, the author took the lead in the fab-
rication and characterization of the first processing runs, while Max Kiewiet led
later processing runs based on an optimized epitaxy. At the time of writing, this
project is still under development and has become the main research subject of
Max Kiewiet.

Back Au mirror

. Recess for
Si3Ng ( 11I-V integration

Sio

Si substrate

Figure 6.1: Proposed integration strategy. The GaAs SOA is micro-transfer printed di-
rectly on the silicon substrate for improved thermal performance. The output of the SOA
can be directly coupled into a SizNy spot size converter.

6.2 Design and fabrication

The GaAs SOA discussed in this chapter is optimized for edge-coupling. This
is in contrast to the heterogeneous lasers discussed in chapters 2 and 4 where
evanescent coupling was employed. A similar integration strategy is demonstrated
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Number of . Thickness Doping  Doping level Al
Type layers Material (nm) type (cm—3) content
Contact 1 GaAs 50 (200) p 1e19 (2.5¢19) -
Transition 1 AlGaAs 50 P 2el8 0.4-0.05
Cladding 1 AlGaAs 1100 p lel8 0.4
Cladding 1 AlGaAs 100 p 2-5el7 04
Transition 1 AlGaAs 35 - - 0.3-0.4
Barrier 4 AlGaAs 8 - - 0.3
QW 4 AlGaAs 5.5 - - 0.05
Barrier 1 AlGaAs 8 - - 0.3
Transition 1 AlGaAs 35 - - 0.4-0.3
Cladding 1 AlGaAs 1465 n lel8 0.4
Contact 1 AlGaAs (GaAs) 500 n 2e18 (3el8) 0.2
Cladding 1 AlGaAs 1465 n 1-2e18 0.4
Transition 1 AlGaAs 50 n 2el8 0.05-0.4
Buffer 1 GaAs 20 n 2el8 -
Sacrificial 1 GalnP 500 n 2el8 -
Buffer 1 GaAs 100 n 2el8 -

Table 6.1: Epitaxial layer stack for the GaAs SOA’s. Zn was used for p-doping whereas
Si was used for the n-doped layers. Modifications made to the epitaxial layers for improved
metal-semiconductor contacts are highlighted in brackets.

in [13], where InP Fabry-Pérot lasers are micro-transfer printed and edge-coupled
to a silicon waveguide. A schematical representation of an envisioned GaAs SOA
edge-coupled to a silicon nitride waveguide is shown in Fig. 6.1. The front facet
at the SizNy side is angled (7°) to reduce reflections. To minimize optical losses
at the backside facet, a Au back mirror is incorporated. Although the coupling ef-
ficiency can be a concern for edge-coupled devices, such SOA’s can be integrated
directly on the silicon substrate. This dramatically reduces the thermal impedance
of the device and minimizes performance degradation at elevated temperatures or
for high electrical injection currents. A more rigorous thermal comparison is pre-
sented in Appendix A. In addition, an edge-coupling approach does not require
intermediate layers such as silicon [14] or amorphous silicon [15], enabling uti-
lization of the full transparency range of the silicon nitride platform without being
limited by the bandgap of the intermediate layer [10]. This is particularly advanta-
geous at short wavelengths, as few transparent materials are appropriate to bridge
the large refractive index contrast between the III-V gain material and silicon ni-
tride.

The (Al)GaAs epitaxial layer stack, grown using metalorganic vapor-phase
epitaxy (MOVPE), is outlined in Table 6.1. The wafers were initially ordered
from Tyndall and later from III-V Lab. Four AlGaAs quantum wells are included
with a photoluminescence wavelength of 780 nm. Furthermore, a 500 nm thick
InGaP sacrificial layer is included which can be selectively etched with respect to
GaAs using HCI [16]. This allows one to suspend the SOA’s on the GaAs source
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substrate and enable micro-transfer printing. An InGaP sacrificial layer has the
advantage that no oxide residues are formed upon exposure to air, in contrast to
Al-containing layers. Al,Ga;_,As is also attacked by HCI, but the etching rate
is only significant when the Al content exceeds 0.6 [17, 18]. The SOA coupons
are oriented under a 45° angle on the source wafer, similar to what was proposed
for GaAs VCSELs [19]. However, as InGaP etching in HCI is quasi-isotropic, it is
expected that this is not strictly necessary. The epitaxy was modified at a later stage
to improve the metal-semiconductor contact resistivities. The modifications are
highlighted in brackets in Table 6.1 and are discussed in more detail in subsection
6.2.3. For the results discussed in the remainder of this chapter, the original epitaxy
was used unless mentioned otherwise.

6.2.1 GaAs semiconductor optical amplifier fabrication

The GaAs SOA process flow is schematically illustrated in Fig. 6.2. A simplified
representation of the GaAs epitaxy is shown in Fig. 6.2(a). The following para-
graphs describe the process flow in greater detail.

Ridge waveguide definition

As a first step, a 300 nm PECVD SisNy layer is deposited which serves as a hard
mask for the subsequent ridge waveguide definition. As the ridge is only 2 um
wide, an AZ 5214E photoresist is used in positive mode to ensure sufficient adhe-
sion of the long and narrow resist feature on the surface. The SizN,4 hard mask is
subsequently patterned using RIE dry etching (using CF4, SFg and Hs), followed
by resist removal and ICP dry etching of the (Al)GaAs layers. As the photoresist
polymerizes during the plasma etching step, a short oxygen plasma is used to clean
the sample after rinsing with acetone, IPA and deionized (DI) water. For the ICP
dry etch, a BCl3/N2 chemistry is used to etch trenches until approximately 300 nm
is left above the top transition layer. The etching selectivity of (Al)GaAs with re-
spect to PECVD SizNy was measured to be slightly larger than 10:1. Typically,
some dark residual features can be observed after ICP etching, which is possibly
caused by AlCl; byproduct formation on the sample surface [20]. Fortunately, this
byproduct can easily be removed using standard cleaning with a solvent such as
acetone and IPA.

Next, a 300 nm SizNy passivation layer is deposited with PECVD. An acid dip
(5 s HCI:H5O 1:1) is performed before the sample is loaded in the PECVD at room
temperature to avoid oxidation of the Al-containing epitaxial layers (which would
result in extra losses). Hydrochloric acid (HCI) by itself, without HyO5, does not
attack GaAs. However, it can remove natural oxides from the GaAs surface [21].
After SizNy passivation, the sample is planarized with BCB (Cyclotene 3022-57),
which is spincoated for 40 s at 2000 rpm and cured at 280°C to yield a film thick-
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Figure 6.2: Illustration of the SOA process flow. (a) III-V layer stack, (b) ridge waveguide
definition, PECVD Si3N4 passivation, and planarization with BCB, (c) Ti/Au p-metal defi-
nition, (d) n-via definition and n-metal deposition, (e) dry etch to define the coupon facets,
(f) after the mirror deposition (not shown), a second facet etch (wet) is used until the sacri-
ficial layer is reached, (g) release layer patterning, (h) photoresist encapsulation and tether
definition, (i) release etch, (j) coupon pick-up, (k) coupon printing on a target substrate.



MICRO-TRANSFER PRINTED GAAS SOA’S 6-7

ness of approximately 8 pm. The BCB is subsequently etched back using RIE dry
etching (based on O2 and SFg) to solely leave the previously etched trenches of
the ridge waveguide filled with BCB (Fig. 6.2(b)).

In case a GaAs-based mode-locked laser is envisioned, a saturable absorber
can be defined hereafter by electrically isolating a part of the SOA. For this, an
additional contact lithography and ICP dry etching step are used to locally remove
the GaAs p-contact layer and part of the AlGaAs p-cladding under a 45° angle to
reduce back reflections.

P-type contact metallization

In a next step, the p-contacts are defined with contact lithography using a TI 35E
photoresist with image reversal. The remaining SisN4 on top of the GaAs p-
contact is removed using RIE dry etching and a 5 s acid dip in HCI:H2O 1:1 is
performed to remove the native oxide on GaAs prior to depositing 40 nm Ti and
250 nm Au with electron beam evaporation. The resulting device after lift-off is
schematically shown in Fig. 6.2(c).
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Figure 6.3: Measured resistances between the TLM contact pads as a function of the
spacing between the pads. The measurement data before and after RTA are respectively
shown on the left and right. A microscope picture of the TLM test structure is shown on
the top left. The dotted line represents a linear fit to the measurement data to estimate the
contact resistance R. and transfer length L.

Figure 6.3 depicts the measured resistances between the 100 ym x 100 ym con-
tact pads of the Transfer Length Method (TLM) test structure. Details on this mea-
surement method can be found in [22]. A high contact resistance of R, ~ 176 (2
is extracted. Rapid thermal annealing (RTA) at 380°C reduces the contact resis-
tance by roughly an order of magnitude to R, ~ 32.5 2. Furthermore, the transfer
length Ly post-RTA is estimated to be 41 pm, resulting in a contact resistivity of
pe =R, W-Lp~1.3- 1073 Q cm?, where W=100 pm is the width of the contact
pad. Despite RTA, this value is significantly larger than typical values reported in
the literature [23-25]. This issue is discussed in greater detail in section 6.2.3.
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SisN4 passivation and N-via etch

After p-metallization, 300 nm of PECVD Si3Ny is deposited to serve as a hard
mask for the subsequent n-via opening. Contact lithography with TI 35E photo-
resist is used to pattern the SigN, hard mask. Next, the photoresist is removed
and trenches are etched to reach the 500 nm thick n-contact layer using the afore-
mentioned ICP etching recipe. The n-contact layer is deliberately overetched by
approximately 100 nm to make sure that no AlGaAs cladding remains on top. The
sample is subsequently passivated once again with 300 nm of PECVD Si3Ny to
cover the sidewalls of the n-via and avoid potential shorts with the p-doped layers
and p-metal.

(c)
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Figure 6.4: Microscope pictures of of the GaAs SOA coupons after the n-metal lift-off
before annealing (a) and after annealing (b). (c) Measured resistances (after annealing)
between the n-TLM contact pads as a function of the spacing between the pads.

N-type contact metallization

Analogous to the p-contacts, the n-contacts are defined with contact lithography
using a TI 35E photoresist with image reversal. The remaining SizNy on top of the
n-contact layer is removed using RIE dry etching. The sample is then dipped for 5 s
in HCI:H5O 1:1 to remove the native oxide on the n-contact layer prior to the de-
position of Ni/Ge/Au/Ti/Au (30/20/50/40/100 nm). Ge/Au and Ni/Ge/Au films are
widely used for fabricating ohmic contacts to n-type (Al)GaAs [23, 26-28]. An-
nealing leads to diffusion of Ge into the n-type (Al)GaAs layer, lowering the con-
tact resistance [29]. Moreover, adding small amounts of Ni to the Ge/Au stack can
further reduce the contact resistance while improving adhesion and maintaining a
smooth surface morphology [19, 26]. Still, good ohmic contacts have also been
achieved without Ni, for example by using a Ge/Au(alloy)/Pd/Au metal stack [30].
The GaAs SOA coupon after n-metal lift-off is schematically shown in Fig. 6.2(d)
and a microscope picture is shown in Fig. 6.4(a).
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As the contacts of the n-TLM test structure exhibit a current-voltage behav-
ior similar to a Schottky junction, a RTA annealing step is conducted at 380°C.
During annealing, the Au and Ge diffuse, resulting in a change of color and some
bubble formation, as shown in Fig. 6.4(b). Typically, these effects are not clearly
visible because a thick metal layer is present on top. However, because the top Au
layer is here only 100 nm thick, these changes can easily be observed.

Fig. 6.4(c) shows the measured resistances between adjacent contact pads of
the n-TLM test structure. As the measurements points deviate strongly from a
linear fit, it is difficult to reliably estimate the contact resistance . and trans-
fer length L. However, as the resistance does not monotonically increase with
increasing contact spacing, the metal-semiconductor contact resistance R, likely
dominates the total measured resistance R;y¢q; = 2R + 2R,, + R, where R,,, is
the resistance of the contact metal (which can usually be neglected), and R is the
resistance in the semiconductor. If one assumes that Ry, ~ 2R, and ignores the
outlier measured at a 5 um contact spacing, one obtains that R, ~ 12 2. Subsec-
tion 6.2.3 elaborates on the origin of this high contact resistance.

Dry etching of the coupon facets

In a next step, the sample is once again passivated with 300 nm PECVD Si3zNy,
followed by a contact lithography step (using TI 35E photoresist in positive mode)
to define the facets of the coupon. Based on [19], the mask is defined with rounded
edges to mitigate pinhole formation in the corners and avoid penetration of the HCI
etchant through the SizNy passivation during release etching.

The SizNy is patterned using RIE dry etching and the photoresist is removed
thereafter. Next, an ICP dry etch is used to etch through the (Al)GaAs layers until
approximately 300 nm of (Al)GaAs is left above the sacrificial layer. This step is
schematically shown in Fig. 6.2(e).

Mirror definition

Next, the sample is dipped in HCI:H5O 1:1 for 5 s and loaded in the PECVD at
room temperature to deposit a 500 nm thick SizNy passivation layer at 270°C.
Afterwards, a contact lithography step is used to define the backside mirror of
the SOA. For the first two processing runs, a TI 35E photoresist (spincoated at
3000 rpm) with image reversal was used. The patterned photoresist is shown in
Fig. 6.5(a). A short oxygen plasma step (1 min) is used to make sure that no resist
remains in the trench. Afterwards, a short *flash’ of Ti (for adhesion promotion)
and 400 nm of Au are deposited and lift-off is performed. The Ti layer is kept
as thin as possible to minimize light absorption. Fig. 6.5(b) shows a scanning
electron microscope (SEM) image of the backside mirror of a GaAs coupon that
was printed on top of a Si dummy sample. The close-up shown in Fig. 6.5(c)
reveals that the metal coverage on the facet is poor. This can be solved by tilting



6-10 CHAPTER 6

the sample during the metal deposition, in combination with a bilayer lift-off pro-
cess. Tilting the sample ensures proper metal coverage of the coupon facet, while
the bilayer lift-off process is useful to acquire a sufficiently strong resist undercut.
The latter avoids that the deposited metal completely covers the resist edge, which
typically leads to lift-off problems (e.g. the gold mirror can stick out several mi-
crons above the coupon after lift-off). Details on the bilayer lift-off process can be
found in Appendix C.

backside mirror (b)

&)

Figure 6.5: Backside mirror of the GaAs coupon. (a) Microscope picture of the patterned
photoresist before metal deposition. (b) SEM image of the backside mirror after lift-off. (c)
SEM image of the backside mirror, showing the poor coverage on the coupon facet.

Wet etching of the coupon facets

The remaining ~300 nm of (Al)GaAs above the sacrificial layer is patterned to
complete the facet definition of the coupons. For this, a contact lithography step
with TT 35E photoresist is used to define the periphery of the coupon, and RIE
dry etching is used to etch the surrounding SizN, passivation layer. Afterwards,
the (AD)GaAs is wet etched using H3PO4(85%):H2045(30%):H20O (3:1:25). This
solution selectively etches GaAs and AlGaAs at a rate around 100 nm/min and
stops on the InGaP layer (see also [31]). The resulting coupon is schematically
represented in Fig. 6.2(f) and a microscope picture is shown on the left in Fig. 6.6.

Figure 6.6: Microscope picture of GaAs coupons after the second facet etching step (left),
and after the photoresist definition to pattern the release layer (right).
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Figure 6.7: Microscope pictures of the GaAs sample prior to InGaP release layer pattern-
ing (a), and after 1 min (b), 2 min (c), and 5 min (d) of HCI wet etching. Some redeposited
residue is observed after 1 min of HCI etching, and evolves as the InGaP is further etched.
When the InGaP etching is complete, some residue remains stuck to the GaAs surface and
no further changes are observed when HCI etching is continued. A digital etching process
with H2O2 and HCl can be used to clean the contaminated surface. The two bubbles at the
bottom of the sample originate from the earlier BCB planarization step.

Release layer patterning

After removing the photoresist from the previous step, contact lithography is used
to define the release layer pattern with TI 35E photoresist (used in positive mode).
A microscope picture of the coupons with patterned photoresist is shown on the
right side of Fig. 6.6. The InGaP release layer is subsequently etched using HCI
(32%, undiluted) at a rate of approximately 200 nm/min. Typically, some bubble
formation can be observed during the etching process [31]. Completion of the
etching step was confirmed using a profilometer. Although HCI etches the InGaP
highly selective, the absence of an oxidizing agent such as Hy,O5 leaves the InGaP
surface relatively rough [16]. More importantly, it was observed that some residue,
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which is presumably a byproduct of the etching process, can redeposit on the GaAs
substrate. From Fig. 6.7(a)-(d) one can see how some residue is visible after 1 min
of HCI etching, and subsequently evolves as the InGaP is further etched. When
the InGaP etching is complete, the undissolved residue remains stuck to the GaAs
surface and no further changes are observed when HCI etching is continued. A
close-up image at the borders of the coupon is shown in Fig. 6.8. To keep the
surface clean, a digital etching process can be used. For this, HCI etching is alter-
nated with HyOs etching. The sample should be thoroughly rinsed in between the
two etching steps to avoid mixing of the HoO5 and HCI solution, which can lead
to significant etching of GaAs (etch rates of >400 nm/min have been measured
for 1:1 HCLI:H2O> [16]). Such a digital etching process can also be used to slowly
etch GaAs with great etch depth control around 1.2 nm/cycle [19]. A stable native
oxide forms at the GaAs surface upon submersion in HyOs, and is subsequently
etched away by HCl while leaving the GaAs underneath unaffected [32].

After the wet etch, ~200 nm of the GaAs substrate is etched with the same
photoresist mask using ICP dry etching. This ensures that no residual material re-
mains between the GaAs substrate and the supporting tethers that will be defined
in the next step. The photoresist is stripped after etching using standard cleaning
with acetone, IPA, deionized water, and an oxygen plasma. The resulting SOA is
schematically depicted in Fig. 6.2(g).

InGaP covered with resist

g

Residue

Figure 6.8: Microscope picture (left) and shadow-effect-mode image (right) of the coupon
periphery after 5 min of HCl etching to pattern the release layer.

Coupon encapsulation

As a final step before the release etch, the coupons are encapsulated with photo-
resist. The sample is first dipped for 5 s in HCI:H2O 1:1 to remove the native oxide
that would otherwise be attacked during the release etch and lead to delamination
of the supporting tethers. The sample is then briefly rinsed in deionized water and
IPA and thoroughly dried with a nitrogen gun. A TI prime adhesion promotor
and a TI35 E photoresist are spincoated immediately afterwards. No baking step
is included before the first spincoating step to suppress native oxide growth. The
encapsulated coupon is schematically shown in Fig. 6.2(h) and a microscope pic-
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ture of the sample is shown in Fig. 6.9. The breaking regions of the tethers are
designed to be approximately 2.5 um wide.
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Suspended GaAs SOA's

Figure 6.10: Microscope picture of suspended GaAs SOA’s after the release etch. Residue
from the outer InGaP remains and appears as a light brown film accompanied by some
particles at the periphery of the coupons. To verify whether release etching was successful,
some coupons were picked up with scotch tape. However, because the tethers were still too
strong, some coupons broke in half and part of the coupon remained on the source. Still,
the pick-up site turns out clean and smooth which confirms the successful completion of the
release etch.

Release etch

Finally, the coupons are released in HCI (undiluted, 32%), for a duration of 90
minutes. The sample is then carefully rinsed using three beakers with deionized
water to remove the HCI, and left to dry in the wet bench (blow drying with nitro-
gen could lead to a collapse of the suspended coupons). Residues from the outer
InGaP remain, as can be seen from Fig. 6.10. Such residues were also reported
for GaAs VCSELs [19]. Again, a digital etch process can be used to remove the



6-14 CHAPTER 6

residue and clean the substrate (e.g. 30 s HyO2 and 10 s HCI:H,O (1:2) [19]),
although this is not always strictly necessary for successful micro-transfer print-
ing. Completion of the release etch is tested by attempting to pick up coupons
using scotch tape. However, as the strength of the supporting tethers prevented
any coupons from being picked up, the tethers were thinned down with a 3-minute
oxygen plasma treatment at a rate of 100 nm/min. While some coupons could
be picked up with scotch tape after the treatment, others broke in half during the
process (as can be seen from Fig. 6.10), suggesting that the tethers are still too
wide and need further thinning. Despite these problems, the pick-up site as well
as the coupon backside are found to be clean and smooth, indicating a successful
completion of the release etch. Based on some preliminary micro-transfer printing
tests, the tethers appear sufficiently thin after 6 min of oxygen plasma. The devices
are now ready for pick-up and printing, as illustrated in 6.2(i)-(k).

Si substrate Si substrate Si substrate

Figure 6.11: Post-processing on the Si target. (a) micro-transfer printed GaAs SOA, (b)
encapsulation removal and BCB planarization, (c) via opening and final metallization.

Printed GaAs SOA

¥

Ridge
waveguide

n-contact trench

g HV it

Figure 6.12: SEM image of a micro-transfer printed GaAs SOA.

6.2.2 Micro-transfer printing and post-processing

To enable characterization of the GaAs SOA’s, some coupons are printed and post-
processed on a Si dummy substrate. The processing steps are schematically illus-
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trated in Fig. 6.11.

Markers are first etched in the Si using a photoresist mask to enable proper
alignment during micro-transfer printing. After cleaning of the target sample, a
thin adhesive layer of DVS-BCB (Cyclotene 3022-35), diluted with mesitylene to
a 1:5 volumetric ratio, is spincoated at 3000 rpm for 40 s and baked at 150°C for
10 min. Although a BCB layer degrades the thermal contact with the Si sub-
strate, it is generally required to tolerate some roughness at the GaAs coupon
backside. For future developments, the BCB thickness could be optimized to min-
imize the thermal penalty while ensuring a reliable bond. A stamp with a size of
1050 umx70 pum is used to pick-up and print three GaAs coupons with a size of
1020 pmx 65 um. A SEM image of a micro-transfer printed coupon is depicted in
Fig. 6.12. After micro-transfer printing and encapsulation removal, the adhesive
BCB layer is cured in vacuum at 280°C. Next, a thick BCB cladding (Cyclotene
3022-57) is spincoated for 40 s at 2000 rpm and cured at 280°C, yielding a film
thickness of approximately 8 um. The BCB is then etched back using RIE dry
etching (using O- and SFg) at a rate of approximately 340 nm/min until no BCB
remains on top of the p-contact layer. Fig. 6.13 depicts the measured profile across
the SOA before BCB spincoating, as well as during and after BCB etching. Prior
to the BCB deposition, the n-via’s and ridge waveguide can clearly be observed. In
a next step, contact lithography with TI 35E photoresist and image reversal is used
to open the p-contact layer. RIE dry etching is employed to etch the remaining
SigNy (using CF,4, SFg and Hj). After removing the photoresist, a second con-
tact lithography and etching step are performed to open the n-via’s. For this, an
AZ10XT photoresist is selected which, after development, is reflowed for 1 min
at 120°C to acquire sloped sidewalls. This helps to achieve proper metal coverage
across the large step height of the via’s. Finally, I um Au with a 40 nm Ti adhesion
layer is patterned using lift-off for electrical contacting. A microscope picture of
the resulting SOA is depicted in Fig. 6.14. The sample is afterwards diced near
the facets of the GaAs SOA’s so that the optical output can be coupled to a lensed
fiber. The measurement results are discussed in section 6.3.

6.2.3 Improving the metal-semiconductor contacts

As discussed in section 6.2.1 (Figures 6.3 and 6.4(c)), the measured metal-semi-
conductor contact resistances, both for the p- and n-layer, remain significantly
higher than typical values reported in the literature [23]. Based on feedback from
III-Lab (France) and the Ferdinand-Braun-Institut (Germany), the poor perfor-
mance of the contacts is primarily attributed to the following reasons.

Firstly, the p-contact layer thickness is relatively thin [33]. Depending on the
treatment used to remove the native oxide and prepare the surface for metallization,
some etching of the contact layer might occur. A contact layer thickness >150 nm
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Figure 6.13: Profile measurement of a micro-transfer printed GaAs coupon on a Si sub-
strate before BCB planarization and after the BCB blanket etch.

Figure 6.14: Microscope picture of a post-processed GaAs coupon before dicing of the
target sample.

is typically recommended. For the n-contact layer, a sufficiently thick layer is
especially important to reproducibly reach the n-contact layer without entering
adjacent layers. Fortunately, for edge-coupled SOA’s, the n-contact layer can be
chosen relatively thick, e.g. currently 500 nm.

Secondly, the p-doping level of 1e19 cm™? is rather low compared to typical
values reported in the literature [23, 33]. By increasing the doping level, the de-
pletion region at the metal-semiconductor interface becomes narrower, allowing
electrons to flow in both directions easily at any bias by tunneling through the
barrier [34].

Thirdly, as the n-contact layer currently contains Al, the slightest trace of oxide
linked to the Al will tend to push the contact towards Schottky rather than ohmic
behavior. For this reason, it is often preferred to use a GaAs n-contact instead.
Still, good ohmic contacts are also manufacturable using n-type AlGaAs layers,
for example by introducing a thin buffer GaAs contact layer. The buffer layer
prevents oxidation of Al and also helps to improve adhesion [26].
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Furthermore, if available, one can use RF pre-sputtering or an Argon ion gun
to sputter of any native oxide just prior to the metal deposition. Contacts prepared
with low-energy Argon bombardment typically exhibit improved conductivity as
compared to contacts that were solely pre-cleaned chemically [35]. Still, the use of
ion bombardment is a compromise solution as it introduces some radiation damage
in the disordered subsurface layer. As a result, vacancies, interstitials and defects
can be created which deteriorate the electrical performance [35]. Finally, one can
slightly increase the temperature of the RTA step, e.g. 430°C instead of 380°C, to
further bring down the contact resistivity.

Based on these findings, the epitaxy is modified as follows:

1. GaAs p-contact layer thickness: 50 nm — 200 nm
2. GaAs p-contact doping level: 1e19 cm™3 — 2.5¢19 cm—3

3. AlGaAs n-contact layer — GaAs n-contact layer

4. n-contact layer doping level: 2e18 cm™2 — 3e18 cm 3

These changes are also highlighted in Table 6.1. Using this optimized epitaxy,
a contact resistance R, = 2.8 2 and contact resistivity p. = 9.5 - 1076  em? are
achieved for the p-contact after RTA at 430°C (before annealing, R, = 31.8 2 and
pe = 2.8-1073 Q cm?). For the n-contact, R, = 2.1 Qand p. = 6 - 107> Q cm?
are achieved after RTA at 430°C (before annealing the n-contacts exhibited strong
Schottky behavior). These results confirm the significance of the epitaxial changes
to greatly improve the metal-semiconductor contact quality. It is expected that the
contact resistance can further be improved by including RF pre-sputtering or Ar
bombardment with an ion-gun prior to metallization. The optimized epitaxy has
been used for more recent GaAs processing efforts, including the recent demon-
stration of pre-processed etched-facet GaAs Fabry-Pérot lasers on silicon led by
Max Kiewiet [1].

6.3 Preliminary measurements

Figure 6.15 shows a picture of the diced sample (left) and the measurement setup
used to capture the optical output with a lensed fiber (right). DC contact probes and
a Keithley 2400 current source are used to bias the device, and some red light can
clearly be observed with the naked eye when the biasing current exceeds ~20 mA.
The measured voltage-current curve and differential resistance after RTA are de-
picted in Fig. 6.16. The differential resistance reaches 14.3 Q at 60 mA bias
current (corresponding with a current density of ~3 kA/cm?), which, as expected,
is relatively large compared to typical values reported in the literature [36]. The
measured amplified spontaneous emission (ASE) spectrum is visualized with an
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Red light

Figure 6.15: Microscope picture of the diced target sample with a post-processed GaAs
SOA (left) and the emitted ASE observed with the naked eye (right).

Anritsu MS9740A OSA, and is centered around 770 nm at a bias current of 45 mA,
as shown in Fig. 6.17 (left). Furthermore, the measured optical power in the fiber
as a function of bias current is depicted in Fig. 6.17 (right). The origin of the
limited output power is twofold. First of all, the high device resistance limits the
optical output power that can be attained. Secondly, the rough edge resulting from
dicing the sample likely blocks part of the emitted light that can be captured with
the lensed fiber. Both issues have been addressed in a following processing run, led
by Max Kiewiet, by using the new optimized epitaxial stack as well as by introduc-
ing a deeply etched trench at the facet of the SOA before dicing the sample. The
epitaxial changes led to a differential resistance 2x smaller than what is demon-
strated here. Moreover, Fabry-Pérot lasing has recently been achieved [1] by using
an SOA with a straight facet and improved metal coverage of the backside mirror.
Although an angled facet is essential for coupling to an extended Si3Ny cavity, it
obviously prevents Fabry-Pérot lasing of the standalone SOA.

6.4 Conclusion

In this chapter, we have demonstrated pre-processed and etched-facet micro-transfer
printed GaAs semiconductor optical amplifiers which serve as a key component to
build heterogeneous SizNy lasers for operation around 780 nm. The process flow
was covered in detail, and some changes to the epitaxial stack have been discussed
to improve the metal-semiconductor contact resistance, and correspondingly, the
device differential resistance. It is expected that continuous development of the
process flow will reveal some additional possible improvements to the epitaxy.
For example, it was recently observed that a slightly thicker buffer layer above the
sacrificial layer might be desirable to avoid penetration of HCI into the AlGaAs
layers above it during release etching.



MICRO-TRANSFER PRINTED GAAS SOA’S 6-19

3 . . : - T 100

)

>

Voltage (

Differential Resistance (2)

10 20 30 40 50 60
Bias current (mA)

Figure 6.16: V-I curve and differential resistance of the GaAs SOA.

_ € -30
> —Biasing off %
N —Biasing on =
[3) | | ()

o I | l ’ “ l é-SO
% ! ‘( “ | ' ‘\ ‘ <
5 "u‘ g

o -70
2 2
(@] —
« g
2

- - - - 2.-90

700 750 800 850 O o 20 40 60
Wavelength (nm) Bias current (mA)

Figure 6.17: Amplified spontaneous emission spectrum at 45 mA bias current (left) and
measured optical power in the fiber as a function of bias current.

A dummy sample was fabricated to test the SOA’s, and ASE around 770 nm
was observed. Building further on these results, GaAs Fabry-Pérot lasers on silicon
with 3 mW fiber-coupled output powers have recently been demonstrated by Max
Kiewiet based on the optimized (Al)GaAs epitaxy and the processing refinements
discussed in this chapter. A next step comprises a more extensive characterization
of the SOA’s (to estimate the amplifier gain, gain bandwidth, etc.) as well as
the design and fabrication of a SigNy cavity and a spot-size converter to build
tunable-, narrow-linewidth-, and mode-locked lasers on SizN, that operate around
780 nm. Some preliminary work about efficient coupling of light between a SizNy4
waveguide and a GaAs SOA is presented in [37]. It is expected that such lasers
will play a vital role to expand the current scope of heterogeneous SizNy photonics
and serve numerous applications in the (near-)visible spectrum.
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Conclusions and perspectives

Silicon nitride has emerged as an indispensable material to complement conven-
tional silicon photonic integrated circuits. Its relevance is underpinned not only
by the attainable ultra-low waveguide losses, but also by its high power-handling
capabilities and its wide transparency window, extending into the visible spectral
range. This combination of properties has made silicon nitride a promising mate-
rial for a wide range of applications, including but not limited to LiDAR, imag-
ing and (spectroscopic) sensing, and quantum photonics. Still, the silicon nitride
platform by itself is a purely passive platform (apart from thermo-optic tuning ca-
pabilities) and therefore relies critically on hybrid- or heterogeneous integration
methods to build active devices and unlock its full technological potential.

The primary objective of this PhD project was to extend the application scope
and corresponding functionalities of silicon nitride (SizN4) photonic integrated
platforms by heterogeneously integrating active devices and materials using micro-
transfer printing. Specifically, our objectives have been to

* Build advanced heterogeneous devices on silicon nitride at telecom wave-
lengths, namely mode-locked comb lasers to support emerging applications
such as portable dual-comb spectroscopic sensors.

* Develop a novel process flow, based on micro-transfer printing, to enable
heterogeneous laser integration on generic, commercial silicon nitride plat-
forms.
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* Develop micro-transfer printable photodetectors and semiconductor optical
amplifiers to expand the toolbox of silicon nitride for applications in the
(near-)visible spectral range.

These objectives have been addressed throughout this dissertation as follows.

7.1 On-chip mode-locked lasers and their prospects

In chapter 2, the first heterogeneous III-V-on-silicon-nitride passively mode-locked
laser was presented. Based on a custom SizNy-on-silicon-on-insulator platform
with a low-loss SizNy ring cavity and a micro-transfer printed InP amplifier with
saturable absorber, excellent noise performance was achieved with an optical line-
width below 200 kHz and a fundamental amplified spontaneous emission limited
radiofrequency linewidth of 1 Hz. Moreover, the low pulse repetition rate of
755 MHz is well suited to serve applications such as high-resolution dual-comb
spectroscopy.

For future work, the limited output power (currently 125 pW) and optical comb
span (currently 3.3 nm) can likely be improved by optimizing the mode confine-
ment in the III-V quantum wells, by spectral shaping of the gain, and by opti-
mizing the overall cavity dispersion, ideally using thick anomalously dispersive
SigN, waveguides. The latter approach was recently pursued in [1], and a signifi-
cantly wider comb spectrum (> 6.6 nm) was achieved. In addition, replacing the
quantum-well gain material with quantum dot material could further improve the
optical gain bandwidth and the mode-locked laser performance in general. To the
best of our knowledge, no quantum dot mode-locked lasers with an on-chip exter-
nal cavity have been demonstrated. Another promising direction for future work
is to combine other material platforms, such as GaSb, with an external cavity to
target the spectral region beyond 2 pum, uncovering the full capabilities of on-chip
spectroscopic sensing. Furthermore, the mode-locked laser design could be ex-
tended with a ring resonator- or MZI-based filter to effectively multiply the comb
line spacing without sacrificing the low-noise performance [2, 3]. The ability to in-
crease the repetition rate to ~20 GHz and beyond while keeping the excellent noise
properties would greatly expand the application scope of on-chip mode-locked
lasers, for example to serve as a multi-wavelength source for high-speed optical
links [4], to build hyperspectral dual-comb imaging or holography systems [5], or
to implement the critical clockwork in future miniature optical atomic clocks [6].
Alternatively, mode-locked lasers could be utilized to pump a nonlinear microres-
onator. Pulsed pumping enables the generation of bright soliton Kerr combs with
a high conversion efficiency, avoiding the complexity and typical limited spec-
tral bandwidth dark soliton combs bring with them [7, 8]. Such an approach has
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already been pursued using electro-optic pump combs, reaching a conversion effi-
ciency as high as 54% [7]. Still, several challenges remain to implement such an
approach with mode-locked lasers, particularly to match the pulse repetition rate
of the mode-locked laser to the free spectral range of the microresonator.

Chapter 3 complemented chapter 2 by introducing a novel hybrid modeling
concept to simulate mode-locked laser diodes with an extended cavity. As the
performance of such devices is currently largely unpredictable due to a lack of ap-
propriate modeling tools and a limited understanding of the mode-locking dynam-
ics, such a hybrid modeling approach could prove valuable to serve as a design
tool and enable parametric studies. The hybrid model combines the traveling-
wave modeling technique for the active semiconductor laser sections with a non-
linear Schrodinger equation, implemented using a split-step Fourier method, for
the extended passive waveguide cavity. This approach paves the way to include
a wide range of physical phenomena, such as the semiconductors physics of the
semiconductor optical amplifier and saturable absorber, as well as the dispersive
and nonlinear properties of the extended passive laser cavity, while simultane-
ously limiting the model’s computational workload. The hybrid modeling concept
was recently generalized to extend its application scope, and combined with the
PHIsim open-source simulation package, developed at Eindhoven University of
Technology [9, 10]. Still, further development is needed to enhance the model’s
accessibility by building a material or component library, and to include other rel-
evant physical phenomena, for example thermal effects. In addition, extensive
experimental validation of the model remains essential to eliminate any remaining
bugs and proof the model’s physical accuracy.

7.2 Building lasers on generic commercial platforms

In chapter 4, a novel integration methodology was presented to enable hetero-
geneous laser integration on generic, commercial SigNy platforms, or other low-
index integrated photonic platforms such as thin-film lithium niobate, with a high
yield. Although a multi-layer SizNy4-on-silicon-on-insulator platform, as used
in chapter 2, can provide excellent performance, such a custom platform is cur-
rently expensive and not (yet) readily available from most commercial foundries.
It is therefore invaluable to have an alternative process methodology available
that is compatible with current offerings of commercial silicon nitride (or thin-
film lithium niobate) foundries. Furthermore, the presented approach overcomes
some of the drawbacks of a hydrogenated amorphous silicon intermediate coupling
layer. The novel integration methodology consists of two micro-transfer printing
steps. In a first step, a thin film of crystalline silicon is micro-transfer printed on
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the silicon nitride or thin-film lithium niobate waveguide to serve as an interme-
diate coupling layer. The coupling layer is essential to efficiently bridge the large
refractive index difference between the SigNy or thin-film lithium niobate waveg-
uide and the III-V gain waveguide. The crystalline Si coupon can be patterned
before or after micro-transfer printing. Once the Si layer is patterned, the III-V
amplifier is integrated with a second micro-transfer printing step. Two different
approaches were presented to create crystalline silicon coupons for micro-transfer
printing, either through vapor-phase release etching or through a liquid release
etch with a photoresist encapsulation. Although the latter requires more process-
ing steps, the coupons benefit from a consistently low surface roughness and do
not suffer from residual particles, in contrast to vapor-phase etching experiments.
A number of transmission measurements were carried out on patterned Si coupons
to demonstrate low attainable propagation losses, currently 0.8 dB/taper and ex-
cess waveguide losses of 7.5 dB/cm (for a 2 pm wide, 400 nm thick fully etched
Si waveguide). Importantly, these measurements confirm that the micro-transfer
printed silicon waveguides exhibit losses comparable to standard SOI waveguides.
Furthermore, the potential of this integration methodology was exemplified with
an overview of demonstrated devices, including heterogeneous lasers on SizNy4
and thin-film lithium niobate, as well as an on-chip electro-optic comb generator
with a heterogeneously integrated pump laser. It is expected that several other
heterogeneous devices will soon extend this list.

For future work, the simultaneous transfer of multiple silicon coupons using ar-
ray stamps still needs to be demonstrated. Such a demonstration would proof the
compatibility with high-volume manufacturing. In addition, it is desirable to fur-
ther optimize the losses of the silicon coupling layer (to minimize the total cavity
losses of the lasers) by optimizing the e-beam lithography and etching processes.
Furthermore, besides heterogeneous laser integration, other applications are en-
visioned to benefit from micro-transfer printable crystalline silicon as well. One
example is a patterned Si waveguide on SizNy to absorb the pump background for
entangled photon pair generation through spontaneous parametric down conver-
sion.

7.3 Moving towards the visible spectrum

In chapters 5 and 6, the focus was shifted from telecom wavelengths to wave-
lengths below 850 nm. As several applications operate with light in the visible
or near-visible spectral range, it is essential to develop the necessary active com-
ponents for this wavelength range and conveniently integrate them on the silicon
nitride platform, for example using micro-transfer printing.

In chapter 5, micro-transfer printed silicon photodiodes on silicon nitride were
demonstrated. These devices feature competitive performance with a low dark
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current of 107 pA at 3 V reverse bias, external quantum efficiencies close to 30%
at 775 nm and 800 nm, and a 3-dB bandwidth of 6 GHz. Moreover, avalanche
gain multiplication was demonstrated with a gain-bandwidth product of 68 GHz,
serving applications which require high receiver sensitivities. It is expected that
the performance can further be improved by optimizing the optical coupling be-
tween the silicon nitride waveguide and the silicon photodiode. Furthermore, it
was shown in [11] that the doping profile plays a significant role for avalanche op-
eration. Hence, it is expected that careful optimization of the doping profile along
with an optimized device geometry, could greatly enhance the gain-bandwidth
product of the presented device. Eventually, this could possibly enable stable,
low-noise Geiger-mode operation for single-photon detection in integrated quan-
tum photonics applications [11].

In chapter 6, micro-transfer printable GaAs semiconductor optical amplifiers
(SOA’s) were presented as a first step towards heterogeneous lasers on silicon ni-
tride for operation around 780 nm. In contrast to the heterogeneous lasers from
chapters 2 and 4 where evanescent coupling was used, the GaAs SOA’s are op-
timized for edge-coupling, hereby benefitting from a reduced thermal impedance
and omitting the need for an intermediate coupling layer. A preliminary dummy
sample was fabricated with micro-transfer printed GaAs SOA’s and amplified spon-
taneous emission around 770 nm was observed. Building further on these results,
GaAs Fabry-Pérot lasers on silicon with 3 mW fiber-coupled output powers were
recently demonstrated by Max Kiewiet and coworkers, based on the optimized
(Al)GaAs epitaxy and the processing refinements discussed in chapter 6 [12]. A
next step comprises the design and fabrication of a silicon nitride external cavity
and a spot-size converter to build tunable-, narrow-linewidth-, and mode-locked
lasers on silicon nitride that operate around 780 nm. Some preliminary work on
efficient coupling of light between a silicon nitride waveguide and a GaAs SOA
has been presented in [13].

Recent research efforts have also focused on developing micro-transfer print-
able GaN-based light sources. This development enables the generation of light
at wavelengths ranging from 450 nm to 650 nm, complementing the wavelength
range covered by GaAs-based light sources. [14].

Given current developments, it is expected that optical detection and analysis
systems in the (near-)visible spectrum will soon benefit from a myriad of active
components on silicon nitride. As life science institutions have embraced the op-
portunities to miniaturize their optical instruments and sensors, it will only be a
matter of time for diagnostic and therapeutic procedures to become vastly more
efficient and cost-effective [15]. Optical coherence tomography systems for exam-
ple, could be implemented on a photonic chip to achieve a tremendous reduction
in size and cost, expanding the technological potential in medical diagnostics and
industrial monitoring. Furthermore, fully integrated microfluidic lab-on-a-chip de-
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vices could be build to target, for example, flow cytometry, facilitating cell therapy
cancer treatments and biopharmaceutical developments [15, 16]. At the same time,
more fundamental applications are envisioned to benefit from silicon nitride’s ex-
tending portfolio. Precise control of atoms with visible-wavelength lasers could
help advance quantum computing research, while probing the two-photon transi-
tion in Rubidium aids the development of compact optical atomic clocks, serving
the vision to revolutionize timekeeping and global navigation.

7.4 The future of micro-transfer printing

Overall, micro-transfer printing has proven to be a powerful integration technique
to extend the functionalities of silicon nitride photonic integrated circuits, and inte-
grated photonic platforms in general. Importantly, micro-transfer printing benefits
from unparalleled versatility: devices or materials can be integrated at an early
stage in the fabrication process to benefit from wafer-scale manufacturing, simi-
lar to (die-to-) wafer bonding, or pre-processed devices can be integrated at the
back-end-of-line, similar to flip-chip integration. For the case of silicon and sil-
icon nitride wafers that are manufactured in CMOS fabs, the latter approach is
essential to integrate CMOS-incompatible materials such as lithium niobate or III-
V semiconductors because it minimizes the number of post-processing steps and
hence the required number of dedicated processing tools. Another important ad-
vantage is the ability to integrate different materials and devices on the same PIC
to implement diverse functionalities, resembling the original vision of integrated
optics [17].

A variety of materials and components have already been integrated using
micro-transfer printing, including semiconductor optical amplifiers, photodetectors,
electro-optic modulators [18] and nonlinear materials [19]. Various other impor-
tant components are currently under development to extend this list, including
Ce:YIG magneto-optic materials for optical isolators, periodically poled lithium
niobate for nonlinear optics, and BICMOS electronic chiplets [20]. Furthermore,
solid-state gain materials could be heterogeneously integrated using micro-transfer
printing to build on-chip lasers that outperform their III-V-semiconductor-based
counterparts. In contrast to semiconductor lasers, solid-state lasers exhibit a near-
zero linewidth enhancement factor and can therefore offer ultra-narrow-linewidth
lasing. Recently, a GaN-diode-pumped Ti:Sapphire laser was demonstrated on a
silicon nitride PIC [21]. The Ti:Sapphire crystal was integrated using bonding,
although a similar result can likely be achieved with micro-transfer printing. With
Ti:Sapphhire’s extremely wide emission spectra ranging from 650 nm to 1100 nm,
narrow-linewidth tunable lasers with tuning ranges up to ~400 nm could be de-
veloped on-chip. Furthermore, the broad gain spectrum enables the generation of
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ultrashort femtosecond mode-locked pulses, possibly revolutionizing the field of
on-chip optical comb generation.

While micro-transfer printing has matured considerably in recent years, some
challenges remain before widespread commercial adoption can commence. Scal-
ing up the technology to 200 mm and 300 mm wafers is still under develop-
ment [20]. In addition, further improvement of device performance, particularly in
terms of laser wall plug efficiency and thermal management, is desirable. Finally,
extensive studies are needed to evaluate the yield and reliability of micro-transfer
printed devices [20]. Provided that these challenges are appropriately addressed,
micro-transfer printing holds great promise to become a key technology for next
generation silicon and silicon nitride photonic integrated circuits.
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Thermal performance of
micro-transfer printed lasers

In this appendix, the thermal performance of micro-transfer printed semiconductor
optical amplifiers is studied with simulations using Lumerical’s HEAT package.
The III-V-Si-SizNy4 photonic platform is compared to the III-V-on-SOI platform,
and approaches are presented to reduce the thermal impedance. Finally, some
guidelines are provided for future experimental investigations.

A.1 Introduction

Heterogeneous integration using micro-transfer printing on silicon (nitride) pho-
tonic platforms is a promising route for manufacturing high-performance inte-
grated laser sources in high volumes at a low cost. However, such devices typi-
cally suffer from poor thermal performance owing to the low thermal conductivity
of the buried oxide layer. This oxide layer is required to ensure sufficient vertical
confinement and avoid optical leakage to the silicon substrate. This suboptimal
thermal management results in a lower laser efficiency, reduced output power, and
poor laser performance, particularly at elevated temperatures or for high electrical
injection currents. In order to study the thermal behavior of these devices and to
evaluate possible approaches to improve thermal performance, a two-dimensional
finite element solver is used (Lumerical HEAT [1]) to simulate a standalone SOA.
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A.2 Simulations

To calculate the steady-state temperature profile of the device, the Fourier equation
is solved in a cross-section of the SOA [2]:

q=—kVT, (A.1)

where q is the local heat flux density (W/m?), k is the thermal conductivity of
the material (W/m-K) and VT is the temparuture gradient (K/m). Furthermore, q
satisfies V - q = 0 outside the heat source and V - q = () inside the heat source,
with Q the generated heat per unit volume (W/m?). Alongside the aforementioned
equations, appropriate boundary conditions are included: a Dirichlet condition of
constant temperature at the bottom of the silicon substrate (here fixed to 295 K),
and a Neumann condition at the edges of the simulation region (‘3—3: = 0, with n
the surface normal direction). Furthermore, thermal conduction and convection are
considered while radiative heat transfer is neglected. To simplify the simulation,
it is assumed that the total electrical power is dissipated in the MQW layers. In
reality, heat generation is more distributed as it originates from both Joule heating
associated to the resistance of the device and by non-radiative processes such as
Auger recombination and free carrier absorption which generate heat mainly in the
active region and in the adjacent p-cladding layer [3, 4]. Nevertheless, the current
approximation can offer valuable insight and has therefore been used extensively
in other reports [5-7].

Material Thermal conductivity (W/m-K)  Reference

Silicon 148 Lumerical

SigNy 18.5 Lumerical

SiO9 1.38 Lumerical

DVS-BCB 0.29 [8]

InP 68 Lumerical

InGaAs 1.4 Lumerical
Ing.53(Alg.0Gagp.1)0.47As, transition layer 14.39 [7,9]
In0A53(A10_7Ga0‘3)0‘47AS, SCH layer 11 [7, 9]
Ing.7(Alp.25Gao.75)0.3As, QW layer 771 [7,9]
In()A49(A10,45Ga0‘55)0,51AS, barrier layer 8.17 [7, 9]

MQW average 8

Au 316 Lumerical

Ti 22 [10]

Table A.1: Thermal conductivities of the materials used in the simulations.

Table A.1 lists the thermal conductivities of the various materials used in the
simulations. The thermal conductivities of the quaternary III-V materials were
calculated using interpolation formulas based on the binary III-V compounds [7,
9]. Furthermore, the quantum well and barrier layers were combined in a single
MQW layer with a thermal conductivity based on a weighed average. It is apparent
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that silicon benefits from a much higher thermal conductivity compared to the
other non-metallic solids because phonons can move efficiently through the silicon
crystal lattice. Besides phonon-mediated heat transport, also displacements of free
electrons can contribute to the overall thermal conductivity of the solid [2].

In order to avoid the influence of the boundary conditions and to be able to
include the final metal layer of the SOA (used to bias the device), a wide simulation
region of 400 pm is chosen. The thickness of the silicon substrate is set to 3 pm,
and a metal heatsink with a fixed temperature (295 K) is placed below the silicon
substrate. Due to the high thermal conductivity of silicon, the substrate thickness
is not critical and it was confirmed that increasing it does not yield a discernible
difference.

The SOA under consideration has a length of approximateley 1.4 mm and a
60 nm DVS-BCB adhesive layer is assumed for micro-transfer printing. The cross-
sectional dimensions and details of the epitaxial stack are provided in [11]. The
dissipated electrical power in the MQW layer is set to 300 mW, similar to the
power levels reported in [11]. Furthermore, to validate the accuracy of the pre-
sented simulations, the current model was compared to the results reported in [7]
where COMSOL was used. For the same dissipated power levels, a similar tem-
perature profile (difference < 1.3 K') was obtained.

2D simulation region

Monitor,
E:’;/
IS
Ii [ Si substrate VS

~

b Metal contacts
(b) d " : ;
T 2D simulation region

Monitor

Max. temperature: 311 K

Metal contacts

[Lum

[ NS
295 Temperature (K) 325

Figure A.1: Thermal simulations of an InP SOA micro-transfer printed on top of a stan-
dard 400 nm SOI stack. For the simulations, 300 mW of power is dissipated in the MQW
region. Left: temperature profile with the device cross-section. Right: position of the 2D
simulation region and thermal monitor. (a), (b) Thermal simulation respectively without
and with a 1 pm thick Au layer, in correspondence with practical devices.
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A.2.1 Thermal performance of the III-V-SOI platform

Figure A.1(a) depicts the temperature profile together with an overlay of the mate-
rial stack for the InP SOA on a patterned SOI wafer (assuming a 400 nm thick Si
device layer). The considered simulation region as well as the monitor position are
highlighted on the right of Fig. A.1(a). From the maximum temperature elevation
of AT=26 K, one can calculate the thermal impedance of the device as:

Tmaw — T
Zr = TO’ (A2)

where T},q, — Tp is the maximal temperature elevation with respect to the
substrate temperature, and P represents the dissipated power in the MQW layer.
It is assumed that the optical output power is negligible compared to the injected
electrical power. For lasers with a high wall-plug efficiency, the dissipated power P
should be calculated as the difference of the electrical power and the optical output
power. For the case of Fig. A.1(a), one obtains Zp = 86.7 K/W.

Fig. A.1(b) shows the temperature profile when a 1 um thick Au metal layer,
used for biasing the device, is included. The layout of the metal contact layer,
shown on the right of Fig. A.1(b), corresponds with the layout used in practical
devices. Typically, a thin (40 nm) Ti layer is used for enhanced adhesion of the
Au layer. However, it was observed that such a thin Ti layer has a negligible
effect on the thermal behavior of the device, and for simplicity it was therefore
omitted in the simulations. When the metal contact layer is included, the maximum
elevated temperature is greatly reduced due to a heat spreading effect, resulting in
a AT=16 K and a thermal impedance of Zr = 53.3 K/W.

A.2.2 Thermal performance of the III-V-Si-Si;N, platform

The thermal performance of micro-transfer printed SOA’s on a SigN, PIC are
shown in Fig. A.2. Fig. A.2(a) depicts the temperature profile and device stack
when the metal contact layer is omitted. The maximum temperature elevation is
AT=34 K, a 31% increase compared to the SOI platform (Fig. A.l(a)), result-
ing in a high thermal impedance of Zr = 113.3 K/W. This increased thermal
impedance is mainly attributed to the thicker BOX layer compared to the SOI
platform. Again, including the metal contact layer greatly reduces the maximum
temperature, resulting in AT=21 K and a thermal impedance of Zp = 70 K/W.
For practical measurements in a lab environment, DC probes are used to bias
the SOA. As these probes are made of metal and hence exhibit a high thermal
conductivity, the thermal impedance of the biased device is expected to decrease.
To quantify this effect, a thermal simulation was conducted with two probes, which
were simplified as two bars of Au with an arbitrary 30 um x30 um square profile.
The bars are assumed to be 0.2 mm long and are connected to a large metal chuck
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Figure A.2: Thermal simulations of an InP SOA micro-transfer printed on top of a SizNy
PIC which includes a 4 pm BOX layer, an 800 nm thick SizN4 waveguide, and a 400 nm
intermediate crystalline silicon layer. For the simulations, 300 mW of power is dissipated in
the MQW region. Left: temperature profile with the device cross-section. Right: position
of the 2D simulation region and thermal monitor. (a), (b) Thermal simulation respectively
without and with a 1 um thick Au layer, in correspondence with practical devices. (c)
Thermal simulation (b) with the addition of contact probes.

which serves as a simple heatsink. From Fig. A.2(c), it can be seen that the
maximal temperature is reduced by 2 K, resulting in a thermal impedance Zr =
63.3 K /W compared to Zp = 70 K/W for the case without the presence of the
probes. Hence, although the effect is noticeable, the simulations indicate it does
not play a significant role. This is attributed to the large distance between the
probes and the SOA: in the simulation the p-contact probe, which is the dominant
heat sinking probe, is 43 pm away from the center of the SOA. When the probes
are positioned at the edges of the coupon, only 20 um away from the center of the
SOA, the temperature elevation further decreases by 1.4 K, leading to a thermal
impedance of Zp = 58.7 K/W. In reality, heat transport through the contact
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probes is also influenced by e.g. the Peltier effect, which relates the heating or
cooling effect that occurs at the junction of two different types of materials when
an electric current passes through. In principle, this effect amongst others can be
included using a more rigorous thermoelectric simulation.

The thermal impedance of the SOA (corresponding with the device depicted in
Fig. A.2(b)) as a function of the thickness of the metal contact layer is depicted in
Fig. A.3(a). It can be seen that the thermal impedance initially decreases rapidly
with increasing metal thickness, and than flattens beyond ~1 pum. In case a thick
metal layer is desired, one could use electroplating to achieve metal thicknesses
beyond what is typically attainable using sputtering- or evaporation-based depo-
sition techniques. Besides the metal thickness, the cooling capabilities are also
affected by the area of the metal through convection to air. However, for appli-
cations where many SOA’s are densely integrated on a PIC, the available area to
realize heatspreaders might be limited. The sensitivity of the thermal impedance
to the BOX layer thickness is shown in Fig. A.3(b). As expected, the thermal
impedance increases monotonically as the BOX layer becomes thicker. Unfortu-
nately, the BOX layer thickness is rarely an available design parameter. Moreover,
it cannot be reduced substantially as sufficient optical confinement needs to be
assured.
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Figure A.3: Thermal impedance as a function of the metal contact layer thickness (left)
and the BOX thickness (right) for an InP SOA micro-transfer printed on top of a SizsN4 PIC.

A.2.3 Approaches to reduce the thermal impedance

To overcome the poor thermal contact with the silicon substrate, thermal vias (or
shunts) can be introduced. In this case, typically either a metal layer is connected to
the silicon substrate by etching a via through the BOX layer, or the etched thermal
vias are backfilled with a high thermal conductivity material [12]. Previous reports
have successfully demonstrated poly-Si thermal shunts [12] and metal shunts [13]
to mitigate the thermal barrier imposed by the burried oxide layer, reducing the
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thermal impedance respectively by ~25% and ~60%. In the case of metallic ther-
mal vias, a thin oxide layer can be required to prevent a parasitic parallel current
path [14].

C)]
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Figure A.4: Thermal simulations of an InP SOA micro-transfer printed on top of a SizNy
PIC which includes a 4 ym BOX layer, an 800 nm thick SizN4 waveguide, and a 400 nm
intermediate crystalline silicon layer. For the simulations, 300 mW of power is dissipated in
the MQW region. (a) Thermal simulation with a single thermal via. The sides and bottom
of the via are covered with 1.5 pm Au and connected to the p-metal contact layer. To avoid
a parasitic leakage currents, 100 nm of SiO; is left above the silicon substrate. (b) Thermal
simulation with 5 thermal vias.

Figure A.4(a) depicts the layout and temperature profile of the InP SOA on the
I1-V-Si-SigNy platform (corresponding with Fig. A.2(b)) when a single thermal
via is introduced. The thermal via is 20 pym wide and located 23 ym away from
the center of the SOA (which has a width of 45 pm). It is assumed that the via is
coated with 1.5 um Au and connected to the p-contact metal layer used for biasing.
To avoid any parasitic leakage current, 100 nm of oxide is left in between the Si
substrate and the bottom of the via. However, in [13] such an insulating layer was
omitted. It can be seen that the thermal shunt reduces the maximum temperature
elevation significantly: AT=14 K compared to AT=21 K for the case without the
thermal via. The resulting thermal impedance is Zp = 46.7 K/W, a reduction
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of 33%. When additional thermal vias are introduced, which are all connected to
the p-metal layer, the thermal impedance remains approximately unchanged. This
can be expected from the temperature profile: the thermal via closest to the SOA
dominates the thermal impedance and any additional thermal shunt further away
barely contributes to the heatsinking capabilities. Still, for practical devices it
might be worthwhile to include multiple thermal vias to ensure some redundancy.

To further reduce the thermal impedance, one could also introduce a thermal
shunt connected to the n-contact layer, as demonstrated in [13]. However, sim-
ulations indicate that for the SOA under consideration, Z7 remains unchanged
as the thermal n-via is further away (45 um) from the SOA. This is necessary to
avoid possible shorting of the p- and n-contacts during the final metallization step.
Moreover, heat is more effectively transported through the p-InP layers due to the
limited thickness (200 nm) of the n-InP layer that is required for evanescently
coupled SOA’s. For the presented device, the p-doped side hence dominates the
overall thermal performance.

Metal contacts (1 um) 2D simulation region
_~InGaAs

Monitor,

Max. temperature: 300
[Lum Si substrate

Metal contacts

295 Temperature (K) 310

Figure A.5: Thermal simulations of the same InP SOA from Figures A.1,A.2,A.4, micro-
transfer printed directly on the Si substrate with a 60 nm DVS-BCB layer in between. Left:
temperature profile with the device cross-section. Right: position of the 2D simulation
region and thermal monitor.

Besides thermal shunts, another possibility to improve the thermal perfor-
mance is to either integrate the SOA upside down on a metal submount in con-
tact with the Si substrate, achieving optical coupling through a grating [15, 16], or
by integrating the SOA directly on the Si substrate and than edge coupling to the
waveguide [17]. The latter approach was also discussed in Chapter 6 for micro-
transfer printed GaAs SOA’s. In this case, no BOX layer remains in between the
SOA and the Si substrate, yielding a greatly enhanced thermal impedance. Such
an approach is shown in Fig. A.5 where the same SOA from previous simula-
tions (figures A.1, A.2, A.4) has been positioned directly on the Si substrate with
a 60 nm DVS-BCB adhesive in between. The maximal temperature elevation is in
this case only AT=5 K, resulting in a low thermal impedance of Zr = 16.7 K/W,
more than 2x smaller than what was achieved using thermal shunts. Note that in
practice, the SOA stack for edge-coupled SOA’s differs from evanescently coupled
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SOA’s: the n-cladding layer is typically much thicker to ensure that the optical
mode is well confined in the SOA and positioned at the correct height to enable
efficient edge coupling to the neighboring waveguide. Still, compared to thermal
shunts, direct thermal contact with the Si substrate seems preferred to achieve the
best thermal performance of micro-transfer printed SOA’s, possibly at the expense
of a slightly higher coupling loss.

It is important to realize that the overall thermal performance of the device
greatly depends on the packaging conditions. Furthermore, for practical devices
the bottom surface of the Si substrate can not always be considered as an ideal
isothermal heatsink, especially when the PIC is not mounted on a temperature-
controlled chuck. It is important to keep these limitations in mind when comparing
the aforementioned simulation results.

Finally, thermal management could also be implemented on the package level,
for example by mounting a heat spreader to the laser diode, either connected to a
thermoelectric cooler element [18] or directly connected to a forced air convection
heat sink [19]. In [20], it was found that for flip-chip InP-Si DFB lasers, the best
thermal performance could be obtained by directly mounting a heat sink on top of
the laser surface. A more detailed analysis can be found in [20].

A.3 Measurement guidelines

The thermal performance of micro-transfer printed lasers can also be investigated
experimentally. For example, one could quantify self-heating by measuring the
peak optical output power of a laser diode as a function of the duty cycle of a
square wave current pulse applied to the diode, as elaborated in [14]. Alterna-
tively, one can measure the thermal impedance directly using a combination of
two measurements [21]. In a first measurement, the shift in lasing wavelength as a
function of the temperature of the stage (on which the device is mounted), 9\/9T,
is measured. This experiment is best performed pulsed to ensure there is minimal
device heating so that the temperature of the active region is close to the chosen
temperature of the stage. In a second measurement which is performed in CW, the
wavelength shift is measured as a function of the applied electrical power to obtain
OA/OP. The thermal impedance is than given by [20, 21]:

OX] T [ oA
z= 5% |5 A3)

This approach was first carried out for standalone micro-transfer printed SOA’s
on a SOI platform in order to compare the thermal performance with and without
thermal vias. In this case, the shift of the amplified spontaneous emission (ASE)
spectrum is measured. Unfortunately, as the ASE spectrum not only shifts but also
changes shape due to self heating and carrier injection, accurate quantification of
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OA/OT and OA/OP is infeasible. Hence, a simple Fabry-Pérot multimode laser
with a sufficiently large mode spacing (to make sure the modes are distinguish-
able) [21], a DFB laser [20], or a ring laser [13] are more appropriate to prop-
erly quantify the thermal impedance. An extensive experimental thermal study for
flip-chip InP-Si DFB lasers was presented in [20]. In a similar fashion, a sim-
ple micro-transfer printed laser on silicon nitride could be used in future work to
experimentally validate the simulation results discussed in this appendix.
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Optical pulse propagation in dispersive
nonlinear waveguides

This appendix provides a mathematical description of optical pulses traveling through
a dispersive and nonlinear waveguide. First the nonlinear wave equation is derived
from Maxwell’s equations and the concept of nonlinear polarization is introduced.
Afterwards, the nonlinear Schrodinger equation is derived which serves as a basic
equation to describe propagation of optical pulses in single-mode waveguides.

B.1 Nonlinear Wave Equation

For a linear material, the induced electric polarization is related to the electric field
E by the following relation

ot

PL(r1) = €0 / Nt —t) - E(r,¢')dt, B.1)

— 00

where ¢ is the vacuum permittivity and x(!) represents the linear susceptibility in
the time domain. In the frequency domain one can write

Py (r,w) = eox'V (w)E(r,w) (B.2)

However, in practice the polarization is not perfectly linear with the electric
field, and the polarization can be written as the sum of a linear and a nonlinear
term (neglecting any static field-independend polarization term)
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P(r,t) = PL(r,t) + PyL(r, ) (B.3)

where the nonlinear polarization is much smaller than the linear polarization
term, and can hence be treated perturbatively with regard to P;. The nonlinear

part Pz in principle entails all polarization terms P%)L proportional to E? with
1 > 1. In the most general case, the nonlinear polarization PE\?L can be expressed

as

) 0o oo 00 oo
Pg\ll)L (l'7 t) = 60/ dtl.../ dti/ dl’l.../ dl‘i
—o0 —o0 —oo —o0

T(l) (I’, t, ry, tl..., r;, ti)\E(rl, tl)...E(I'i, tl‘), (B4)

where T( is a measure for the contribution of the electrical fields to the i-th
order polarization, and the | operator comprises the summation of all the weighted
contributions of the electric field components, as elaborated in [1]. Fortunately,
several approximations can be made to simplify the expression for the nonlinear
polarization terms. For example, one can typically assume that the response to
the electric field is local, an approximation which is denoted as the electric dipole
approximation. A rigorous mathematical treatment can be found in [1].

With the expression B.3 for the electric polariation, one can derive the nonlin-
ear wave equation which can be used to describe the propagation of optical fields
through nonlinear optical media. Starting from Maxwell’s equations, assuming a
nonmagnetic material

OB
E=—— B.5
V x 5 (B.5)
oD
H= - B.6
V x J+ T (B.6)
V:-D=p B.7)
V-B=0 (B.8)
and the constitutive relations
B = yoH (B.9)
D=¢E-+P (B.10)

where E and H are the electric and the magnetic field vectors, D and B are the
corresponding electric and magnetic flux densities, J is the current density, p is
the charge density, and p is the vacuum permeability. Taking the curl of equation

B.5, one gets

VXVXE:fVXaa—I: (B.11)
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One can rewrite equation B.11 as

OH
V(V-E) - V?E = — 1oV x 5 (B.12)

By assuming there are no free charges, hence p = 0 and J = 0, one obtains

1 6°E o°P

2o Mop

Furthermore, assuming an isotropic medium with a spatially independent per-
mittivity e one obtains

(B.13)

1 0’°E O°P
2
E=—-—— —_— B.14
VE=G%92 Thoe ®.19
where the relation V - D = V - €E = ¢V - E = 0 was used. Fourier transfor-
mation of this equation yields

2

V2E(r,w) = %E(r,w) — How?P(r,w), (B.15)

Using n? = 1 + x( for the linear refractive index, one finally obtains

*TLQ(.OQ

V2E(r,w) = E(r,w) — pow?Pyr(r,w), (B.16)

2
B.2 Extended Nonlinear Schrodinger Equation

When short optical pulses (typically assuming a pulse duration between 10 fs and
10 ns [2]) travel in a waveguide, both the dispersion and nonlinearity can greatly
influence the pulse shape and spectrum. For this reason, it’s useful to acquire a
basic equation that governs the evolution of the propagating pulse. To enable a
straightforward analytical treatment, several simplifying assumptions are made.
Firstly, it is assumed that the propagating field maintains its polarization, an ap-
proximation that works quite well in practice [2]. Secondly, the pulse spectral
width Awy is assumed to be much smaller than the center frequency wy so that the
field can be considered as quasi-monochromatic. This assumption is justified for
pulse widths down to approximately 100 fs [2]. Furthermore, to adopt the slowly
varying envelope approximation, it is convenient to split the electric field into its
slowly varying amplitude and its rapidly varying phase term. Similar expressions
can be written for the (non)linear part of the polarization

E(r,t) = %f( [E(r.t) exp(jwot) + c.c.] (B.17)

Here, X is the unit vector along the direction of polarization and E(r,t) is the
slowly varying amplitude. “c.c.”” refers to “complex conjugate”. Furthermore, the
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waveguide medium is assumed to have a centrosymmetric crystal structure (which
is valid for most common integrated photonic waveguide platforms such as silicon
(nitride)-on-insulator), meaning that the second order nonlinar polarization term
is zero. This can easily be understood from the fact that due to the symmetry,
if an opposite electric field is applied, the nonlinear polarization also needs to
be opposite. However, due to the square dependence on the electric field, it is
clear that PE\Q,)L(t) = —Pg\?)L(t) and the second order nonlinearity hence vanishes.
Neglecting higher-order nonlinear terms one can therefore restrict the considered
nonlinearity to the third-order contribution Pg{;)L Assuming the nonlinear response
is instantaneous and local, one can write [2]

P (r,t) = eox® |E(r, t)E(r, t)E(r, 1) (B.18)

Assuming an instantaneous response means contributions of molecular vibra-
tions to the third-order nonlinearity are neglected (i.e. the Raman response). This
is a reasonable approximation for pulsewidths exceeding 1 ps [2]. To enable treat-
ment of shorter optical pulses, the Raman contribution is incorporated separately
at a later stage. Combining equations B.17 and B.18, one finds

3
Py (1) = 60 X OB, )P B (r, 1) (B.19)

To ease further mathematical treatment, it’s convenient to transition to the fre-
quency domain. However, given the intensity dependent nature of the third-order
nonlinearity, this is generally not feasible. Fortunately, under the slowly varying
envelope approximation and given that the nonlinearity is treated perturbatively,
one can approximate ey, = 3y |E(r,t)[?
of the amplitude of the electric field, centered around wy, than satisfies the wave
equation

as a constant. The Fourier transform

V2E + e(W)kiE=0 (B.20)

where kg = w/c and
E(r, w—wp) = / E(r,t)exp [—j(w — wp)t] dt (B.21)
ew) =1+ xY(w) +eng (B.22)

By using the method of separation of variables, one can write the electric field
component E as the product of a slowly varying peak amplitude, a modal distri-
bution and a phase factor. The modal distribution F'(x,y) is normalized such that

ffj;f |F(z,y)|*dedy = 1.

E(r, w — wp) = F(z,y)A(z, w — wo) exp(—3jBoz) (B.23)
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where A(z, w — wp) is a slowly varying function of the propagation distance
z, and [y is the wave number. One can now substitute equation B.23 into the wave
equation B.20

~ o2 -
Vin(SC,y)A(Z, wfw()) eXP(*JﬂO*’«')*@ [F(zvy)A(Za W — wO) eXP(*]ﬂOZ)]

+ (W) F (2, y)A(z, w — wo)exp(—jfoz) =0 (B.24)

Which can be rewritten as

Ty [Vea @y + @k F.y)] =
1 o2

Az, w — wo) exp(—jfoz) 022 [A(z, w —wo)exp(—jfoz)] (B.25)

Using 32 as a separation constant, one obtains two equations for F(x,y) and
A(z, w— wp)

V2, F— (B —ek)F=0 (B.26)
DA - .
2jfog- = (B* = B5)A=0 (B.27)

2 X . .
where the gZ‘;‘ exp(—jBoz) term was neglected in the second equation under

the slowly varying envelope approximation. Using a perturbative expression for
the propagation constant S(w) = B(w) + AB where AS is given by [2]

[ [T F (2, y)2dady

and approximating 3% — 82 ~ 26, (8(w) + AB — o) one can write the slowly
varying amplitude equation as

AB =

(B.28)

O = 1B + A8~ fo) A (8.29)

At this point, it is useful to express the propagation constant 3(w) as a Taylor

expansion S(w) = By + f1(w — wo) + %(w — wp)? + .... Higher order terms

can be neglected as long as Aw << wy and when S5 is not close to zero. The

coefficients 31, B2 and (s are respectively the inverse of the group velocity v,

the group velocity dispersion (GVD), and the third-order dispersion parameter.
Inserting the expansion for (w) up to third-order, one obtains
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oA i
O =i A + 2w+ B —wo + 88| A ®30)

approximating A as constant, in the time domain this translates translates to

0A ﬁg 0?A  p30%A
5 = 51 I3 o + G 98 iABA (B.31)
Rewriting Af yields

ko [ [720 AR|F (2, y)|*dady

AB = < (B.32)
[ [T F (2, ) 2dady

ko J JU2 (Mol E)? — )| F(x, y)Pdady (B33)

[ T2 F (2, y) 2dady '

TS F ) fdedy o
N2 A" =225 5 —iy (B.34)
ff |F (2, y)[2dzdy
+oo o

~ homa AP 5 / / (F(ey)Pdedy —j = (B35)
~ APy — % (B.36)

where the complex refractive index perturbation An = no|A|? — J 35, with
«g the linear waveguide loss, and with 7 defined as

NaWo

5 = B.37
V= Aors (B.37)
with the effective mode area A,y s
+oo 2 2
(J 125 1F () Pdedy)
Acsr = (B.38)

[ S22 F (x, y) [4dady

Inserting the expression for AJ into equation B.31, one obtains

0A A 52 A B3 0° A

Converting equation B.39 so that |A(z, t)|? represents the optical power in the
pulse, one obtains
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0A 0A B2 %A Bs 03 A
a(zat) +51§(2,t) —]Eﬁ(z,t) - Eﬁ(%t)

= D A(z1) — A OPA(2, ) (BAOD)

2
where the nonlinear parameter v = C”X—"ﬁ and where the material nonlin-
ear coefficient ny = n% *e‘—;’ﬁg. Equation B.40 (which resembles the nonlinear

Schrodinger (NLS) equation) describes the propagation of a picosecond optical
pulse in single-mode waveguides, including the effects of linear waveguide loss
(o), dispersion (51, B2, B3) and third-order nonlinearity (). Althouh equation
B.40 provides an adequate description for many cases, some modifications are
needed when ultrashort pulses (on the order of 1 ps or less) are considered. One
effect that becomes non-negligible for ultrashort optical pulses is intrapulse Ra-
man scattering, which causes a transfer of energy from the high-frequency compo-
nents to the low-frequency components of the same pulse. This leads to a spectral
redshift of the pulse spectrum. The assumption that the nonlinear response is in-
stantaneous is in this case no longer valid as the vibrational Raman response has a
delayed nature. To incorporate the Raman response, one can introduce a so-called
nonlinear response function R(t) [2, 3] which accounts for the delayed temporal
response of the nonlinear polarization to the electric field. The pulse propagation
equation than becomes

0A 0A B2 0%A B3 03 A
%(zat) +ﬁla(zat) —J?W(zvt) - Eﬁ(z’t)

= SAG) - A [ ROAG- P B4
0

where the nonlinear response function R(t) = (1 — fr)d(t) + frhr(t) with
fr the fractional contribution of the delayed Raman response to the nonlinear
polarization and hr(t) the Raman response function, which can be approximated
by an analytical function [3-5]

2, .2
Ti + 75 ot/

T1T22

hr(t) = sin(t/m) (B.42)
where 7 = 1/Tg, 71 = 1/(w% — I'4)'/2, and for a silicon waveguide,
I'gr/m ~105 GHz and wr/27=15.6 THz respectively determine the Raman-gain
bandwidth and Raman shift [5].
Furthermore, the frequency dependency of « can be included and approxi-
mated as
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d w
% o (= w0) 7 (wn) + v(woo)

Y(w) = y(wo) + (B.43)

leading to the pulse propagation equation

0A 0A Be 0%A B3 O3 A

5, B+ B (1) — i e (1) = 255 (20)
=~ 40t) — o) - 2 Dy a ) [T RO AG. )P

(B.44)

By using the Taylor expansion [A(z,t—t')|? ~ |A(z, )| —t' &|A(z,t—1') 2,
defining T = fOOO tR(t)dt, assumptions which are reasonable for pulsewidths
exceeding 100 fs [2], and by introducing a reference frame moving with the pulse
at the group velocity v, by using the transformation

T=t—z/vg=t—piz (B.45)

one obtains

0A B 0’A B3 PA o
9z 2012 6 01% ' 2
Ja)

— jv(|APA - ;087(|A|2A) —TrA

o|AP?
oT

) (B.46)

where the term containing Tr/wo was neglected. Equation B.46 is called the
extended (or generalized) nonlinear Schrodinger equation. The term wio (,)% (|A]2A)
accounts for the self-steepening effect, resulting from the intensity dependency of
the group-velocity (the velocity of the peak of the pulse is reduced, leading to an
increasing slope of the trailing part of the pulse hence the name self-steepening).

Finally, as optical pulses with high intensities can suffer considerably from two
(or multi)-photon absorption as well as from absorption due to optically generated
free carriers [6], it is desirable to include these absorption terms in equation B.46.
This leads to the following equation [7, 8]:

8A .ﬂz 6214 53 83A « BTPA 2 O’]VC
9. Joar o T3t aa,, AT A
_ 24 J 9 24y I AJ? .
= —9(4PA - L2 (AP A) - Taa %) 4 hokoNoA 4T

where S p 4 is the two-photon absorption parameter, and the free-carrier ab-
sorption and dispersion are included through the free-carrier absorption coefficient
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o and the free-carrier dispersion parameter k.. The time dependence of the free-
carrier density is described through the auxiliary equation
4 Ne

dN. Brra
= At - — B.48
dt QMOAgff | TFCA ’ ( )

where Tpc 4 is the free-carrier lifetime in the waveguide and Fwy is the photon
energy.
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Cleanroom process details

C.1 Bilayer lift-off process

Lift-off refers to the process of exposing a pattern in photoresist, depositing a thin
film (typically a metal or dielectric) over the entire sample, and then removing
the photoresist with a wet chemical to leave behind the film only in the patterned
areas. Typically, a single negative (or image reversed) photoresist is used to create
a negative resist slope at the edges, facilitating the lift-off process. However, in
some cases the undercut achieved with a single photoresist layer is insufficient
to successfully complete the lift-off. For these cases, a bilayer lift-off method is
particularly useful. By using two different types of resist on top of each other, one
can pattern the top resist layer and undercut the bottom layer to achieve the desired
resist profile.
A process flow example for the LOR B series photoresist is outlined below.

1. Spincoat LOR 20B photoresist at 4000 rpm for 40 s (5000 rpm for lift-off of
submicron thick layers)

2. Bake sample at 170°C for 3 min

3. Spincoat TI 35E photoresist at 3000 rpm for 40 s (4000 rpm for lift-off of
submicron thick layers)

4. Bake sample at 100°C for 3 min
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5. Expose for 55 s in contact mode (exposure with Karl Suss MA-6 mask
aligner, lamp intensity around 5 mW/cm?)

6. Wait for 10 min after the exposure
7. Reversal bake at 125°C for 3 min
8. Flood exposure for 185 s

9. Development in AZ400K:H2O 1:3 for ~2x1 min (possibly combined with
oxygen plasma)

The above process has been used successfully to pattern the backside mirror
of edge-coupled GaAs semiconductor optical amplifiers (see chapter 6) and to pat-
tern the final metal layer of a heterogeneous SizN4/Si/III-V mode-locked laser in
the recess of a commercial SisN, PIC from Ligentec (see chapter 4). The latter
example is depicted in Fig. C.1.

Narrow trenches
underdeveloped

T—»Resist undercut ~4 um

Narrow trenches opened

Figure C.1: Example of a bilayer lift-off process to pattern the final metal layer on a
SizN4 PIC. Patterned photoresist after development in AZ400K:H2O 1:3 (a), after 5 min of
additional oxygen plasma to remove the resist in the narrow trenches (b), after 10 s of extra
development in AZ400K:H20 1:3 (c), and after lift-off with Ti/Au (d).
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Fig. C.1(a) shows the patterned photoresist after development in AZ400K:H5O
1:3. As some photoresist remains in the narrow trenches, 5 min of oxygen plasma
is used to clear the trenches without suffering from an excessive undercut that
would result from a longer development time (Fig. C.1(b)). Afterwards, 10 s of
additional development is used to create some undercut in the trenches as well
(Fig. C.1(c)). Finally, Ti/Au (40/1000 nm) are deposited and lift-off is performed
on a rotator using Remover PG, which is a proprietary NMP-based solvent. The
resulting metal layer is depicted in Fig. C.1(d).

It was observed that exposed BCB films are prone to delamination during im-
mersion in Remover PG. To mitigate this, it’s recommended to perform the lift-off
process at room temperature and limit the exposure time to the solvent. Alter-
natively, protection of the BCB could be achieved by covering it with another
material, for example SiOs.

C.2 Si coupons for micro-transfer printing

Detailed process flows to define 400 nm thick Si micro-transfer printable coupons
on a silicon-on-insulator wafer are outlined below, either based on vapor-phase HF
release etching (without coupon encapsulation) or liquid HF release etching (with
photoresist encapsulation). For the latter case, the photoresist needs to be suffi-
ciently thick to ensure sufficient mechanical strength to avoid possible collapse of
the coupons. Similar process flows can be employed for other Si thicknesses, e.g.
220 nm.

C.2.1 Process flow for vapor-phase HF release etch
1. Contact lithography for coupon and tether definition

(a) Spincoat TI prime adhesion promotor at 4000 rpm, 40 s
(b) Bake sample at 120°C for 3 min

(c) Spincoat AZ5214 photoresist at 4000 rpm, 40 s

(d) Bake sample at 100°C for 3 min

(e) Expose for 22 s in contact mode (exposure with Karl Suss MA-6 mask
aligner, lamp intensity around 5 mW/cm?)

(f) Development in AZ400K:H5O 1:3 for ~35 s
2. RIE dry etching

(a) Clean chamber of the RIE
(b) 30 s oxygen plasma (soft removal)

(c) Sidry etch using CF4, SFg, Hs, etch rate approximately 80 nm/min
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(d) Strip photoresist
3. Vapor HF release etch

(a) Optional: 2 min liquid HF (40%) etch to speed up release etching
(b) Vapor-HF etching at 40°C in cycles of <45 min (regularly check for

condensation) until underetch is complete

4. Micro-transfer print to verify successful completion of the release etch

C.2.2 Process flow for liquid HF release etch
1. Contact lithography for coupon definition

(a) Spincoat TI prime adhesion promotor at 4000 rpm, 40 s
(b) Bake sample at 120°C for 3 min

(c) Spincoat AZ5214 photoresist at 4000 rpm, 40 s

(d) Bake sample at 100°C for 3 min

(e) Expose for 22 s in contact mode (exposure with Karl Suss MA-6 mask
aligner, lamp intensity around 5 mW/cm?)

(f) Development in AZ400K:H5O 1:3 for ~35 s
2. RIE Si dry etching

(a) Clean chamber of the RIE
(b) 30 s oxygen plasma (soft removal)
(c) Sidry etch using CF,4, SFg, Ho, etch rate approximately 80 nm/min

(d) Strip photoresist
3. Contact lithography for release layer patterning

(a) Spincoat TI prime adhesion promotor at 4000 rpm, 40 s
(b) Bake sample at 120°C for 3 min

(c) Spincoat TI35E photoresist at 2000 rpm, 40 s

(d) Bake sample at 100°C for 3 min

(e) Expose for 140 s in contact mode (exposure with Karl Suss MA-6
mask aligner, lamp intensity around 5 mW/cm?)

(f) Wait 10 min
(g) Development in AZ400K:H5O 1:3 for ~1min45 s

4. RIE SiOs dry etching
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(a) Clean chamber of the RIE

(b) SiOq dry etch using CF,4, SFg, Ho, etch rate approximately 40 nm/min
(selectivity with photoresist ~1:1)

(c) Si dry etch into substrate using CF,, SFg, Ho for 2 min, etch rate ap-
proximately 80 nm/min

(d) Strip photoresist

5. Contact lithography for encapsulation, using either TI35E or AZ10XT photo-
resist. The latter is recommended for wide coupons (e.g. >80 um width).

(a) Native oxide removal:
Acid dip 7 s BHF:H50 1:10 + 7 s HoSO4:H202:H20 1:1:10
(b) Rinse in IPA, thorough drying with nitrogen gun

(c) Spincoat TI prime adhesion promotor at 4000 rpm, 40 s
(in case of AZIOXT photoresist)

(d) Bake sample at 120°C for 3 min
(in case of AZI0OXT photoresist)

(e) Spincoat TI35E photoresist at 2000 rpm, 40 s
(or AZI0XT photoresist at 4000 rpm, 40 s)

(f) Bake sample at 100°C for 3 min
(110°C for 2 min in case of of AZIOXT photoresist)

(g) Wait 30 min (in case of AZI0XT photoresist)

(h) Expose for 140 s in contact mode
(120 s in case of AZI0XT photoresist)

(1) Wait 10 min (skip this step in case case of AZI0XT photoresist)

() Development in AZ400K:H5O 1:3 for ~1min45 s
(~4min30 s in case of AZIOXT photoresist)

(k) Bake sample at 125°C for 3 min
(skip this step in case case of AZI0XT photoresist)

(1) Flood exposure for 180 s
(skip this step in case case of AZIOXT photoresist)
6. Release etch in HF

(a) Submerge for 15 min in 40% liquid HF
(b) Carefully rinse sample with 3 cups of DI water
(c) Leave the sample to dry in air, do not blow dry to avoid coupon col-

lapse

7. Micro-transfer print to verify successful completion of the release etch






