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Dankwoord

Het is ondertussen 6 jaar en een paar maanden geleden, tijdens mijn eras-
musjaar in Valencia, dat ik contact opnam met professor Gunther Roelkens
om een doctoraat te beginnen in de Photonics Research Group in Gent.
Waarom een doctoraat? Ah ja, ik zat in Spanje, ik had alle jobbeurzen
gemist en ik wou niet in een gat vallen na mijn terugkomst. Plus, de Jeroen
ging dat ook doen en we kunnen niet onderdoen hé. Daarnaast was het
mij in Spanje ook beginnen opvallen met hoeveel respect er gekeken werd
naar onze groep in Gent. Als ik mij dus nog wat verder wilde verdiepen in
de fotonica (ik ben een trage leerder), was het dus ideaal om dat gewoon
in Gent te blijven doen! Na eens kort de beschrijving van de onderzoeks-
domeinen van iedere prof gelezen te hebben kwam ik dus uit bij Gunther:
heterogene integratie van I11-V materialen op silicium. Voor de niet-fotonici:
”Lasers maken, cool!”. Gunther antwoordde op mijn mailtje met (toen nog
kersvers) professor Bart Kuyken in CC. Ze hadden allebei een positie open
voor een doctoraatsstudent, dus ik kon zelfs kiezen! Bij Gunther zou ik een
CO, sensor ontwikkelen in samenwerking met een bedrijf, bij Bart zou het
gaan over frequentiekammen (???) die op één of andere manier voor sneller
internet zouden zorgen. Ik was, geloof ik, maar half mee. Uiteindelijk
besloot ik om voor Bart’s onderwerp te kiezen, want dat klonk toch het
zotst.

In augustus begon het dan, in Zwijnaarde. Ik kreeg een plaatsje in een
bureau vol kanjers van formaat. Kasper, Koen, Utsav, Pieter, Nina, Lukas
en Herbert, later nog aangevuld door Isaac, Stijn P, Stijn C. en Zuyang.
Kasper zat schuin over mij en kon zich dus niet goed verstoppen, maar
had desondanks altijd de tijd (of het geduld?) om al mijn vragen en meer
te beantwoorden. Ik heb daar nooit genoeg merci voor gezegd. Bij deze.
Koen, altijd bereid om de actualiteit te bespreken. De geesten werden niet
alleen op wetenschappelijk vlak gerijpt in ons bureau. Utsav, you were the
first one to leave. To New York, no less! | remember being impressed that
this was possible, coming from the modest Ghent. Pieter, af en toe kon ik je
eens helpen met IPKISS-problemen en daar was ik trots op. Nina, altijd een
workshop of conferentie in het vooruitzicht. 1k kijk op naar jouw weerbare
mentaliteit. Lukas, your cleanroom lessons taught me to look beyond the



black magic of established processing recipes. | definitely started to enjoy
working in the cleanroom more thanks to your input. Verder kwam Bart in
dat eerste jaar ook quasi elke dag wel eens langs om kort te kijken of alles
vlot ging. Bart, je gaf me alle tijd om langzaam de nodige zaken aan te leren,
maar je was nooit veraf als er feedback nodig was. Ik voel me geprivilegeerd
om die eerste jaren van je professorschap te hebben meegemaakt. Gunther
hield al die jaren een oogje op het project, eerst via de bonding meetings, en
later via de transfer-printing meetings. Op momenten dat het allemaal vast
leek te zitten bleek er zo toch altijd een oplossing te zijn.

De wereld is natuurlijk groter dan ons bureau. Op het derde verdiep was er
in het begin nog Séren. Bedankt om mij te initiéren in het cleanroomwerk.
Na 8 kapotte chips was er toch eindelijk eentje dat werkte. Met de jaren
werd dat verdiep meer en meer ingepalmd door een exploderend team Bart.
In order of appearance: Mathias, Isaac, Stijn P., Maximilien, Ewoud, ATom,
Stijn C., Luis, Dennis, Tom VdK, Jasper and Dongbo. In a good team like
this, you never have to work alone. It was a nice experience to see the team
expand and moving forwards. Also it was very helpful to be able to ”order”
some E-beam processing with someone else once in a while. | hope you will
enjoy many more Cava Fridays!

De lijst met mensen om te bedanken omvat eigenlijk de hele vakgroep, dus
ik ga me verder beperken tot enkele highlights. The crew from the trip to
Uganda: Andrew, Sanja, Ana, Alejandro, Mahmoud, Nina, Jesper. This was
one of the most exciting adventure in my life and | will cherish the mem-
ories forever. The Infrared Devils crew: thanks for the great atmosphere
during and after the games. The Transfer Printing crew: thanks for all the
exchanges and shared experience. Michael, Jasper and Clemens, Kristien
llse and llse: thanks for all the support.

De ondersteuning die je krijgt gaat natuurlijk verder dan de professionele
omgeving. Die begint thuis al. Ik ben gezegend met fantastische ouders die
me mijn ding lieten doen, maar altijd klaar staan als ik last minute met mijn
problemen afkom. Zoveel eieren zijn er onder mij gelegd dat er kippen in
huis zijn gehaald om het tekort weg te werken. De dinsdag crew: Jeroen &
Michelle, Jens, Marnick (en Lauren). Zelfs in de moeilijkste periodes kon
ik toch rekenen op één dag per week ontspanning en (niet altijd gezond
maar wel altijd) lekker eten. Laurens, na 6 jaar samenhokken scheiden onze
wegen nu. Ik ga nog vaak terugdenken aan die periode en aan de dynamiek
die we hadden. En natuurlijk is er nog de onmetelijk wijze Anke Thys,
die altijd klaar staat om in een willekeurige richting op zoek te gaan naar
avontuur! Als geen ander supporterde zij mee voor menig chippeke dat
soms geen al te fraai lot beschoren was na mijn strapatsen in de cleanroom.

Uiteindelijk doe je het toch allemaal niet alleen.

Gent, augustus 2022
Camiel Op de Beeck
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Samenvatting

1 |Inleiding

De sterke groei van ge'ntegreerde fotonica gedurende de laatste decennia
heeft geleid tot het gebruik ervan in een brede waaier van toepassingsge-
bieden. Mature en performante ge“ntegreerde fotonische platformen op
basis van silicium en indiumfos de worden nu aangeboden door verschil-
lende gieterijen over de hele wereld. Indiumfos de heeft het voordeel
dat alle actieve functies (lichtopwekking, modulatie en detectie) op €&én
enkel platform worden gecombineerd. Silicium vereist een externe licht-
bron, maar kan superieure passieve componenten, performante modula-
toren en detectoren aanbieden in een goedkoper en meer schaalbaar plat-
form. De prestaties van deze platforms worden tot het uiterste gedreven
voor toepassingen zoals optische communicatie. Om de speci caties van
toekomstige toepassingen te halen, moeten echter ook de mogelijkheden
van andere materiaalplatforms worden benut. Siliciumnitride is een comple-
mentair platform naast silicium en InP dat zeer performante passieve com-
ponenten aanbiedt. De grote bandkloof en het brede transparantiebereik
maken krachtige ge'ntegreerde schakelingen bij zichtbare gol engtes en
hoge (piek)vermogens mogelijk met optische vermogens tot verscheidene
Watts. Andere voordelen zijn ultralage propagatieverliezen en een tempe-
ratuursongevoelig gedrag. Afgezien van (energieverslindende) thermo-
optische faseverschuivers ontbreekt echter actieve functionaliteit op dit
platform. Recentelijk zijn ook dunne- Im lithiumniobaatschakelingen met
lage propagatieverliezen gedemonstreerd. Hoewel dit platform zeer per-
formante zuivere fasemodulatoren kan aanbieden, blijft de totale band-
breedtedichtheid nog steeds beperkt en is het materiaal volledig uitgesloten
uit CMOS-gieterijen, waardoor de commerci éle toepassing ervan wordt
belemmerd.

Elk van deze materiaalplatformen heeft zijn eigen voordelen en beperkingen.
De ideale fotonische gentegreerde schakeling zou verschillende materialen
combineren om de voordelen van elk platform te kunnen benutten. Deze
visie ontstond al in de jaren zeventig, maar de uitdagingen in verband met
integratie werden al snel duidelijk. Daarom werden circuits op basis van
één platform (de lichtbron buiten beschouwing gelaten) met een beperkt
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aantal componenten de aanvankelijke norm vanwege hun beperkte fab-
ricagecomplexiteit. Toen fotonische schakelingen op basis van silicium
begonnen op te duiken voor toepassingen met grotere volumes, werd de
integratie van lichtbronnen op basis van IlI-V-halfgeleiders door middel
van zijkoppeling of ip-chipintegratie bevorderd, in plaats van de schake-
ling te verbinden met optische vezels. Naarmate de verwachte volumes
in tele-/datacomtoepassingen toenamen, werden de ontwikkelingsinspan-
ningen toegespitst op technologisch meer uitdagende integratiestrategie &n
zoals wafer-to-wafer bonding, die-to-wafer bonding en micro-transfer print-
ing. De meer uitdagende integratiestrategie &én werden gerechtvaardigd
door de meer kosteneffectieve assemblage van elke module bij grotere vol-
umes. Voor toekomstige toepassingen kunnen de integratiestrategieén voor
het combineren van verschillende materialen niet alleen worden bepaald
door de kosteneffectiviteit, maar ook door de prestaties en de vereiste func-
tionaliteit. Zo heeft de verrijking van het siliciumnitride-platform met
componenten op basis van llI-V materialen geleid tot de demonstratie van
single-mode lasers met fundamentele lijnbreedtes van minder dan 1 kHz.
Het wegnemen van de technologische hinderpalen voor de heterogene inte-
gratie van llI-V componenten op siliciumnitride en lithiumniobaat zal een
grotere functionaliteit met hoge integratiedichtheden en grotere volumes
mogelijk maken, waardoor ge "ntegreerde fotonica op haar beurt nieuwe
toepassingsgebieden kan bedienen.

Dit proefschrift beschrijft onze inspanningen voor de heterogene integratie
van optische versterkers op basis van IlI-V materialen op ge "ntegreerde cir-
cuits met siliciumnitride en lithiumniobaat. De gekozen integratietechniek
is microtransfer-printen ( uTP), die enkele van de voordelen van de wafer
bonding en ip-chip integratiebenaderingen combineert. Microtransfer-
printen is een "pick-and-place”-methode om componenten van hun oor-
spronkelijke substraat over te brengen op een doelsubstraat. Het over-
drachtsproces kan worden geparallelliseerd omdat de positie van de com-
ponenten op de bronwafer wordt bepaald door de lithogra emaskers. De
integratiestap kan tegen het einde van de processtroom worden uitgevoerd,
wat het mogelijk maakt extra functionaliteit toe te voegen aan een reeds
ontwikkeld platform. Siliciumnitride en lithiumniobaat hebben lagere brek-
ingsindices (n  2-2,2)danInP (n 3,2), waardoor een directe adiabatische
overgang naar de llI-V versterker wordt verhinderd. Om deze reden wordt
een tussenlaag met een hogere brekingsindex toegevoegd om het verschil te
overbruggen. In het eerste deel van dit proefschrift worden 1l1-V versterkers
ge'ntegreerd op siliciumnitride circuits door middel van een tussenlaag van
gehydrogeneerd amorf silicium. Er wordt een fabricagestroom ontwikkeld
voor een platform dat breed afstelbare, single-mode lasers op siliciumni-
tride mogelijk maakt, uitgaande van een lege siliciumnitride wafer. Het
platform bevat twee golfgeleiderlagen, thermo-optische faseverschuivers
en llI-V versterkers. Het tweede deel van dit proefschrift bouwt voort op



SAMENVATTING Xiii

de verworven kennis en beschrijft de integratie van Ill-V versterkers op
geprefabriceerde en met oxide beklede ge€ntegreerde schakelingen in lithi-
umniobaat. Deze fabricagestroom bestaat uit de de nitie van een lokale
uitsparing in de oxidebekleding en het transferprinten van een kristallijne
siliciumlaag, gevolgd door de toevoeging van de IlI-V versterker. Op beide
platforms demonstreren we alleenstaande versterkers en lasers, en hun
prestaties en problemen worden besproken.

2 Resultaten

2.1 Meerlagig lll-V/a-Si:H/Si 3N 4 platform

Het eerste platform dat werd ontwikkeld, begon met een blanco laag van
300 nm LPCVD SigN 4 bovenop 3.3 um thermisch oxide. Wafers (10 cm
diameter) met dit materiaal werden gekocht bij LioniX International. Het
proces begint met het deponeren van een laag gehydrogeneerd amorf sili-
cium, gevolgd door twee opeenvolgende stappen van e-beam patroneren
en etsen. Op deze manier kunnen risicovolle planarisatiestappen worden
vermeden. Na de de nitie van deze tweelagige schakeling worden IlI-V
versterkercoupons op de schakeling gemicrotransferprint. Het monster
wordt geschaafd door een laag DVS-BCB polymeer te spincoaten, waarna
verwarmingselementen worden gedeponeerd en de elektrische contacten
worden geopend. Een schematische dwarsdoorsnede met de verschillende
onderdelen van het platform is weergegeven in Fig. 1a. De overgang in twee
stappen van de SisN 4 naar de IlI-V versterker is weergegeven in Fig. 1b. In
het gebied rond de Si3N 4 golfgeleider wordt de a-Si:H laag verwijderd.

Op dit platform werden verschillende apparaten gedemonstreerd: een
zelfstandige versterker, een multimode ringlaser en een single-mode laser.
Bouwstenen voor het maken van breed afstelbare single-mode lasers wer-
den ontwikkeld, maar geen werkend apparaat werd bereikt in dit werk.
De zelfstandige versterker bereikte klein-signaalversterking tot 13.7 dB
bij 1570 nm en een 3-dB versterkingsbandbreedte van meer dan 28 nm.
Niettemin, een hoog ruisgetal van 12.3 dB en een roodverschuiving van
het versterkingsspectrum wijzen op hoge overgangsverliezen en verhitting
in de versterker. De single-mode laser is gebaseerd op een breedbandige
DBR re ector gecentreerd rond 1568 nm aan de ene kant, en een add-drop
ringspiegel aan de andere kant. Het vrije spectrale bereik van de ring komt
overeen met de bandbreedte van de DBR-re ector om ervoor te zorgen dat
slechtséén gere ecteerde frequentie in de DBR-re ectieband valt. Twee ap-
paraten werden gekarakteriseerd met een verschillende koppelingssterkte
aan de ring. De apparaten bereikten een uitgangsvermogen van 0.7 mW
voordat de thermische afrol begon. Vermindering van de koppeling naar de
ringspiegel verlaagde de geschatte spiegelre ectie met 2 dB en resulteerde
in een smallere resonantie.



Xiv

Figure 1: (a) Dwarsdoorsnede met de verschillende onderdelen van het
ontwikkelde meerlagige ll-V/a-Si:H/  SizN4 platform. (b) Microscoopfoto
van een overgang van de SigN 4 golfgeleider naar de IlI-V-versterker via de
a-Si:H laag.

2.2 Meerlagig I1l-V/c-Si/LINbO 3 platform

Het tweede ontwikkelde platform ging uit van een reeds ontwikkelde pro-
cesstroom van onze medewerkers aan de Stanford University. Hun platform
bestond uit circuits in lithiumniobaat op een saf eren substraat, met een sili-
ciumoxide topbekleding. De heterogene integratie van de Ill-V-versterkers
gebeurt in dit geval volledig in de back-end. Een lokale uitsparing wordt
geétst in de (niet-geplanariseerde) oxide topbekleding, tot aan de laag lithi-
umniobaat. De etstijd wordt gecontroleerd om 70 nm van het siliciumoxide
op de golfgeleider te laten, waarop een laag van 30 nm alumina wordt
opgedampt. Coupons van kristallijn silicium worden gede nieerd op een
400 nm silicium-op-isolatie sample, en getransferprint in de uitsparing op
het doelsample. Golfgeleiders en tapers worden gevormd in het silicium
coupon met behulp van elektronenstraallithogra e en droog etsen. De
opgedampte aluminiumoxidelaag dient als etsstoplaag. Na deze stap wor-
den de lll-V-versterkers op soortgelijke wijze als voorheen getransferprint
en gecontacteerd. Een schematische dwarsdoorsnede met de verschillende
onderdelen van het platform is te zien in Fig. 2.

Op dit platform werden zelfstandige versterkers, ringlasers en breed afstel-
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Figure 2: Dwarsdoorsnede met de verschillende onderdelen van het on-
twikkelde meerlagige 111-V/c-Si/LINbO 3 platform.

bare single-mode laser gedemonstreerd. Het ontwerp van de single-mode
laser is gebaseerd op het Vernier-effect, waarbij twee ringresonatoren wor-
den gebruikt als spiegels en frequentie Iters. Het afstellen van de gol engte
gebeurde middels het elektro-optisch effect van lithiumniobaat, waardoor
voor het eerst een elektrisch gepompte, géntegreerde afstelbare laser met
deze mogelijkheid werd aangetoond. De zelfstandige versterkers toonden
een piekversterking bij 1540 nm van 10.6 dB, en een versterkingsband-
breedte die 44 nm overschrijdt. De lagere versterkingspiekgol engte wijst
duidelijk op de betere thermische warmteafvoer in het lithiumniobate plat-
form in vergelijking met het Si3zN 4 platform. Er is geen sluitende verklaring
voor de lagere piekversterking in deze versterkers en verdere experimenten
zijn nodig. De afstelbare laser bereikt een uitgangsvermogen van 1 mwW
in één van de vier uitgangen. Ruw elektro-optisch afstellen is aangetoond
over een bereik van 21 nm, en jn afstellen over een bereik van 180 pm.
Het jnafstellingsbereik wordt beperkt door de spanningstoevoer die het
elektro-optische effect in de ringresonatorspiegels van de laser aanstuurt.

3 Besluit

In dit proefschrift zijn twee fabricagestromen ontwikkeld voor de integratie
van llI-V-halfgeleider optische versterkers op platformen die gebaseerd
zijn op kernmaterialen met een lagere brekingsindex. In de loop van dit
werk werden gelijkaardige ontwikkelingen gepubliceerd door andere onder-
zoeksgroepen. Hieruit blijkt de trend om over te schakelen op complexere
materiaalstapelingen voor het bereiken van hogere prestaties en meer func-
tionaliteit. De in dit werk gedemonstreerde apparaten zijn prototypes met
veel ruimte voor verbetering. Niettemin is aangetoond dat de gebruikte
methodes exibel zijn en naar verwachting in de toekomst vele opwindende
ontwikkelingen en samenwerkingsverbanden mogelijk zullen maken.






Summary

1 Introduction

The extensive growth of integrated photonics over the past decades has
led to its use in a wide range of application domains. Mature and perfor-
mant silicon and indium phosphide photonics platforms are now offered
by several foundries across the world. Indium phosphide has the bene t
of combining all active functionalities (light generation, modulation and
detection) onto a single platform. Silicon requires an external light source,
but can offer superior passive components, performant modulators and
detectors in a cheaper and more scalable platform. The performance of
these platforms is being pushed to the limits for applications such as optical
communications. Nevertheless, in order to reach the speci cations of future
applications, there is a need to include the capabilities of other material
platforms. Silicon nitride is a complementary platform to silicon and InP
offering highly performant passive components. Its high bandgap and
wide transparency range enable performant integrated circuits at visible
wavelengths and high (peak) power operations with up to several Watts of
optical power handling. Its further bene ts include ultra-low propagation
losses and temperature insensitive behaviour. However, apart from (power
hungry) thermo-optic phase shifters, active capabilities are missing on this
platform. Recently, also thin- Im lithium niobate circuits with low prop-
agation losses have been demonstrated. Although this platform can offer
highly performant pure phase modulators, the total bandwidth  densitystill
remains limited and the material is entirely excluded from CMOS foundries,
hampering commercial deployment.

Each of these material platforms have their own bene ts and limitations.
The ideal photonic integrated circuit would combine different materials to
be able to exploit the bene ts of each platform. This vision originated in
the 1970's already, but the challenges related to integration soon became
apparent. For this reason, single-platform circuits (not considering the light
source) with a limited number of components became the initial standard
because of their limited fabrication complexity. When silicon photonic
integrated circuits started appearing for deployment in larger volume appli-
cations, the integration of IlI-V semiconductor based light sources through
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edge coupling or ip-chip integration was pushed forward, rather than
interfacing the circuit with optical bers. As the expected volumes in tele-
/datacom applications increased, development efforts were geared towards
more technologically challenging heterogeneoustegration strategies such as
wafer-to-wafer bonding, die-to-wafer bonding, and micro-transfer printing.
The more challenging integration strategies were warranted by the more
cost-effective assembly of each module at larger volumes. For future appli-
cations, the integration strategies for combining different materials can be
driven not only by cost-effectiveness, but also by performance and required
functionality. For instance, empowering the silicon nitride platform with
[1I-V based components has led to the demonstration of single-mode lasers
with sub-kHz fundamental linewidths. Tackling the technological hurdles
for heterogeneous integration of IlI-V components on silicon nitride and
lithium niobate will allow for increased functionality with high integration
densities and higher volumes, which in turn can enable integrated photon-
ics to serve new application domains.

This dissertation describes our efforts towards the heterogeneous integra-
tion of IlI-V semiconductor optical ampli ers on silicon nitride and lithium
niobate integrated circuits. The chosen integration technique is micro-
transfer printing ( uTP), which combines some of the bene ts of the wafer
bonding and ip-chip integration approaches. Micro-transfer printing is a
pick-and-place method to transfer devices from their native substrate onto a
target substrate. The transfer process can be parallelized since the position
of the devices on the source wafer is de ned by the lithography masks. The
integration step can be done towards the end of the process ow, which
allows to add extra functionality to an already developed platform. SigNg4
and lithium niobate have lower refractive indices (n 2-2.2)than InP (n

3.2), inhibiting a direct adiabatic transition to the IlI-V ampli er. For
this reason, an intermediate layer with a higher refractive index is added
to bridge the difference. In the rst part of this thesis, 1lI-V ampli ers are
integrated on silicon nitride circuits through an intermediate layer of hydro-
genated amorphous silicon. A fabrication ow is developed for a platform
that enables widely tunable, single-mode lasers on silicon nitride, starting
from a blank SizN,4 wafer. The platform contains two waveguide layers,
thermo-optic phase shifters and 111-V ampli ers. The second part of this
thesis builds on the acquired knowledge and describes the integration of
[1I-V ampli ers on prefabricated and oxide-clad lithium niobate integrated
circuits. This fabrication ow consists of the de nition of a local recess in
the oxide cladding and the transfer printing of a crystalline silicon layer,
followed by the addition of the IlI-V ampli er. On both platforms, we
demonstrate standalone ampli ers and lasers, and their performance and
problems are discussed.
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2 Results

2.1 Multilayer IlI-V/a-Si:H/Si 3N 4 platform

The rst platform that was developed started from a blank layer of 300 nm
LPCVD SizN4 on top of 3.3 pum thermal oxide. Wafers (10 cm diameter)
with this material were purchased from LioniX International. The process
starts with the deposition of a layer of hydrogenated amorphous silicon,
followed by two consecutive steps of e-beam patterning and etching. This
way, tedious planarization steps can be avoided. After the de nition of
this bilayer circuit, IlI-V ampli er coupons are micro-transfer printed onto
the circuit. The sample is planarized by spincoating a layer of DVS-BCB
polymer, after which heaters are deposited and the electrical contacts are
opened. A schematic cross-section showing the different features of the
platform is shown in Fig. 1a. The two-step transition from the SizN4 to the
11I-V ampli er is shown in Fig. 1b. In the area around the  SisN 4 waveguide,
the a-Si:H layer is removed.

Figure 1: (a) Cross-section showing the different features of the developed
multilayer 1lI-V/a-Si:H/  SizsN 4 platform. (b) Microscope image of a tran-
sition from the SizN4 waveguide to the 11I-V ampli er through the  a-Si:H
layer.

Several devices were demonstrated on this platform: a standalone ampli er,
a multimode ring laser and a single-mode laser. Building blocks for making
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widely tunable single-mode lasers were developed, but no working device
was achieved in this work. The standalone ampli er reached small-signal
gains up to 13.7 dB at 1570 nm and a 3-dB gain bandwidth over 28 nm.
Nevertheless, a high noise gure of 12.3 dB and a redshift of the gain
spectrum indicate high transition losses and self-heating in the ampli er.
The single-mode laser is based on a broadband DBR re ector centered at
1568 nm on one side, and an add-drop ring mirror on the other side. The
free spectral range of the ring matches the bandwidth of the DBR re ector
to ensure that only one re ected frequency falls in the DBRs re ection band.
Two devices were characterized with a different coupling strength at the
ring. The devices reached output powers of 0.7 mW before the onset of
thermal roll-off. Decreasing the coupling to the ring mirror decreased the
estimated mirror re ectivity by 2 dB and resulted in a narrower resonance.

2.2 Multilayer I11-V/c-Si/LINbO 3 platform

The second developed platform started from an already developed process
ow from our collaborators at Stanford University. Their platform consisted

of lithium niobate circuits on a sapphire substrate, with a silicon oxide top
cladding. The heterogeneous integration of the IlI-V ampli ers is done
entirely in the back-end in this case. A local recess is etched in the (non-
planarized) oxide top cladding, down to the lithium niobate layer. The
etching time is controlled to leave 70 nm of silicon oxide on the waveguide,
on top of which, a layer of 30 nm alumina is evaporated. Coupons of
crystalline silicon are de ned on a 400 nm silicon-on-insulator sample, and
transfer printed in the recess on the target sample. Waveguides and tapers
are patterned in the silicon coupon using electron-beam lithography and
dry etching. The deposited alumina layer acts as an etch stop layer. After
this step, the 1lI-V ampli ers are transfer printed and contacted in a similar
way as before. A schematic cross-section showing the different features of
the platform is shown in Fig. 2.

On this platform, standalone ampli ers, ring lasers and widely tunable
single-mode laser were demonstrated. The design of the single-mode laser
is based on the Vernier effect, using two ring resonators as mirrors and
frequency lters. The wavelength tuning was done through lithium nio-
bate's electro-optic effect, showing for the rst time an electrically pumped,
integrated tunable laser with this capability. The standalone ampli ers
showed a peak gain at 1540 nm of 10.6 dB, and a gain bandwidth exceeding
44 nm. The lower gain peak wavelength clearly indicates the better thermal
heat sinking in the lithium niobate platform compared to the SizN4 plat-
form. There is no conclusive explanation for the lower peak gain in these
ampli ers and further experiments are required. The tunable laser reaches
an output power of 1 mW in one of its four outputs. Coarse electro-optic
tuning is demonstrated over a range of 21 nm, and ne-tuning over a range
of 180 pm. The ne-tuning range is limited by the voltage supply that drives
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Figure 2: Cross-section showing the different features of the developed
multilayer 111-V/c-Si/LINbO 3 platform.

the electro-optic effect in the laser's ring resonator mirrors.

3 Conclusion

In this dissertation, two fabrication ows have been developed for the
integration of IlI-V semiconductor optical ampli ers on platforms based on
lower refractive index core materials. During the course of this work, similar
developments were published by other research groups. This showcases
the trend of moving to more complex material stacks for reaching higher
performance and more functionality. The devices demonstrated in this
work are prototypes with much room for improvement. Nevertheless, the
used methods are shown to be exible and can be expected to enable many
exciting developments and collaborations in the future.






Introduction

It's not that crazy, it will only take ve minutes.
B. Kuyken

The branch of physics studying the properties, behaviour and applications
of light has two names: opticsand photonics The term "optics” sounds
probably more familiar to a broader audience and will evoke thoughts of
lenses, prisms, refraction etcetera. This branch of science has existed for
several hundreds of years and has brought the world (among other things)
reading glasses, microscopy and advances in astronomy. On the other hand,
the term "photonics” is newer. It is widely accredited to the French physicist
Pierre Aigrain who de ned it as follows in 1967:

" Photonics is the science of the harnessing of light. Photonics encom-
passes the generation of light, the detection of light, the management
of light through guidance, manipulation, and ampli cation, and most
importantly, its utilisation for the bene t of mankind.

This de nition embraces the insights gained since the second half of the
19" century with the development of Maxwell's theory of electromagnetic
waves, and the understanding of the quantum-mechanical aspects of light
and its interaction with matter. The very name "photonics” indeed refers to
a light quantum: the photon. It is no coincidence that this new term was
introduced shortly after optical lasers, the rst man-made source of (nearly)
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perfectly coherent light, were discovered. ! Lasers proved themselves use-
ful in an immense amount of applications since their discovery and led
to the birth of a whole new scienti ¢ discipline, which nowadays drives
innovation in a wide range of sectors and applications.

1.1 The discovery of the laser

The development of groundbreaking new technologies is often triggered
by a military or economic problem. This is very clearly the case for some
of the 20" century's most in uential inventions such as nuclear power,
computers, or the transistor. The development of the rst two was spurred
during World War 1l to gain a military advantage and they only got civil
applications after the war. Transistors, on the other hand, were developed
to replace large vacuum tubes in electronic circuits, as smaller components
often lead to a cheaper product. Even one of the rst successes of quan-
tum mechanics, the discovery of the theory of black-body radiation, was
incentivized by an economic problem, namely: should the city of Berlin
be illuminated by gas or electricity [2]? Solving this problem required the
introduction of quantized energy (Planck, 1900) and led to the proposition
of the concept of a photon by Einstein in 1905. The introduction of the
photon and later on the theoretical prediction of stimulated emission were
the rst building blocks required for the discovery of the laser.

It is more suitable to speak of the discoveryrather than the invention of the
laser, because in contrast to the previous examples, lasers weren't really
supposed to solve a speci ¢ problem. Nobody was waiting for them. In
spite of (or maybe because of) this, they became a source of wild and un-
realistic expectations after the rst proposal of the concept in 1958 [3]. Of
course, the idea behind a powerful, intense ray of light (a "death ray”) had
already been introduced by science- ction writers as early as in 1898, in the
book "The war of the worlds” by H.P. Wells. Among others, also an ageing
Nikola Tesla had claimed that he had constructed a "teleforce” weapon,
capable of shooting planes out of the air from hundreds of kilometers away.
Tesla being a renowned inventor at the time, not everyone was quick to
dismiss his claims as nonsense. Perhaps as a result of this fantasy, the death
ray was referenced in popular news and even by more serious scienti ¢
commentators [4-6] after the publication of the rst demonstrated laser by
Maiman in 1960 [7]. In the movie Gold nger, which came out in 1964, James
Bond is threatened by an "industrial laser cutter” emitting a beam of red

Linterestingly, specifying "man-made” is not entirely unnecessary, as naturally occurring
lasing has been observed in the atmosphere on Mars and Venus [1].
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light powerful enough to cut through metal (and presumably also James
Bond). The design of this device was clearly inspired by Maiman's laser. Of
course, the scientists in those days also envisioned other potential applica-
tion areas of lasers, such as communications, healthcare (cutting through
tissue, burning tumors), or high-resolution spectroscopy. The large variety
of potential applications and the excitement of unveiling new physics is
re ected in the widespread interest and many sources of funding for re-
search into the new technology [8]. Indeed, Maiman's device was just the
rst of ve different types of lasers to be demonstrated within only one
year [9-12]. Nevertheless, in practice, the rst lasers were not capable of
satisfying everyone's expectations, and, as they were not developed for a
speci ¢ purpose, people began to wonder what to do with them. A running
joke in the research community was that lasers were "a solution looking
for a problem”. A striking example of this mindset is perhaps a patent
led by Schawlow - one of the pioneers in the eld - describing a laser tool,
mounted on a typewriter, to evaporate the ink in case of a spelling error [13].
The grand application of lasers: to make glori ed typewriters.

The question what to do with lasers did not stay unsolved for a long time.
Within the year, lasers were commercialized by several companies and the
technology rapidly improved. Already in 1961, a pulsed ruby laser was
used to treat a retinal tumor [14]. The laser replaced a high-intensity Xenon
lamp that had been used previously for this kind of procedure. Owing to
the high intensity (and small spot size) of the singular laser pulses, the total
required energy andthe duration of the treatment were reduced. These as-
pects improved the patient's comfort, and in this speci c case also allowed
to avoid anesthesia.

If initially lasers were replacing incoherent light sources in existing applica-
tions, they soon unlocked brand new possibilities. In 1962, the re ection
of laser light off the surface of the moon was detected in the rst ranging
experiment of its kind [15]. Towards the end of the decade, mirrors were in-
stalled on the moon during the Apollo and Lunokhod missions to improve
the measurement's accuracy. Nowadays, the distance of the moon can be
measured with millimeter precision [16]. In 1964, the rst CO » laser was
demonstrated [17]. It was the most powerful continuous-wave laser of its
time, and it is still used nowadays for cutting through materials such as
biological tissue (in surgery) and sheets of metal (materials processing). The
rst widely wavelength-tunable dye lasers were demonstrated in 1967 [18].
This type of laser signi cantly advanced the eld of spectroscopy. Finally,
two more clusters of critical inventions deserve to be highlighted in this
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non-exhaustive list. First: the advent of the semiconductor laser diode.
Semiconductor optical ampli ers had been suggested already in 1953 by
von Neumann [19], years before the rst patent by Nishizawa in 1957 [20]
and the U.S. patents by Schawlow and others. A major advantage of semi-
conductors is that they can be pumped with electrical current, instead of
a pumping light source such as the ash tube in Maiman's demonstration.
Electrically pumped semiconductor laser diodes were rst demonstrated in
1962. A few years later, the use of semiconductor heterostructures, capable
of con ning both the generating carriers and the generated light, was pro-
posed. This invention was awarded with a Nobel prize in the year 2000. The
second critical invention was a breakthrough in  ber optics technology in
1966, that allowed to reduce the losses over a thousandfold and drastically
increase the reach of optical signals in glass bers to up to 100 km. Also this
breakthrough was awarded with a Nobel prize, in 2009. These inventions
laid the foundations for optical communications, without which the internet

as we know it today would not exist.

1.2 The advent of optical communication

The invention of the semiconductor transistor, which led to the develop-
ment of the integrated circuit (IC), revolutionized the electronics industry.
Integrated circuits miniaturized electronic circuits, which previously con-
sisted of bulky components such as vacuum tubes. However, the main
driver of their success is perhaps the fact that integrated circuits could be
manufactured in high volumes in assembly lines using photolithography
and etching techniques, greatly reducing their cost. As a result of this de-
velopment, the semiconductor industry boomed and matured. Over the
years, higher-purity crystals (silicon, germanium, ...) were grown with
increasing wafer diameters, and photolithography and etching techniques
were consistently improved. Semiconductor light sources, not only lasers
but also LEDs, were able to piggyback off this development in semicon-
ductor growth and processing. These continuous improvements led to
the increasing miniaturization of integrated circuits and helped enabling
the famous "Moore's law” [21], stating that the number of transistors in
integrated circuits doubles every two years.

As computational power increased over the years, also the need for higher
capacity communication links grew. Communication using optical signals
promised a few fundamental improvements over microwave signals. In-
herently, optical signals in the near-infrared (f 10 Hz) have the capacity
for much higher bandwidths than microwave signals (f 10" 10° Hz).
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Furthermore, advances in silica optical ber made guided propagation of
optical signals possible with signi cantly lower losses than copper wires,
without suffering from electromagnetic interference. Optical ber com-
munication technology rst appeared in specialised settings, using light
emitting diodes switching on and off at MHz speeds [22]. Later on, these
LEDs were replaced by AlGaAs/GaAs lasers emitting light in the 800 - 900
nm region. Eventually, development shifted towards lasers operating at
longer wavelengths, to bene t from the low chromatic dispersion (at 1300
nm) and low propagation loss (at 1550 nm) of optical bers. Long-haul
optical ber communications at these wavelengths became commercial in
1984 [23], however, microwave satellite links remained a strong competitor
for long-haul, high-volume communications up until 1990 [22]. The battle
for market space reached a turning point in 1987 in favour of optical ber,
when the erbium-doped ber ampli er (EDFA) was invented [24], which
allowed for the ampli cation of optical signals around 1550 nm. This made
ber optics a viable technology for high-capacity trans-oceanic communi-
cation channels. Nowadays, submarine optical bers connect the entire
globe, as shown in Figure 1.1. With the ber infrastructure in place, further
improvements were to come from the transmitter and receiver units at both
ends of the ber. The development of these components spurred the eld
of integrated photonics

Figure 1.1: Submarine optical bers across the globe. Reproduced from [25].
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1.3 Integrated photonics

Initially, bulk optical components such as lenses and mirrors were used to
guide and manipulate laser light. This type of setup is naturally sensitive to
environmental in uences (mechanical vibrations, humidity ..., temperature
drift), from which the laser beam had to be protected. Already soon, it was
proposed to apply a similar integration process as with electronic circuits,
by employing e.g. dielectric waveguides, fabricated by means of photolitog-
raphy, doping and/or etching [26]. The idea of the photonic integrated circuit
(PIC) was born. The main bene ts of integrated optics - as it was called then
- were expected to be the small form factor and the potential economical
scalability towards circuits with complex functionalities. Initially, it was
forecasted that PICs would be able to combine a wide range of materials
and functionalities by deposition and patterning of different types of layers
(see Fig. 1.2) [27]. However, dif culties in fabrication quickly proved trou-
blesome and PICs with a limited set of components became more common.

With the richness in laser sources and wavelengths came a wide range of
integrated platforms being investigated. Platforms with a low index con-
trast such as (doped or etched) silica [26] or Ti-doped lithium niobate [28]
provided good coupling with optical bers, at the cost of large bend radii
and hence a limited integration density. They could be used to make passive
wavelength multiplexers and Iters, and electro-optic modulators in ber-
optic networks [29]. Materials such as silicon nitride and silicon oxynitride
could be deposited on oxidized silicon wafers and provided higher index
contrasts and hence more densely integrated circuits with low propaga-
tion losses down to 0.1 dB/cm [30] in a wide wavelength range spanning
from visible wavelengths to above 2 um. Integrated active components
such as lasers, detectors, modulators and switches on epitaxially grown
[1I-V semiconductors were reported to often reach higher ef ciencies than
their bulk counterparts [27]. While certain advantages of integrated pho-
tonics on silicon substrates were already recognized early on, the market
push towards telecommunication applications steered most early devel-
opment efforts towards ferro-electric materials (lithium niobate) and IlI-V
semiconductor platforms such as GaAs and InP [27,31]. Indeed, the rst
photonic integrated circuits performing more than one function were made
on GaAs/InP platforms [32, 33]. These circuits contained a single-mode
laser and a modulator, for telecommunication links with high data rates.

As photonic integrated circuits started entering the market, more criti-
cal views on the push towards fully monolithic system integration arose.
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Figure 1.2: Early vision of complex PIC combining a wide range of materials
and functionalities on a single substrate. Reproduced from [27].

Although fully monolithically integrated GaAs receivers had been demon-
strated, their economic viability was questioned. After taking fabrication
costs, testing, packaging and assembly into account, one report concluded
that limiting the number of integrated functions per chip to two resulted in

a lower cost, compared to fully integrated modules [34]. This conclusion
was valid at any production volume, due to the increased chip size and
compound yield issues at that time. Co-packaging of several chips was
therefore common in the rst lll-V transceiver products. A later report
showed that complex InP PICs with different components (requiring addi-
tional processing steps) only became economically viable if they could be
made (and sold) in high enough volumes with high yield [35]. A problem
persisting until today is that the market demand for speci ¢ PICs is usually
far below the volume where dedicated process ows become economically
interesting. Hence, as a solution, generiglatforms were to be developed that
would allow multiple products to be fabricated at the same time, sharing
the production costs [36]. The availability of generic platforms and the need
for low volume prototyping during PIC development later led to another
cost reduction method, namely the sharing of wafer space between different
customers: multi-project wafer runs (MPWSs).

The emergence of silicon photonics

Crystalline silicon, despite being "the most thoroughly studied semicon-
ductor in the world” [37], was only proposed as a waveguiding material
for integrated photonics in the second half of the 1980s. Its high optical
transparency in the 1310 nm and 1550 nm regions, and the potential for
low bulk scattering/absorption losses in highly pure crystals showed great
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promise for telecommunication applications [38]. The demonstration of
excellent electro-optical properties in doped crystalline silicon further pro-
pelled the interest in this material [39]. Nevertheless, it was technologically
challenging to create single-mode waveguides in a highly pure crystal. At-
tempts using different substrate con gurations were made with varying
success, until high quality silicon-on-insulator wafers became available
after the development of Smart-Cut ® technology by the French company
Soitec [40]. The key driver for research into silicon photonics was the fact
that it could leverage the immense amount of investment in CMOS fabrica-
tion facilities and reach substantially higher volumes at a lower cost than
[1I-V semiconductors. The silicon-on-insulator platform reaches a better
trade-off between waveguide loss and bend radius (and integration density)
compared to indium phosphide [41]. At the same time, CMOS compati-
ble processes are available for the integration of performant modulators
(through doping) [42, 43] and photodiodes (through epitaxial growth of
germanium) [44,45]. While InP and GaAs had been very successful for
long-haul applications, silicon promised to be more suitable for targeting
mass markets [31]. However, the need for an external light source is a large
technological hurdle for many silicon photonic applications up to this day.

Silicon nitride - a complementary platform to SOl and InP

In its early days, research into silicon nitride was motivated by the wide
transparency range, including visible wavelengths, and the possibility to
process it on silicon substrates [41]. Improvements of the deposition and
etching processes lead to the achievement of low propagation losses down
to 10 dB/m at visible wavelengths [30]. The low propagation losses and rel-
atively small bend radii allowed to make long delay lines in silicon nitride.
For optical biosensing applications, long delay lines allowed to increase the
interaction length of light with an analyte and hence increase the sensitivity
of the measurement [46, 47]. At telecommunication wavelengths, a further
push to ultra-low propagation losses was desired to enable even longer
delay lines for optical packet routing (buffering, switching) [41]. The lower
index contrast of SizN4 with SiO, reduces the sensitivity of passive com-
ponents in SigN 4 to variations in the waveguide dimensions, compared to
components in SOI or InP. For this reason, the highest performant on-chip
optical Iters are made on silicon nitride [48 —50]. Furthermore, the fact that
silicon nitride is added through a deposition step gives a large degree of free-
dom to optimize the waveguide geometry for a speci ¢ application. Optical
powers of several Watts can propagate through silicon nitride waveguides
without causing damage, when the material quality is high enough [51].
Thin layers with low con nement allow for these high powers to propagate
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with minimal nonlinear signal distortion [52]. On the other hand, thick
layers with high con nement allow for a maximal exploitation of optical
nonlinearities [49, 51].

Lithium niobate - from bulk to thin Ims

Low-contrast waveguides in glass and lithium niobate (LINDO 3, LN) crys-
tals were developed early on for their compatibility with ber optics. Phase
modulators in bulk lithium niobate are commonly used even to this day.
However, the large mode size requires the modulator's electrodes to be
spaced far apart to avoid inducing optical losses. This reduces the overlap
between the microwave mode and the optical mode and hampers velocity
matching. Higher voltage swings need to be applied to obtaina  phase
shift, and the maximal bandwidth remains limited. Having a stronger con-
nement of the optical mode would allow for more closely spaced electrodes
and hence an improved device performance [53]. An initial improvement
came from the use of ridge-type waveguides, in combination with doping,
to increase the index contrast [54, 55]. The electrodes were then spaced on
top of a deposited silicon oxide spacer layer. However, the con nement
was still limited to ridges of 9 pum wide and the electrodes had to be several
microns thick to achieve velocity matching. High bandwidths up to 100
GHz could be obtained, but the other performance metric, the half-wave
voltage-length product (V L), remained high, around 10 V cm. A further
step included having a low dielectric layer between the lithium niobate
substrate and a thin Im of several microns thick [56]. As the material is
notoriously hard to etch, polishing and laser ablation methods were used to
form a thin layer out of a bonded LN substrate. Reaching submicron Im
thicknesses reliably was challenging.

Later on, the "ion slicing” technique was developed, which allowed the
bonding of high quality, thin (down to several 100 nm) layers of lithium
niobate to another substrate such as oxidized silicon [57]. This method
resembles the Smart-Cut® method for the fabrication of SOI wafers. It
allowed for the fabrication of high-con nement waveguides with good
velocity matching and a strong overlap between the microwave and optical
modes, resulting in modulators with high bandwidths and low driving
voltages. Etching recipes were optimized to result in low propagation losses
of the order of 0.2 dB/cm and below [58], approaching the losses of commer-
cially offered silicon nitride [59, 60]. These developments placed thin- Im
lithium niobate in an overlapping market space, with the added bene t
of having the electro-optic (EO) modulation capacity available. On top of
that, lithium niobate can not only be doped with titanium, but also with
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erbium. Similar to an erbium-doped ber ampli er, this allows for light
generation and lasing in the lithium niobate through optical pumping at
room temperature [61,62]. Nevertheless, due to its more recent emergence,
component libraries on this platform are not yet reaching the maturity of
those on the silicon nitride platforms. Furthermore, its processing requires
dedicated tools and cannot scale to high volumes as easily as SOI or silicon
nitride.

Table 1.1 shows a qualitative comparison of the strengths and weaknesses
of the previously discussed material platforms: InP, Si, SisN4 and thin-
Im LN (TFLN). The most "complete” standalone platforms, InP and SOlI,
were able to drive innovation and serve the telecommunication market for
several decades. However, for future applications with evermore stringent
requirements on PIC performance, it becomes necessary to combine two or
more material platforms to overcome their individual limitations. This can
be done by assembling multiple chips in a package (hybrid integration, or
by developing a fabrication ow whereby the different materials are added
and processed together on the same substrate Kieterogeneous integratipn

Building block InP Si SisN4 | TFLN
Passives + ++ +++ ++
Modulators +++ | ++ + +++
Switches +++ | +++ + +++
Optical ampli ers +++ 0 0 +
Detectors +++ | 4 0 0
Footprint 4 | |+ —
CMOS compaitibility 0 ++ |+ 0
Transparency range + ++ +++ +++
Power handling + + F++ F+

Table 1.1: Comparison of the strengths and weaknesses of the main
integrated photonic platforms. Adapted from [63].

1.4 Hybrid and heterogeneous integration

As laid out in Table 1.1, each integrated photonic platform has its own set of
advantages and drawbacks. Combining the strengths of different materials
can overcome their individual limitations and increase the functionality of

a system. Consider as an example external cavity lasers. Neither SOI,SizN 4
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or TFLN have a ready solution for electrically pumped light generation
to drive the integrated circuit. On the other hand, the propagation losses
on llI-V platforms limit the performance of passive lters. Initial external
cavity lasers used IlI-V chips with anti-re ective coatings for edge-coupling
to bulk diffractive elements [64, 65]. Those diffractive elements were later
replaced by tunable Iters and delay lines in SOI [66,67] or SizN4 [68,69]
to achieve a higher degree of integration, while reducing the laser's phase
noise. Several integration techniques exist, each with their own pros and
cons. Some of them are outlined below, from the point of view of integrating
[1I-V based light sources onto other platforms.

Edge-coupling

Edge-coupling or butt-coupling is technologically the least complicated
way to combine two chips into one circuit. Waveguides on both chips are
terminated by the chips' facets, which are brought in close proximity to each
other. Figure 1.3a shows a hybrid IlI-V/ SizsN4 device being characterized.
Re ections at the facet can be minimized by inclining the waveguides
under an angle, and/or by applying an anti-re ective coating. To maximize
transmission, the modal shapes at both facets should match as closely as
possible. The bene ts of edge-coupling are that each chip can be processed
independently on its own substrate for maximal performance, and that
proper surface coating can allow ef cient coupling between waveguides
with diverse modal indices (e.g. InP and SizN4 [68-70]). Drawbacks are the
limited integration density - although this can be partly mitigated using
arrays of devices - and the increased device footprint. The chip assembly
requires highly accurate alignment tools and can only be performed on
singular dies, which slows down the integration process and drives up
the module's price. While an excellent option for applications with low
to medium volumes, requiring a limited number of sources and detectors,
edge-coupling is less suitable for serving high-volume markets.

Photonic wire bonding

Photonic wire bonding is a relatively new technique for realizing hybrid
interconnects. It is based on a two-photon polymerization process in a
negative tone photoresist, upon illumination by a focused pulsed laser
[72], followed by a development step, after which only the exposed path
remains. Due to the nonlinear nature of the two-photon absorption process,
the resolution is enhanced to below the diffraction limit of the pulsed
laser. Photonic wire-bonding relaxes the alignment requirements in chip
interconnects compared to edge-coupling, speeding up the pick-and-place
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Figure 1.3: Images of (a) an edge-coupled I11-V/ SizN4 device under charac-
terisation and (b) a detailed view of photonic wire bonds connecting two
silicon photonic circuits (adapted from [71]).

process. The precise location of the waveguides can be determined using
machine vision after their moderately precise placement, after which the
wire bond path is calculated and exposed by the laser. Initial demonstrations
showed around 1.6 dB insertion loss for an interconnect between two SOI
waveguides [72], which was later improved to 0.7 dB [73]. Another group
demonstrated an interconnection between IlI-V lasers and llI-V photodiodes
on separate chips, with 10 dB loss [74]. The technique has also been picked
up for commercial use [75]. Figure 1.3b shows an array of photonic wire
bonds connecting two silicon photonic circuits on different chips. As an
interconnect technology, photonic wire bonding is a very versatile technique,
with the potential to speed up hybrid integration processes and to increase
the interconnect density.

Flip-chip integration

Flip-chip integration is a method for interconnecting chips by adding solder
bumps onto the electrical contact pads, and placing an external chip upside
down onto the host, with aligned pads. It's a pick-and-place method that
can be used to eliminate electrical wire bonding. In integrated photonics,
ip-chip integration can be used to place a singulated IlI-V laser or ampli er
into a recess in an SOI/SizsN 4 integrated circuit [76, 77]. Not only should
the electrical contacts be aligned in this case, but also the optical facets of
the 111-V die and the waveguide on the host chip should be aligned both
vertically and horizontally. The vertical alignhment depends on the thickness
of the llI-V die, the depth of the recess and the thickness of the solder bumps.
The waveguide facets can be horizontally aligned using alignment markers
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