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Dankwoord

Het was 30 april 2008. Een mooie lente dag, een prachtige dag om Koninginnedag
te vieren. Maar eerst even snel naar Gent voor een sollicitatiegesprek. Even.
Tegen de tijd dat ik terug aangekomen was in Nederland, stonden mijn vrienden al
z0’n beetje op tafel te dansen. Ik denk niet dat ik dit ooit van mijn leven nog ga
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er de project vergaderingen van WADIMOS, waardoor je met enige regelmaat met
mij opgesloten zat in het vliegtuig of in de trein, waar ik dan weer dankbaar gebruik
van heb gemaakt. I should also thank dr. Liu Liu who teached me relevant skills
in simulation, fabrication and measurements in a short period of time.

En dan zijn er natuurlijk de bureaugenoten (kantoorgenoten voor de Neder-
landse lezer). Allereerst Diedrik (den didi), een bureaugenoot van het eerste uur.
Jouw streken zijn ongeévenaard en hebben voor heel wat onvergetelijke momen-
ten gezorgd. Den Peter, een party animal pur sang; beneden in de Grand Canyon
geslapen, cruisen met de Dodge door de woestijn, dat was echt een geweldige trip.
Eva, altijd met een grote glimlach die nog groter wordt wanneer ze een potje cho-
comousse aan het leeglepelen is. Thomas, mijn steun en toeverlaat bij (Python-
script) problemen en altijd een weloverwogen eigen mening. Martijn, bedankt
voor de vele discussies over fabricage problemen en de mogelijke oplossingen.
Raphaél, -de advocaat- je brede interesse en je frisse blik gaan je vast nog ver
brengen. Rajesh, thanks for the endless discussions on microdisk laser issues. Su-
kumar, yet another party animal! Honghui, our martial arts expert catching flies
with his bare hands! And of course the next generation PhD students: Amin, Pij-
ush, Haolan and Andreas, I wish you all the best in the exciting years to come.

Naast de bureaugenoten zijn er natuurlijk nog de andere collega’s, ondanks dat
dit er te veel zijn om bij naam te noemen en ik ze allemaal evenveel wil bedan-
ken, wil ik er toch een aantal vernoemen: Bart, fantastisch gevoel voor humor en
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altijd van alles op de hoogte (jij zou echt een part-time job bij de Story moeten
overwegen). Yannick, gozer! Een enthousiasme dat naar oneindig gaat, fanatiek
op het werk en op de fiets. De fiets brengt ons dan bij Sam: ik hoop dat we met z’n
drieén nog veel mooie tochten mogen maken (of Geert, ga je ook nog eens mee
een tochtje maken)! Pauline, thanks for your helpfulness and time to discuss fabri-
cation and measurements issues. De andere koppeltjes (Sam en Pauline zijn een
koppel): Elewout en Cristina, Wout en Marie, thanks for spreading the love. Mar-
tin, de mastermind achter het Caphe simulatie programma, ik was nog niet klaar
met het debuggen van de installer vx.0 en v(x+1).0 werd alweer gelanceerd. Koen,
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Uiteraard ook een welgemeend woord van dank voor de mensen die mij op
verschillende manieren geholpen hebben met praktische zaken. Steven, wat zou-
den we zonder jou moeten in de clean room? Zoveel kennis en altijd rustig en
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tijdens het einde van mijn doctoraat toen de druk er echt goed op zat. Jeroen en
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Nederlandse samenvatting
—Summary in Dutch—

De evolutie van moderne digitale electronica is het resultaat van de mogelijkheid
om meerdere transistoren te integreren op een enkele chip. Dit heeft het niet al-
leen mogelijk gemaakt om de complexiteit van de circuits te vergroten, maar gaf
ook toegang tot massaproductie, wat resulteerde in goedkope transistoren. Gedu-
rende de laatste decennia is er veel moeite gedaan om de fabricageprocessen te
verbeteren en zo de dimensies van de transistoren te kunnen verkleinen. Dit ver-
kleinen heeft een aantal voordelen; de schakelsnelheid van de transistoren wordt
bijvoorbeeld groter en de prijs per transistor daalt omdat er meer op hetzelfde op-
pervlak geplaatst kunnen worden. De elektrische interconnecties tussen de transis-
toren ondervinden echter geen voordeel van deze miniaturisatie. Omdat het aantal
transistoren op een chip toeneemt, blijft de grootte van de chip min of meer ge-
lijk en de globale elektrische interconnecties blijven dus even lang. Aangezien
elektrische interconnecties een bandbreedte/lengte beperking kennen komt er een
moment waarop ze de bandbreedte niet meer aankunnen. Bovendien neemt ook
de vermogensdissipatie toe, omdat de diameter van de interconnectie wel afheemt.
Deze problemen zijn samen bekend als de interconnectie flessenhals.

Optische interconnecties hebben geen beperking voor wat betreft de lengte/-
bandbreedte verhouding. Daarom werden begin jaren tachtig de lange elektrische
verbindingen in telecommunicatienetwerken vervangen door optische verbindin-
gen. Door de constant toenemende vraag naar bandbreedte, wordt de afstand waar-
bij het economisch haalbaar wordt om bestaande elektrische verbindingen te ver-
vangen door optische verbindingen steeds korter. Als we ons baseren op transities
van elektrische naar optische verbindingen in het verleden, dan blijkt er steeds een
overgang plaats te vinden bij een bandbreedte-lengte product van 100 Gb/s x m.
Globale interconnecties op een chip hebben een lengte in de orde van enkele cen-
timeters en dus wordt er een transitie verwacht op het moment dat de datasnelheid
rond de 10 Tb/s ligt. Op basis van voorspellingen in de ITRS roadmap, worden
deze snelheden binnen enkele jaren verwacht.

Voor het vervangen van elektrische interconnecties op een chip door opti-
sche interconnecties zijn er fotonische geintegreerde circuits (PICs) nodig. Het
silicium-op-insulator materiaalsysteem is een aantrekkelijk platform voor deze
PICs. Dit materiaalsysteem heeft een groot indexcontrast, wat het mogelijk maakt
om een grote integratiedichtheid te bekomen. Bovendien kan bestaande CMOS
technologie gebruikt worden voor het fabriceren van deze circuits. Een groot pro-
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bleem is echter de indirecte bandkloof van silicium, waardoor het moeilijk is een
efficiénte lichtbron te maken. Alternatieve oplossingen worden onderzocht en een
veelbelovende route is een heterogene integratie techniek waarbij III-V materiaal
geintegreerd wordt met silicium door middel van een verbindingsproces. III-V ma-
teriaal is superieur wanneer het gaat om het vervaardigen van actieve photonische
componenten. Het integreren van dit materiaal met silicium combineert het beste
van twee werelden. Het is van groot belang dat de vermogensdissipatie van de in-
terconnecties niet toeneemt op het moment dat er gemigreert wordt naar optische
interconnecties. Daarom zijn zogenaamde microlasers nodig als lichtbronnen, die
significant kleiner zijn dan conventionele lasers. De vermogensdissipatie in deze
microlasers is lager, hetgeen ten koste gaat van uitgangsvermogen, maar ook min-
der belangrijk is gezien de korte afstanden. Voor bidirectionele optische verbindin-
gen is het bovendien nodig om compacte integratie van efficiénte microlasers en
detectoren mogelijk te maken. Wanneer het aantal benodigde verbindingen groot
wordt, zijn conventionele punt-naar-punt verbindingen vermoedelijk niet meer de
meest efficiénte aanpak.

Het doel van dit werk was het onderzoeken van compacte *on-chip’ optische in-
terconnecties op silicium met behulp van heterogeen geintegreerde microbronnen
en detectoren. Ook de mogelijkheid tot het realiseren van Optische Netwerken-on-
Chip (ONoCs) door passieve golflengte gevoelige elementen en multi-golflengte
lasers te integreren is onderzocht. Voor de microbronnen bouwen we verder op
het III-V gebaseerde microschijflaserontwerp ontwikkelt door Van Campenhout
en anderen [1]]. Het is reeds aangetoond dat multigolflengte lasers gemaakt kun-
nen worden met behulp van deze microschijflasers, dit door meerdere schijven met
een kleine variatie in straal, en dus in golflengte, te integreren op een enkele golf-
geleider [2]]. Het integreren van efficiénte III-V lasers en detectoren die direct naast
elkaar staan is niet triviaal, aangezien er doorgaans een andere epitaxiale structuur
benodigd is voor beide componenten. Wanneer dezelfde epitaxiale structuur ge-
bruikt wordt voor beide componenten is compacte integratie mogelijk, maar dit
gaat ten koste van de performantie van een van de twee componenten. Het gebruik
van twee verschillende epitaxiale structuren resulteert in spati€le restricties. In dit
werk maken we gebruik van een nieuwe epitaxiale structuur waarbij er voordeel
wordt gehaald uit het feit dat er een dunne film gebruikt wordt voor de micro-
schijflaser. Deze epitaxiale structuur bevat aparte lagen voor de laser en detector.
Deze nieuwe aanpak laat het toe om microschijflasers en detectoren compact te in-
tegreren, waardoor het mogelijk wordt om bidirectionele optische verbindingen te
realiseren op silicium. Het gepresenteerde werk werd uitgevoerd in het raamwerk
van het EU FP7 project WADIMOS.

In [1]] werd de wereldwijd eerste elektrisch geinjecteerde microschijflaser op
silicium gedemonstreerd. Er werd echter ook gerapporteerd dat er nog ruimte voor
verdere verbetering is voor wat betreft de performantie. Ook de opbrengst in aan-
tallen werkende lasers was niet erg hoog. De epitaxiale groei van de III-V stapel
werd uitgevoerd door onze projectpartners van INL. Ze hebben het groeiproces
verder geoptimaliseerd en konden daardoor een dunnere stapel groeien met een
tunneljunctie boven de actieve laag in plaats van eronder, zoals in voorgaande ont-
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werpen. Tijdens dit onderzoek hebben we simulaties uitgevoerd gebaseerd op deze
nieuwe stapel om de geometrie van de microschijflaser te optimaliseren, zodat de
optische verliezen geminimaliseerd kunnen worden.

Uit metingen is gebleken dat in een multi-golfiengte laser, gebaseerd op een
rij van microschijflasers, er sterke koppeling was naar hogere orde modi van de
naastliggende microschijven waardoor de performantie sterk verminderd werd. Si-
mulaties van de koppeling tussen een microschijflaser en een golfgeleider zijn uit-
gevoerd, zodat de gewenste koppeling tussen de fundamentele modi van de micro-
schijf en golfgeleider gemaximaliseerd wordt, terwijl de koppeling tussen andere
modi juist geminimaliseerd wordt.

Een rigoreuze 2.5D axi-symmetrische electro-optische simulatie werd uitge-
voerd op de microschijflaser structuur om inzicht te krijgen in het transport van
ladingsdragers en andere kritische parameters. Om de betrouwbaarheid te vergro-
ten zijn de parameters aangepast op basis van experimentele resultaten.

Een ontwerp voor de detector werd gemaakt op basis van de nieuwe epitaxiale
structuur en optische simulaties werden uitgevoerd om de koppeling tussen de
golfgeleider en de absorptielaag van de detector te vergroten. Uit de resultaten
bleek dat de ongewenste absorptie in de laserquantumvallen te verwaarlozen is,
maar dat de invloed van het top metaal contact significant is.

In totaal zijn er 3 verschillende fabricage cycli uitgevoerd; twee in een CMOS
proeflijn en één in de stofvrije ruimte van de Universiteit Gent. Het CMOS fa-
bricageproces voor de microschijflaser en -detector werd ontwikkeld en geoptima-
liseerd door onze project partners bij CEA-Leti. Alle fabricagestappen voor de
microschijflaser en -detector werden hier uitgevoerd op een 200 mm waferschaal
in een CMOS proeflijn.

In de eerste CMOS ronde werden zowel microschijflasers als detectoren gefa-
briceerd. Alleen de microschijflasers met een diameter groter dan 20 um toonden
laserwerking. Van dwarsdoorsnede SEM foto’s werd het duidelijk dat er een Tita-
nium ring residu lag rond de microschijf caviteit. Dit resulteerde in grote optische
absorptie en weerhield de kleinere microschijflasers van het vertonen van laser-
werking. De detectoren hadden een responsiviteit tot maximum 0.97 A/W voor 80
wm lange structuren. Relatief hoge donkerstromen werden gemeten met waarden
tussen een paar honderd nano-Ampere tot enkele micro-Ampere. Dit werd mo-
gelijk veroorzaakt door het niet tijdig passiveren van de structuren. Klein-signaal
bandbreedtes tot 16 GHz werden gemeten voor structuren met een lengte van 20
wm.

De tweede CMOS ronde bevatte meer complexe ontwerpen met 8x8 ONoCs
en ook 2x2 ONoCs, welke speciaal ontworpen waren om geintegreerd te kunnen
worden met CMOS electronica door middel van een flip-chip integratie. Echter,
door verschillende problemen tijdens de processing en design fase, werden geen
werkende detectoren gerealiseerd in deze ronde en daardoor konden deze circuits
enkel gedeeltelijk gekarakteriseerd worden. Het chipontwerp bevatte ook op zich-
zelf staande microschijflasers met diameters tussen de 5 en 40 um en CW laser-
werking werd geregistreerd voor structuren met een diameter groter dan 6 um. De
beste performantie werd gemeten op structuren met een diameter van 7 pm met
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drempelstromen van 0.6 mA en een maximaal uitgangsvermogen van 31 W in
de silicium golfgeleider. Sterke oscillaties tussen de linker en rechter uitgang van
de laser werden waargenomen in de LI figuren. Dit werd veroorzaakt door externe
reflecties van onder andere de vezelkoppelaars. Uit klein-signaal metingen werd
een maximale 3 dB bandbreedte van 7.8 GHz gevonden. De golflengtespatiéring
in multigolflengte lasers was niet uniform en dit werd mogelijk veroorzaakt door
de 5 nm grid van het masker en bijkomende afrondingsfouten. De MWLs lieten
een dalend uitgangsvermogen zien naarmate de betreffende microschijf verder van
de uitgang verwijderd stond. Dit kan toegeschreven worden aan de koppeling naar
hogere orde modi van naastliggende microschijven in de rij. Dit resultaat was de
aanleiding voor de simulaties die werden uitgevoerd omtrent de koppeling. Ge-
optimaliseerde ontwerpen werden gemaakt op basis van deze simulaties. Deze
ontwerpen zijn gebruikt in de fabricageronde in de clean room van de Universiteit
Gent.

In het fabricageproces uitgevoerd aan de Universiteit Gent werd gebruik ge-
maakt van een aangepaste adhesieve verbindingsmethode welke het toelaat een be-
tere controle te hebben over de verbindingslaagdikte vergeleken met het standaard
adhesieve verbindingsproces. Verder werd er ook een zelf-gealigneerde aanpak
ontworpen voor de fabricage van het kritieke topcontact van de microschijflaser.
In deze ronde werden zowel microschijflasers als detectoren succesvol gefabri-
ceerd op een enkele chip. Een compacte optische link op deze silicium chip werd
gerealiseerd door de mirscoschijflaser en de detector met elkaar te verbinden via
een silicium golfgeleider. Een microscoop opname van deze link is weergegeven
in Figuur[I] De detectoren hadden een responsiviteit tot 0.69 A/W voor een 60 pim
lange structuur en de donkerstroom was 20 nA voor 40 um lange structuren. Een
bandbreedte van 18 GHz was gemeten voor de detectoren bij een spervoorspanning
van 1 V. De microschijflasers lieten CW operatie zien met drempelstromen van 220
1A en een maximale hellingefficiéntie van 57 uW/mA gemeten aan 1 uitgang.
De stroom-versus-stroom karakteristiek van de gehele optische link is weergege-
ven in Figuur 2] Een klein-signaal metingen werd uitgevoerd over de complete
verbinding en een bandbreedte van 7.6 GHz werd gemeten bij een laserinstelspan-
ning van 1.9 V en een detector instelspanning van 1 V. De klein-signaal responsie
karakteristiek versus de instelspanning van de laser is weergegeven in Figuur
De bandbreedte van de link is dus gelimiteerd door de bandbreedte van de mi-
croschijflaser. Multi-golflengte lasers met geoptimaliseerde koppeling condities
werden ook in deze fabricageronde opgenomen en de metingen gaven aan dat het
uitgangsvermogen van de microschijflaser in de rij niet langer athangt van de po-
sitie in de rij.
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Figuur 1: (a) Microscoop beeld van de complete optische link, waarbij detectoren aan
beide zijden van de microschijf laser verbonden zijn via een silicium golfgeleider. (b)

Schematische weergave van de doorsnede van de microschijf laser en de detector.
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Figuur 2: Stroom versus stroom plot van de optische link. De zwarte en rode lijn komen

overeen met respectievelijk de linker- en rechterdetector. Doorgetrokken lijnen
representeren CW metingen en onderbroken lijnen gepulste metingen. De IV curve is

aangeduid met de blauwe lijn.
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English summary

The evolution of modern digital electronics is the result of the ability to integrate
multiple transistors on a single chip. This made it possible to increase the com-
plexity of the circuits but also allowed for mass fabrication, resulting in low cost
transistors. Over the last decades lots of efforts have been put in improving the fab-
rication technology to scale down the dimensions of the transistors. Down scaling
in size has several advantages, the switching speed of the transistors increases,
while the price of a chip decreases. However, the electrical interconnects between
the transistors do not benefit from this down scaling. In fact, the performance of
these electrical interconnects becomes worse as the dimensions decrease. That is,
by decreasing the cross-sectional dimensions of the wire, its bandwidth capacity
is reduced. Decreasing the length of the interconnect has a positive effect on the
bandwidth, but because of the increasing number of transistors on the chip, the
size of the chip remains constant and hence, the length of the interconnect remains
the same. At the same time, also the power dissipation increases. This is known
as the interconnect bottleneck.

Optical interconnects do not suffer from this bandwidth length trade-off. As a
result, optical interconnects started to replace electrical interconnects in the long-
haul connections in the early 80’s. Because of the ever increasing bandwidth, the
length at which it becomes economically feasible to replace electrical intercon-
nects by optical interconnects becomes shorter and shorter. Based on transitions
from electrical to optical interconnects that have taken place in the past, the cross-
over point lies around 100 Gb/s x m. Global electrical interconnects on chip are
on a cm scale and thus have an expected transition point around 10 Tb/s, which is
soon going to be reached according to the ITRS roadmap.

Replacing electrical interconnects on a chip requires photonic integrated cir-
cuits (PICs). The Silicon-on-Insulator (SOI) material system has received a lot of
attention as a platform for these PICs. It has a large index contrast, which allows
for a high integration density and existing CMOS technology can be used for the
fabrication of these circuits. However, a major issue is the difficulty of achiev-
ing light emission in silicon due to its indirect bandgap. Alternative solutions are
being investigated and a promising route is a heterogeneous integration technique
where III-V materials are integrated with silicon through a bonding approach. III-
V material is a superior material when it comes to active photonic devices and
integrating these materials with silicon allows to combine the best of both worlds.
It also important that the power dissipation by the interconnects does not increase
when migrating to optical interconnects, therefore so called micro lasers are re-



XXiv ENGLISH SUMMARY

quired which are an order of magnitude smaller than conventional laser designs.
The power dissipation in these micro lasers is lower, at the cost of lower output
power. For bidirectional optical links, compact integration of efficient micro lasers
and detectors is required, which has not yet been achieved. Furthermore, when the
number of links is large, conventional point-to-point links might not be the most
efficient approach.

The goal of this work was to investigate compact on-chip optical interconnects
on silicon based on heterogeneously integrated microsources and detectors. Also
the possibility of realizing Optical Networks-on-Chip (ONoCs) by integrating pas-
sive wavelength selective elements and multi-wavelength lasers was explored. For
the microsources we build upon the III-V based microdisk laser design developed
by Van Campenhout et al. [[1]]. It was also shown that a multi-wavelength laser can
be made using these microdisk lasers, by cascading multiple disks with slightly
different radius and thus slightly different resonant wavelengths, on a single ac-
cess waveguide [2]. Integrating efficient III-V lasers and detectors next to each
other is not trivial as typically a different epitaxial structure is required. Using
the same epitaxy for both devices leads to inefficient operation of one of the two,
while using separate epitaxial structures results in spatial restrictions. In the latter
case, no bidirectional optical links can be achieved. Here we use a new epitax-
ial structure that relies on the fact that a thin film is used for the microdisk laser.
This epitaxial structure contains the layers for both the laser and the detector. This
new approach allows for the compact integration of microdisk lasers and detec-
tors, thereby making it possible to realize bidirectional optical links on silicon.
The work presented here was performed in the framework of the EU FP7 project
WADIMOS.

In [1]] the worlds first electrically injected microdisk laser on silicon was dem-
onstrated. However, it was also reported that there was still room for further im-
provement in the performance of the device and also the yield was not very high.
The epitaxial growth of the III-V stack was performed by our project partners at
INL. They optimized the growth process and were therefore able to grow a thinner
stack with a tunnel junction above the active layer, instead of below in previous
devices. In this work, we performed simulations based on this improved stack to
optimize the microdisk laser geometry to reduce optical losses.

From measurements it was found that in a multi-wavelength laser based on an
array of microdisk lasers there was strong coupling to higher order modes of sub-
sequent disks which detoriates the performance significantly. Simulations on the
coupling between a microdisk laser and the access waveguide have been performed
to optimize the coupling between the desired fundamental disk mode, while mini-
mizing coupling to other higher order modes.

A rigorous 2.5 D axi-symmetric electro-optic simulation was performed on the
microdisk laser structure in order to get insight into the charge carrier transport
and critical parameters. To increase the reliability of the model, it was fitted to
obtained experimental results.

A detector design was made based on the new epitaxial structure and optical
simulations were performed to optimize the coupling between the fundamental
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waveguide mode and the absorption layer of the detector. Undesired absorption
at the laser quantum wells was found to be negligible, but the influence of the top
metal contact cannot be neglected.

In total 3 different fabrication runs were performed, two in a CMOS pilot line
and one in the clean room of Ghent University. The CMOS fabrication process
for the III-V microdisk laser and detector was developed by our project partners at
CEA Leti. All fabrication steps for the microdisk laser and detector were carried
out 200 mm waferscale in a CMOS pilot line.

In the first CMOS run both microdisk lasers and detectors were fabricated.
Only the microdisk lasers with radii larger than 20 ym diameter showed lasing
behavior. Cross-section SEM images revealed that a titanium ring residue was
present close to the microdisk cavity resulting in strong optical absorption and
withholds the small microdisk cavities from lasing. The detectors had responsiv-
ities up to 0.97 A/W for 80 um long devices. Relatively high dark currents with
values between a few hundred nano amperes to micro amperes were obtained and
most likely caused by not timely passivating the devices. Small-signal bandwidths
up to 16 GHz were obtained for 20 pm long detectors.

The second CMOS run contained more complex designs with 8x8 Optical
Networks-on-chip (ONoCs) and also 2x2 ONoCs that were made in such a way
that they allowed for flip-chip integration with CMOS electronics. However, due
to several processing and design issues, no working detectors were obtained in this
run and therefore these circuits could only be partially characterized. The designs
also contained stand-alone microdisk lasers with diameters ranging from 5 to 40
pm and CW lasing was obtained for devices with a diameter of 6 um or larger.
The best performance was obtained for 7 pm diameter devices with threshold cur-
rents of 0.6 mA and a maximum output power of 31 IV in the silicon waveguide.
Strong oscillations between the left and right output of the laser was observed in
the LI curves and this is caused by external reflections from e.g. the fiber couplers.
From small-signal measurements a maxmimum 3 dB bandwidth of 7.8 GHz was
obtained. The wavelength grid of the multi-wavelength lasers was not uniform and
this can is most likely caused by the 5 nm grid of the mask and rounding errors.
The MWLs also suffered from a decreasing output power for disks further away
from the output and this can be attributed to the coupling to higher order modes of
subsequent disks in the array. This was the trigger for the simulations performed
on the coupling and optimized designs were made based on these simulations.
These designs were included in the process run at Ghent University.

for the fabrication process in Ghent a modified adhesive bonding approach was
used that allows for better control of the bonding layer thickness, compared to the
standard adhesive bonding approach. Also, a self-aligned approach was developed
for the fabrication of the critical top contact of the microdisk laser. In this run
both microdisk lasers and detectors were successfully fabricated on a single chip.
A compact optical link on this silicon chip was realized by interconnecting the
microdisk laser and the detector through a silicon waveguide. A microscope image
of this link is shown in Figure[d The detectors had responsivities up to 0.69 A/W
for 60 pm long devices and dark currents down to 20 nA for 40 pm long devices.



XXVi ENGLISH SUMMARY

Microdisk laser Detector

Figure 4: (a) Microscope image of the full optical link, where detectors on both sides of
the microdisk laser are connected via a silicon waveguide and (b) schematic representation
of the cross-section of the microdisk laser and detector.

A bandwidth of 18 GHz was measured for the detectors at a reverse bias of 1V.
The microdisk lasers showed CW operation with threshold currents as low as 220
1A and a maximum single sided slope efficiency of 57 uW/mA was obtained.
A current versus current characteristic of the optical link is shown in Figure 5] A
small-signal measurement was performed on the complete optical link, where a
bandwidth of 6.7 GHz was obtained for a laser bias of 1.9 V and a dtector bias
of 1 V. The small-signal response versus laser bias is shown in Figure [f] The
bandwidth of this link is limited by the microdisk laser. Multi-wavelength lasers
with optimized coupling conditions were included in this run and measurements
showed that the output power of the microdisks in the array no longer depend on
the position in the array.
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Introduction

1.1 The information revolution

Without a doubt the invention of the transistor, which was the lead-in for modern
digital electronics, and the Internet can be named in one breath with other impor-
tant life changing inventions like e.g. the steam engine and the printing press. The
numerous devices and equipment available today relying on this transistor, like
smartphones, televisions and medical scanners to name a few, cover to whole range
from consumer products to medical and communication products. Nowadays, it is
hard to imagine a live without all these electronic devices and communication net-
works. The key to realizing modern digital electronics was the ability to integrate
multiple transistors on a single chip. This not only made it possible to increase the
complexity of the circuits on the chip, but also allowed for mass-fabrication re-
sulting in extremely low cost transistors. Over the last decades lots of efforts have
been put in improving the semiconductor fabrication technology to scale down
the dimensions of the transistors. This has led to a steady increase in integration
density and also the switching speed of the transistors improved with decreasing
dimensions, thereby increasing the computational power. This trend was predicted
by Gordon Moore in 1965 when he stated that ‘the number of components in an
integrated circuit will double every 18 to 24 months’. Up until today this law still
holds, albeit somewhat as a self fulfilling prophecy of the semiconductor industry.

Keeping up with Moore’s law is not without hurdles. The transistor count on a
state-of-the-art processor today, already exceeds the number of 1 billion per square



2 INTRODUCTION

Power Density

1000t gocoo
800[ a6
600} ‘
400} Tm
[ e
E 200 - — &
: Sr. Lk
4t S
60 B - :"- - -u Pt} 2 -
4O0f B L : .'h.-.'.-'..
20 - - 2o oopoooocanaioaac
10
1985 1990 1995 2000 2005 2010

Figure 1.1: Evolution of power density in microprocessors [[1].

centimeter. This large integration density lowers the cost, but also has a downside
as the power dissipation density in microprocessors is reaching values of hundreds
of W/cm?, which is about the power density in a nuclear reactor! It is clear that
the trend shown in Figure [I.I] up to 2005 could not continue, which is obvious
from the saturation beyond 2005. The power dissipation and the heat generation
associated with it are proportional to the clock frequency. Therefore, instead of
further increasing the clock frequency, around 2005 the focus was shifted to paral-
lel computing where multiple processor cores working at clock speeds up to 3 GHz
are interconnected. This way the computational power can still increase without
increasing clock speed. Today, these multi-core processors are mainstream. How-
ever, large amounts of data needs to be transferred between these cores and this
puts stringent demands on the electrical interconnects. What is more, electrical
interconnects do not benefit from the downscaling in size as transistors do. Major
concerns at this point in time are the chip-to-chip interconnects and the so-called
’global interconnects’ on chip which are responsible for conducting information
across the chip over longer distances.

The main problems with metal wires, serving as electrical interconnects, is that
they suffer from loss and signal delay which are caused by the finite resistance and
the capacitance to e.g. other wires. The signal delay is proportional to the RC
time constant and in turn this is proportional to the square of the length of the
interconnect (because both R and C are proportional to the length). Although the
dimensions of the components go down with improved fabrication processes, the
number of transistors on a chip still increases to improve the computational power.
The net result is that the chip area remains more or less constant over time, as is
shown for several generations of Intel processors in Figure[I.2} and the length of
the interconnects thereby stays the same. The width and the spacing of the inter-
connects become smaller when scaling down, reducing the available bandwidth of



INTRODUCTION 3

Intel High-End (2C/4C) CPU Die Size 2006 - 2012
350

300

250

N
151
3

Die Size in mm~2

150

100

50

Conroe (2C,  Kentsfield (4C, Yorkfield 6M (4C, Yorkfield (4C, Nehalem (4C, Lynnfield (4C,  Sandy Bridge  Ivy Bridge (4C,
65nm, 2006)  65nm,2007)  45nm,2007)  45nm,2007)  45nm,2008)  45nm,2009) (4C,32nm,2011) 22nm,2012)
CPU Codename (Core Count, Process Technology, Year of Release)

Figure 1.2: Die size of several generations of Intel’s microprocessors [4].

the interconnects. Keeping in mind that the bandwidth requirements increase with
increasing computational power, it becomes clear from predictions in the Interna-
tional Technology Roadmap for Semiconductors (ITRS) [2] that electrical inter-
connects cannot keep up with the data processing capabilities on the chip. This
ITRS roadmap is an important reference for the semiconductor industry and is a
cooperative effort of semiconductor manufacturers, academics and government or-
ganizations. The main objective of the ITRS roadmap is to identify technological
challenges that are expected in both the near and longer term future, while at the
same time possible solutions are discussed and analyzed.

Next to these limitations for on-chip interconnects, the same reasoning holds
for off chip input/output (I/O) connections and because the lengths of these inter-
chip interconnects are even longer, the available bandwidth per interconnect is
smaller. Realizing that according to the ITRS roadmap the total I/O bandwidth
requirement is in the order of several hundreds of Tb/s by 2022 and that current
bandwidths for off-chip interconnects are in the order of a few tens of Tb/s [3]], it
is clear that this is a burden that will not be easy to overcome.

Next to the bandwidth problem, there also exists a major issue concerning
the energy consumption. The power dissipation in modern microprocessors is
reaching a value of 200 W, which is about the maximum amount of power that can
be dissipated such that generated heat can still be removed from the chip in a cost
effective manner. In microprocessors made with the 130 nm technology node (the
technology of 10 years ago), the interconnects consumed about 50% of the total
dissipated power. Today’s interconnects are more power efficient, but at the same
time, required bandwidth grows faster resulting in even larger power dissipation
by the interconnects. To stretch this issue, consider the expected I/O bandwidth
required in 2022 of 230 Tb/s as predicted in the ITRS roadmap and assume a
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power dissipation plateau of 200 W, this means only 170 fJ/bit is available for the
I/O interconnects (3.

Also when looking at a larger scale the energy consumption problem becomes
obvious. Applications like Facebook, YouTube and more recently Netflix are im-
mensely popular and used by hundreds of million people. Huge numbers of pic-
tures and videos are send over the network through these applications. According
to Cisco annual global IP traffic will pass the zettabyte threshold by the end of
2015, and will reach 1.4 zettabytes per year by 2017 [5]]. The expected trend of
global IP traffic is shown in Figure [I.3] and also indicates the percentages of dif-
ferent types of data. Clearly, huge amounts of data need to be transferred and
stored, resulting in more and bigger data centers around the globe. As these data
centers contain racks full with microprocessors, one can imagine that the energy
consumption of such a data center is enormous. It is estimated that currently about
2% of the electrical power worldwide is dissipated by these data centers. About
15 to 30 % of this power consumption is spent on interconnects [3} [6]].

These issues all together are known in semiconductor industry as the intercon-
nect bottleneck. The ITRS roadmap describes several possible solutions to this
problem both for short and long term.

As the dimensions of the components scale down in integrated electronics,
the interconnect wires come closer together. The parasitic capacitance between
the interconnect wires thereby increases. To be able to keep on scaling accord-
ing to Moore’s law, semiconductor industry started looking in the late nineties to
reduce the dielectric constant of the insulating material, the so-called low-« di-
electrics, to reduce the capacitance. Since then, several *materials’ with a lower
x value compared to pure silicon dioxide, have been implemented in integrated
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Figure 1.4: Evolution of optical links in communication systems. Taken from .

circuits (ICs). As it becomes increasingly more difficult to fabricate materials
with lower «, this approach cannot continue forever and especially for the global
interconnects new solutions are required. New emerging interconnect solutions
are discussed in the ITRS roadmap. Potential solutions for global interconnects
are 3D integration, which allows for shorter interconnects by stacking ICs in the
vertical direction, and optical interconnects, where the metal wires are replaced
with dielectric waveguides that guide light. Next, to the replacement of electri-
cal global interconnects, optical interconnects have also been proposed for 1/O.
The cross-over point where optical interconnects outperform electrical intercon-
nects depends on the bandwidth-length product. The bandwidth-length product is
an important figure of merit in communication systems, indicating the maximum
bandwidth that a link can support for a given length. Electrical interconnects typi-
cally have a maximum bandwidth-length product of 10Mb/sx km = 10Gb/sxm,
whereas for optical interconnects this is orders of magnitude higher with values of
10Pb/s x m. Based on the transitions from electrical to optical interconnects that
have taken place in the past the cross-over point seems to lie around 100Gb/s x m
as can be seen in Figure [[.4] [7]. Based on this projection, a transition for chip
level I/O from electrical to optical interconnects is expected somewhere in the
next few years. Obviously, this requires the development of CMOS compatible
optical components.
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1.2 Photonics

The field of photonics studies the generation, detection, and other manipulations
of light. The name "photonics’ comes from the analogy with electronics, the field
that is based on manipulation of electrons, whereas photonics focuses on the ma-
nipulation of photons, the elementary ’particle’ of light. It was realized already in
the 1950s that using an optical instead of an electrical carrier signal could improve
the capacity of a communication link by several orders of magnitude. However, in
absence of coherent light sources and optical media to transfer light, such systems
could not be realized [§]]. It took till 1970 when a breakthrough occurred and both
compact optical sources and low-loss optical fibers were demonstrated [8]. This
was the kick-start for worldwide research in optical communication systems. Later
on, when photonics technology matured, next to communication other applications
came up, such as laser printing, optical data recording, displays, etc.

Next to the larger capacity, optical links have some other advantages over elec-
trical links. The loss in optical fiber links is almost two orders of magnitude lower
compared to coaxial links and they are immune to electromagnetic interference
(EMI). Optical links started to replace electrical, coaxial links in long-haul net-
works, because of their larger bandwidth-length product, which made them more
cost efficient as less repeaters were needed in these links. Later on when the band-
width requirements grew larger, the distances at which optical links became eco-
nomically feasible, became shorter and shorter. This trend, illustrated in Figure
is still going on where optical fiber is currently reaching into the access net-
works through a Fiber-to-the-home (FTTH) network architecture [9]] and also data
centers are heavily making use of optical fiber connections for rack-to-rack con-
nections [[10].

As already pointed out in the previous section, electrical interconnects are also
starting to form a bottleneck in inter- and intrachip level connections. Obviously, if
one would want to include optical links on this scale, integrated photonics circuits
are required.

1.2.1 Integrated Photonics

Following the successful road of miniaturization and integration in electronics,
also in photonics it is desirable to include all kinds of optical functions on a single
chip, resulting in a so-called Photonic Integrated Circuit (PIC). Next to the obvi-
ous advantages of lower cost and compactness, it also avoids a significant amount
of alignment constraints. In contrast to electrical circuits, where it is sufficient to
simply make contact between components through a conductor, in photonics accu-
rate alignment of the optical fiber with the optical component is required. In case
of bulk optical components mirrors and lenses need to be properly aligned, which
is a daunting task. If multiple optical components can be integrated on a single
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chip, this reduces the assembly cost of an optical system considerably.

Several material systems can be used for PICs. An important requirement in
choosing a material system is obviously that the material should be transparent for
the desired wavelength range. On a PIC, light is guided by a dielectric waveguide
that is surrounded by a material with a lower refractive index than that of the
waveguide core. As a result light can be guided by total internal reflection (TIR),
similar to optical fibers. The refractive index contrast between the core and the
cladding of the waveguide determines the integration density that can be achieved.
A high refractive index contrast means that small bend radii can be used without
causing excessive bend losses. Also, the crosstalk between waveguides for a given
pitch is lower when using a higher index contrast. A downside when using high
contrast material systems is that fabrication tolerances are smaller and also surface
roughness will have a stronger impact.

Besides the transparency and the index contrast of the material system used, it
can also be important, depending on the application, that strong non-linear effects
are present or that active components can be efficiently integrated.

The most common integration platforms for PICs are:

e Silica-on-silicon: this approach uses doped and undoped silica as core and
cladding material on a silicon substrate, respectively. It is a very mature
and robust technology with low waveguide losses and high thermal stability.
However, the low refractive index contrast makes this platform not suitable
for high integration densities as very large bend radii are needed. Further-
more, this material system is not suited for circuits requiring active compo-
nents.

e Silicon-on-insulator (SOI): a silicon layer is isolated from the silicon sub-
strate through a underlying buried oxide layer (BOX). The cladding mate-
rial is thus either air or SiO5 resulting in a very high index contrast both
horizontally and vertically. Therefore, very high integration density can be
obtained. At the same time, this also sets high demands for the fabrication
as e.g. small variations in device structures can detoriate the performance
significantly. However, the fabrication process is CMOS compatible in the
sense that the SOI wafers can be processed using standard CMOS tools and
recipes. As this is a very mature processing technology it allows for the
fabrication of high quality PICs. SOI is therefore one of the most popular
platforms for PICs at the moment and famous under the name of Silicon
Photonics. However, due to the indirect bandgap of silicon, it is difficult to
make light emitters in this material system.

o [II-V materials: Materials from group Il and V are epitaxially grown in dif-
ferent compositions on mostly GaAs and InP based substrates. This makes it
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possible to have direct bandgaps in a wide wavelength range and in combina-
tion with the good electrical properties, this is the material system of choice
for fabricating high quality semiconductor lasers and other active compo-
nents. A major advantage is that all kinds of passive and active devices can
be integrated monolithically. However, the index contrast in the vertical di-
rection is low, limiting the integration density. Furthermore, these materials
are more expensive than e.g. silicon and the processing technology is less
mature compared to the CMOS technology. Although this material system
is traditionally used for stand-alone high-end components for the long-haul,
the trend is to also realize more complex integrated circuits [[11].

o TriPlex (SiO2/SisNy): uses alternating SizN4 and SiO; layers on a silicon
substrate. By changing the thickness of the layers the index contrast can
be engineered from medium to high and very low waveguide losses of 0.1
dB/cm can be reached. It also has a broad wavelength range of 400 nm
to 2.35 um. The fabrication process itself is compatible with CMOS tech-
nology, but to make e.g. a waveguide structure more processing steps are
required compared to the SOI material system. As for the SOI platform,
also in TriPlex it is not possible to fabricate active components.

e Lithium Niobate (LiNbQO3): Lithium Niobate is a ferroelectric material with
excellent electro-optic, non-linear and piezoelectric properties. It is mostly
used for high-performance stand-alone electro-optic modulators, acousto-
optic devices and other non-linear applications. It is less suited for complex
integrated circuits because of its complex and expensive fabrication process.

e Polymers: a material system based on polymers can offer a low cost solu-
tion as both the materials and fabrication are cheap. The index contrast is
typically very low, which makes this material system not suitable for dense
integration of complex photonic circuits. The thermo-optic effect is large
resulting in low-power, but also slow thermo-optic switches.

As for the purpose of I/O and global optical interconnects in CMOS electron-
ics, the SOI platform is currently receiving a lot of attention. The main reasons for
this are the possibility to reach a high integration density and the fact that the same
infrastructure as for CMOS electronics can be used. A more detailed description
including strengths and weaknesses of this platform are the content of the next
section.

1.3 Silicon Photonics

Silicon is transparent for light with wavelengths in the telecommunication range
(1300 nm and 1550 nm windows). Silicon also has a high refractive index of 3.48,
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Figure 1.5: SEM image of a cross-section of a single mode waveguide in silicon. The
width of the waveguide is 450 nm and the height is 220 nm. Picture from

while its native oxide (SiO3) has a refractive index of 1.44 (both for wavelengths
around 1550 nm). Therefore, the SOI platform has as a very high refractive index
contrast allowing for very compact integration of photonic circuits. A scanning
electron microscope (SEM) image of a cross-section of a single mode waveguide
in silicon with dimensions as small as 450 x 220 nm is shown in Figure[T.5] The
fact that this material system is also used for electronic ICs leads us to the next
major advantage of silicon photonics: PICs can be fabricated using the standard
CMOS fabrication technology used in electronics. This is a very mature processing
technology that allows for fabrication of structures with very small feature sizes.
Existing CMOS infrastructures can be used to fabricate these PICs, which makes
it a very cost-effective approach. Furthermore, the cost of silicon itself is much
lower compared to e.g. III-V based materials and it can be grown with very high
crystal quality.

The downside of a high index contrast is that the effect of light scattering from
imperfections at the interfaces is quite strong, resulting in additional losses and
back reflections. However, it has already been shown that by using more recent
and advanced CMOS technology this can effectively be reduced [13]].

A large amount of highly compact passive photonic components, like wave-
guides, crossings, filters, fiber couplers, etc., have already been successfully dem-
onstrated since the 1990s and their performance has been improved ever since
[14H16]. More recently, also several configurations of high-speed silicon modu-
lators based on the plasma dispersion effect have been shown experimentally
with speeds up to 40 Gb/s [18]]. Realization of other key active components in sil-
icon such as lasers and detectors is more difficult. Silicon has an indirect bandgap
which makes it extremely difficult to make an efficient light source. The most
successful attempt is probably the demonstration of a silicon Raman laser [19]. A
major drawback however, is that this laser needs to be pumped optically, which
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makes it less suitable for efficient integration. Another promising approach is the
use of rare-earth-doped silicon for achieving lasing [20]]. However, realization of
an efficient laser using this technique is not to be expected for the near future. As
a result, researchers also started looking at possibilities to combine other materials
with the SOI material system and the most important results are discussed below.

1.4 Heterogeneous integration

1.4.1 Germanium on silicon

Germanium has been and is still used as a highly sensitive detector material for
the near infrared. However, these high sensitivity detectors are cooled to 77 K to
reduce the dark current, which makes them expensive and only suited for some
niche applications [21]]. This has changed during the last decade when it became
possible to epitaxially grow germanium on silicon. This reduced the cost of these
detectors considerably and also opened up the possibility to use these detectors in
optical communications. Epitaxial growth of germanium on silicon is not trivial
due to the large lattice mismatch of 4.2%, resulting in high surface roughness and
a high density of threading dislocations degrading the performance [21]. These
problems were overcome by improved growth techniques using e.g. SiGe buffer
layers [22], two step growth processes [23]] and Hs annealing [24]).

Several germanium detectors, both for normal incidence [25| [26] and wave-
guide approaches [27, 28], have been successfully demonstrated on silicon. Espe-
cially the waveguide type detectors attract a lot of attention because they do not
suffer from a bandwidth-responsivity trade-off as normal incidence detectors do.
In terms of bandwidth and responsivity, the performance of these detectors is simi-
lar to InGaAs based detectors, which are the reference for high performance detec-
tors in the near infrared. The main drawback at the moment is the high dark current
(around 100 nA @ -1V), which degrades the signal-to-noise ratio and makes them
less attractive for the use in low-power consumption circuits.

Recently, there has also been an increasing interest in the realization of germa-
nium/silicon avalanche photodiodes (APD). APDs are mostly used in receivers for
long-haul communication systems because their internal gain offers an increased
sensitivity over normal pin detectors. The reason for pursuing Si/Ge APDs is that
the ionization ratio k, an important figure of merit in APDs, is much smaller in sil-
icon than in typical III-V multiplication materials such as InP [29] and thus could
potentially outperform the III-V APDs.

Next to detectors also lasers based on germanium are being investigated. Although
in principle germanium is considered an indirect bandgap semiconductor, it can
be engineered to behave like a direct bandgap semiconductor by applying tensile
strain and n-type doping. An optically pumped Ge-on-Si laser was demonstra-
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ted [30] and later on also an electrically pumped version was demonstrated [31]]
which could be operated just below room temperature (15 °C) and had a maximum
output power of 1 mW, though in a multimode regime. Furthermore, a very high
threshold current density of 280 kA/cm? is required to achieve lasing. Although
it is an encouraging result, it is doubtful whether this technology can provide low
power consumption devices.

1.4.2 1III-V on silicon

As discussed above it is possible to make efficient detectors on silicon by selective
growth of germanium. Although also a laser on silicon has been demonstrated us-
ing germanium, it is far from efficient and thus another material system is required.
It is well known that ITII-V materials are very well suited for making efficient laser
devices and this material system is heavily used to make high performance stand-
alone components for optical communication systems. It is obvious that it would
be highly desirable to be able to combine this superior performance of III-V mate-
rials for lasers (and other active devices) with the silicon platform that has excel-
lent performance regarding passive components. However, the lattice mismatch
between silicon and direct bandgap III-V material compositions is large, which
makes it not trivial to achieve this integration. In the following, we will discuss the
most important techniques to achieve integration of III-V materials with silicon.

Hetero-epitaxial growth of I1I-V

Epitaxial growth of III-V layers on silicon can be considered as the most desirable
solution as it allows for a high integration density, efficient use of expensive II1I-V
materials and it does not involve any critical alignment procedures. However, the
lattice mismatch between silicon and III-V materials with a direct bandgap suit-
able for telecommunication wavelengths is very large. On top of this there is also
a mismatch in the thermal expansion coefficients. These issues result in a very
high threading dislocation density and anti-phase boundaries which makes it dif-
ficult to grow thin III-V layers of high quality. Several III-V materials have been
grown, with moderate success, on a silicon[001] substrate that is slightly misori-
ented. However, this approach is not compatible with CMOS as standard wafers
have a [001] orientation. Another approach involves the use of buffer layers which
are grown on the silicon substrate before the other III-V layers are grown and filter
out the structural defects. This is mostly done by growing GaAs buffer layers, as
these have the smallest lattice mismatch with silicon (4.1%) [32]. A major prob-
lem with this approach is that these buffer layers are quite thick (1-2 um) and
therefore prevent efficient evanescent coupling between the active device and the
silicon waveguide. A technique that received a lot of attention in recent years is the
so called epitaxial lateral overgrowth (ELOG) technique. Here first a seed layer is
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grown on the silicon after which a mask is deposited on the grown layer. Then,
a material lattice matched to the seed layer is grown. By carefully choosing the
size of the mask openings, threading dislocations in the layer above the mask are
avoided. The growth of InGaAs/InP layers on a SOI substrate is already demon-
strated using this approach [33]]. Furthermore, an integration scheme allowing for
evanescent coupling between a silicon waveguide and III-V layers grown using
the ELOG technique has been proposed [34]. However, the photoluminescence
achieved using the ELOG technique is still lower compared to the values seen in
materials grown on III-V substrates. Although epitaxial growth based on ELOG is
promising, there are still some hurdles that need to be overcome to make efficient
active components. Main concerns are a smooth surface morphology allowing the
growth of quantum wells, reducing the number of threading dislocations and us-
ing waferscale compatible lithographic techniques. Therefore, epitaxial growth is
mostly considered as a technique that might become useful in the longer term.

Flip-chipping

Flip-chipping is a very mature process where individually fabricated devices are
mounted on a common substrate that can contain a circuit through which indi-
vidual components can be interconnected. This technique is frequently used in
electronics to mount ICs or stand-alone electro-optic components on a printed cir-
cuit board (PCB). The individual components often contain special contact pads,
such that by using gold or gold-tin alloy solder bumps for attaching the component
to the substrate, an electrical connection is established at the same time. When a
relatively small number of lasers need to be integrated on a certain chip, a flip-chip
approach with vertical cavity surface emitting lasers (VCSELS) can be used such
that the light can be coupled to the underlying waveguide via a grating coupler.
This technique is demonstrated e.g. by Krishnamoorthy and co-workers [35]. A
major advantage of this approach is that all devices can be tested separately before
integration, resulting in a high yield. On the other hand, the alignment tolerance for
flip-chipping active photonic components is typically smaller than 1 um to achieve
efficient light coupling between the active component and the grating coupler. It
should also be noted that it is a sequential process limiting the throughput during
processing and that the integration density is limited by the contact pads and solder
bumps, making it less suitable for compact integration of lasers on silicon.

Bonding

Bonding is a technique where (possibly different) materials are permanently at-
tached to each other. A wide range of bonding technologies exist which all have
their specific characteristics. A good overview can be found in [36]]. The opti-
mum technology depends on the application. For the purpose of integrating I1I-V
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material with silicon it is important that the intermediate material is transparent in
the desired wavelength range and that this intermediate layer is sufficiently thin to
allow for efficient evanescent coupling. Based on these requirements two bonding
methods exist that could be used to combine III-V material with silicon: molecular
bonding and adhesive bonding.

Molecular bonding, or plasma-activated direct wafer bonding, requires two
ultra-clean and flat SiOy surfaces. These surfaces are then plasma-activated to
remove possible remaining contaminants and to improve the quality of the bond
through e.g. an increase in the number of silanol (Si-OH) groups. Next, the sur-
faces are brought into contact and are bonded through Van der Waals attraction.
This is followed by a curing process at 300 °C where the O-H bonds are replaced
by Si-O-Si bonds. To use this process for bonding III-V on silicon a few nanome-
ter thin layer of SiO, is deposited on the III-V wafer or die. Successful bondings
of ITII-V on silicon have been reported [37, [38]], where bonding layers as thin as
a few tens of nanometers have been achieved. The main advantages of molecular
bonding are the CMOS-compatible fabrication process and the ultra-thin bond-
ing layer thicknesses that can be achieved. The disadvantages are obviously the
requirements for ultra flat and clean bonding surfaces. Surface roughness or par-
ticle contamination can reduce the bonding strength considerably and result in
unbonded areas.

Adhesive bonding uses an intermediate material, typically a polymer, that is
spread out over the interfaces that need to be bonded. The adhesive material is
typically applied to the wafer in a liquid state. When the to be bonded interfaces
are now brought into contact, an intimate contact between the adhesive and the
interfaces is established. Possible voids in the interfaces are filled by the adhesive
material. In order to achieve a permanent bond the molecules of the adhesive need
to be crosslinked, which can be done by a curing treatment at around 250 °C and
leads to solidification of the adhesive. An adhesive bonding process for integra-
tion of III-V material on silicon based on a polymer called divinylsiloxane-bis-
benzocyclobutene (DVS-BCB) was developed by Roelkens and co-workers [39]
and later on further improved [36, [40]. Bonding layers thicknesses as thin as a
few tens of nanometers can be achieved using this approach. The main advantages
of this approach is the tolerance to imperfections in the to be bonded interfaces
and particle contamination as well as the simple process flow and low processing
temperatures. Some important drawbacks of this approach are the possible non-
uniformity over a larger area and the low thermal conductivity of adhesive poly-
mers resulting in a high thermal impedance which can have detrimental effects for
active components such as lasers.

Both bonding approaches discussed above allow for efficient integration of
active III-V materials with silicon. It should also be noted that no critical alignment
step is involved in the bonding process, as the III-V devices can be fabricated using
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CMOS tools after the bonding process. Also, a high integration density can be
achieved making bonding the preferred option for integrating III-V with silicon
enabling active devices such as lasers and detectors on the silicon platform.

1.5 Optical interconnects

For optical interconnects to become feasible at a given length scale, they have to
perform equally well or better than their electrical counterpart. We have already
seen in Section [I.1] that there is a bandwidth length trade off for communication
links and that when the bandwidth increases further, the length at which optical
interconnects perform better compared to electrical interconnects decreases. Rack-
to-rack optical interconnects are already being deployed in data centers since a few
years and even board-to-board optical interconnects, with lengths in the order of a
few tens of centimeters found their way to the market. Research is now focusing
on realizing optical interconnects for chip-to-chip and on-chip communication.

To set targets for optical interconnects on this short distance scale we need
to distinguish between the inter-chip and intra-chip optical interconnects, where
typical lengths are in the order of several centimeters for inter-chip and below 2
centimeter for intra-chip interconnects. For inter-chip optical interconnects the
energy efficiency should be <1pJ/bit to be competitive with the current state-of-
of-the-art electrical interconnects and even around 100 fJ/bit in order to offer an
energy advantage over electrical interconnects.

An important performance measure for a processor is the number of floating
point operations per second (FLOPS). The targeted bandwidth is typically 1 byte
per FLOP. Considering that modern processors can execute several TFLOP/s, I/O
bandwidths should be in the order of TB/s. If the number of bytes/FLOP is to
remain constant after 2022, then based on the predictions in the ITRS roadmap
only 50 fJ/bit will be available [3]]. For intra-chip global optical interconnects the
energy efficiency should be <50-200 fJ/bit to be able to compete with near future
electrical interconnects. Based on the ITRS predictions, only 30 fJ/bit will be
available for global interconnects around 2022 and for the number of bytes/FLOP
to sustain this reduces to 10 fI/bit [3]].

To realize intra- and interchip optical interconnects it is important that the fab-
rication process is compatible with existing fabrication processes used in the semi-
conductor industry. This obviously points in the direction of silicon photonics as
it also relies on the same SOI technology platform as electronic ICs. A second
requirement is the availability of active building blocks to construct an optical in-
terconnect link. Through heterogeneous integration of germanium and III-V mate-
rials with silicon, it becomes possible to realize these active building blocks on an
SOI platform and opens up the possibility to construct optical links on chip using
a CMOS compatible platform.
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1.5.1 Architectures

There are three main alternatives for realizing intra- and interchip optical intercon-
nects that all differ at the transmitter side and these are schematically depicted in
Figure [I.6] First, there is the possibility to use an off-chip laser and an on-chip
modulator. Continuous wave (CW) light from the laser is coupled to a waveguide
on the chip via an optical fiber. Light then enters the on-chip modulator, where
the modulated light is subsequently coupled to another waveguide and collected at
the other end by a photodetector. In this approach a conventional ITI-V based laser,
which has a high efficiency, can be used. Because the laser is not on the chip it does
not contribute to the power consumption on the chip. Also, the laser signal can be
divided over multiple channels on the chip. On the other hand, additional coupling
losses from fiber to chip have to be taken into account as well as splitting losses,
putting an upper limit on the maximum number of channels that can be fed from a
single laser. Also, if nearly all the channels are idle, the power consumption of the
laser will still be the same. On the chip compact, fast and efficient modulators are
required to modulate the data on the optical signals at the different channels.

A second approach uses both an on-chip laser and on-chip modulator. The CW
light from the laser is coupled to a waveguide and enters the on-chip modulator
after which the light path is the same as for the off-chip laser approach. Also in this
approach the laser signal can be split over multiple channels. Chip coupling losses
can be avoided in this way, but this comes at the cost of higher power consumption
on the chip as both the laser and the modulator need to be driven. Therefore, this
approach is less suited for intra-chip optical interconnects that set high demands
for power consumption.

The last approach makes use of an on-chip laser that is directly modulated.
The modulated light from the laser is then coupled to a waveguide and collected at
the other end by a photodetector. Because of the direct modulation the output of
the laser cannot be divided over multiple channels. Also, because high modulation
speeds are required the laser cavity has to be small. Therefore, this approach
requires so called microlasers. These microlasers typically have a lower output
power compared to conventional laser designs, but the threshold current is also
much smaller and they can be modulated at higher speeds.

1.6 Optical Network-on-Chip

As many-core architectures with hundreds of cores are foreseen to keep on improv-
ing the chip performance [41]], the communication among these different cores is
seen as one of the critical issues. Although optical interconnects can improve the
bandwidth density, conventional point-to-point links will involve a large number
of waveguide crossings as the complexity increases. This asks for a more efficient
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Figure 1.6: Schematic overview of 3 different architectures for realizing optical
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detectors.
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Figure 1.7: Impression by IBM of a future chip with an optical network through which the
datastream is routed. Reproduced from [42].

Network-on-Chip design, through which the data can be routed to the appropriate
destination without significant latency and excessive power consumption. The di-
rect optical links discussed in the previous section can be extended to an Optical
Network-on-Chip (ONoC) by e.g. exploiting the wavelength routing capabilities in
optical networks. This principle is illustrated in figure[I.7] The recent advances in
silicon photonics have resulted in a large toolbox of photonic components that are
required for constructing these ONoCs, such as modulators, wavelength routers,
receivers and so on. Although, further improvement of these components is re-
quired for efficient networks, it does already allow for proof-of-principle experi-
ments of the concept.

Now there is more consensus that optical interconnects can potentially enhance
bandwidth density, energy efficiency and latency of intra-chip and inter-chip com-
munication links, this resulted in research efforts studying ONoCs from a sys-
tem architectural perspective. The proposed architectures are similar to the ones
used in electronic NoCs, but have an additional degree of freedom through wave-
length division multiplexing. Most architectures are based on 4 different topolo-
gies which are briefly discussed below and are schematically depicted in Figure
1.8l

The first one shown in Figure [T.8(a), also being the simplest one, is the bus
waveguide. N input terminals can communicate with the N — 1 output termi-
nals via this central bus waveguide. The number of waveguides required in such
an approach is limited and the bus can also be used for broadcasting, where one
initiator needs to send information to all targets. However, as the number of ter-
minals increases a bus waveguide can suffer from bandwidth and latency issues.
Some examples of bus waveguide designs can be found in [44] 45]].

The crossbar topology is shown in Figure [[.§(b). Here each terminal has a
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Figure 1.8: Schematic overview of 4 basic network topologies with (a) a bus, (b) a
crossbar, (c) a butterfly and (d) a torus topology. Taken from [43].

dedicated bus and the switches are often organized in a matrix fashion. A crossbar
has a larger aggregate bandwidth compared to the single bus waveguide approach
and the predictability of latency improves. This comes at the cost of a much larger
number of waveguides and increased arbitration delays. A significant amount of
research on crossbar topologies has been performed and can be found in [46} 47].

The butterfly topology avoids global buses and arbitration as can be seen in
Figure [[.§[c). It is a multi-stage approach, where each router is connected to a
fixed number of other routers or terminals. The hop count is higher compared to
a crossbar approach, but because of the more localized nature of the router this
can be implemented more efficiently compared to a global crossbar. However,
the latency in case of a low load will generally be higher than bus or crossbar
topologies. Butterfly topology designs are proposed by e.g. [48}49].

Finally, a torus topology is shown in Figure[I.8[d). Each terminal is associated
with a router and these routers are organized in an N-dimensional array. For on-
chip interconnects this is in principle a 2D array as this matches with the planar
layout of the chip. A disadvantage is that low dimensional torus networks have a
large hop count which increases the latency and energy consumption. When the
number of dimensions are increased the hop counts are decreased but results in
longer channels when mapped on a 2D planar structure. Increasing the number
of dimensions also increases the complexity of the router. An example of a torus
based topology can be found in [50].

The optimal topology depends on the application and the number of terminals
that need to be connected and requires research on a system level. Some physical
implementations of these architectures will be discussed in chapter [6] and a good
general overview of the performance on system level as well as other physical
implementations can be found in [43].

Next to optimizing the performance in terms of bandwidth and latency, another
advantage of using system level design of on-chip networks is that the energy effi-
ciency can be increased. The laser is one of the biggest consumers of power in op-
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tical links. Although significant effort is put in optimizing the energy efficiency of
the laser itself, interesting research is also performed to reduce the power dissipa-
tion of lasers by using algorithms to reduce the on-time of the lasers. Recently, an
interesting result is obtained by [S1]], where a token-based weighted time-division
multiplexing scheme is used. Based on the bandwidth requirements in the NoC
for a certain application, the bandwidth multiplexing weights are adjusted for min-
imum aggregate bandwidth without compromising for application performance.
In case of significant changes in required bandwidth, laser sources are switched on
or off.

1.7 Electro-photonic integration

One other aspect that has to be addressed is the electro-photonic integration. To
reach the targets for bandwidth density and energy efficiency the optical and elec-
trical devices should be tightly integrated. In principle one can distinguish three
approaches for electro-photonic integration in intra-chip and inter-chip intercon-
nections: monolithic front-end-of-line (FEOL) integration, monolithic back-end-
of-line (BEOL) integration and hybrid integration. These three approaches will be
briefly discussed here.

e Monolithic FEOL integration: in this approach photonic devices are fabri-
cated in the same layer as the electrical components, thus at transistor level
as shown in Figure [[.9] This approach offers the highest possible level of
integration with CMOS. As a result, ultra-low power optical interconnects
can be formed. It is also considered a cost effective approach in terms of fab-
rication as the same mask set can be used for processing the electronic and
photonic components and the same design environment can be used. On the
other hand, it consumes valuable area for electronic circuits and it requires
modification of the FEOL process. Additional processing steps might be re-
quired to reduce waveguide sidewall roughness and for integration of detec-
tors Germanium needs to be incorporated. Another major difference is the
thickness of the BOX which is typically 2 um for photonic circuits to reduce
substrate leakage, while in electronics the standard BOX thickness is only
145 nm. This approach does also not allow for integration of III-V materials
and therefore requires off-chip laser sources. Monolithic FEOL integration
of electronic and photonic components has been demonstrated by [52} 53]
and it is also the integration scheme envisioned by IBM (as shown in Figure

[L.7).

e Monolithic BEOL integration: Here photonic devices are deposited on top
of the metal interconnect layers of the CMOS stack as is indicated in Figure
It requires deposition of different materials such as e.g. silicon nitride,
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Figure 1.9: Schematic representation of a FEOL integration approach with the photonic

components at the transistor level. Taken from [54].

silicon oxide, poly-silicon and germanium. With these materials one can
make nitride or poly-silicon waveguides together with germanium detec-
tors. In principle it also allows for the integration of III-V through bonding.
It does not reach the high level of integration reached in the FEOL approach,
but on the other hand it does not require modification of the FEOL process
and it does not consume valuable area for electronic circuits. In principle
this approach also allows for multilevel photonic circuits. A disadvantage
is that only a limited thermal budget can be used for processing and some
modifications to the final metal interconnects are required. The integration
density is limited as nitride waveguides have a lower index contrast as com-
pared to crystalline silicon. Demonstrations of this approach can be found

in [55,156].

hybrid integration: The electronic ICs as well as the photonic ICs are fab-
ricated separately in this approach. As a dedicated process can be used
for photonics this leads to the best performing photonic components. The
electronic and photonic chip are then interconnected through either package
level integration 58]}, flip-chip bonding or 3D integration with through sili-
con vias (TSVs). It does not require modification of the electronic and pho-
tonic fabrication processes and can therefore be used already for near future
solutions. A disadvantage is that micro-bumps in case of flip-chipping and
TSVs in case of 3D integration are required, which will have a negative im-
pact on the energy efficiency and the bandwidth density. It should be noted
that there is also an interesting hybrid integration approach, that comes very
close to monolithic BEOL integration and is shown in Figure [T.T1] In this
approach the PIC is fabricated using a silicon photonics platform where in
the last step the whole wafer is covered by a top oxide that is subsequently
planarized. Then, using molecular bonding, the wafer containing the PICs
is placed upside down on the CMOS wafer and the silicon substrate of the
PIC wafer is removed. If needed, additional III-V devices can now also be
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Figure 1.10: SEM image of a CMOS stack with FEOL and BEOL layers in which the
position of the photonic layer is indicated for BEOL integration approach .
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Figure 1.11: Schematic representation of a hybrid integration approach that is very similar
to monolithic BEOL integration [57].

bonded on top again using molecular bonding.

1.8 Rationale and goal

Following the trend of ever increasing data rates and the predictions in the ITRS
roadmap for inter- and intra-chip communication, it is clear that interconnects on
these length scales are about to form a major bottleneck. Research efforts inves-
tigating alternatives point in the direction of 3D integration and on-chip optical
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interconnects. There is a common believe that silicon photonics is a good option
because of the high integration density and the ability to use the mature CMOS
processes, which makes it cost effective and better suited for integration with elec-
tronics. Up until now most research efforts related to silicon photonics were focus-
ing on the integration of individual active components such as lasers, modulators
and detectors required for realizing optical interconnect circuits. Besides the work
reported in [59] and [60], not much work has been done on the physical imple-
mentation of complete on-chip interconnect circuits or the more complex optical
networks on chip. Furthermore, it would be desirable to reduce the number of pro-
cessing steps, and hence the cost, by e.g. fabricating the lasers and detectors (or
modulators and detectors depending on the integration approach) simultaneously.

Therefore, the goal of this work is to develop and investigate the potential
of optical networks on a silicon chip. This includes the design, fabrication and
characterization of optical interconnect circuits and networks on chip. For the
realization of on-chip optical interconnects and optical networks we will rely on
a heterogeneous integration approach of III-V on silicon, through adhesive and
molecular bonding. By using III-V material for the active devices, lasers can be
integrated on the chip offering additional spatial flexibility which is especially an
advantage in the more complex ONoCs.

As a source we will make use of a heterogeneously integrated III-V microdisk
laser developed in the framework of the EU FP6 PICMOS project [61-63]. An
electrically pumped microdisk laser coupled to a silicon waveguide was experi-
mentally demonstrated in 2007, but still with a limited output power and modula-
tion bandwidth. Here we rely on this design and investigate this microdisk laser
further to improve its performance. Based on system level calculations performed
in the EU FP6 PICMOS project, new goals were set for the microdisk laser and a
detector in the EU FP7 WADIMOS project.

The aim is to reach a threshold current below 100 1A, a maximum output
power of 1 mW, a slope efficiency of 0.2 W/A and direct modulation at a rate of
10 Gb/s. Furthermore, it also has been shown that by cascading four microdisk
lasers on a silicon waveguide a multi-wavelength laser can be realized [[64]], which
is an attractive feature for WDM purposes and ONoCs. Here, we will investigate
the possibility to increase the number of microdisks on one waveguide to eight.

For the detector we will investigate the possibility to combine additional In-
GaAs layers with the III-V epitaxial layers of the microdisk laser. This will allow
for very compact integration of lasers and detectors and thereby opens up the pos-
sibility of realizing bidirectional links. We aim for a detector responsivity of 1
A/W and a dark current in the order of a few nA.

Apart from the microdisk laser, the detector and the waveguide, also additional
passive components need to be integrated in case of an ONoC. These passive com-
ponents will consist mostly of wavelength filters and routers, such as microrings
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Figure 1.12: Schematic representation of a CMOS chip where a silicon PIC is going to be
flip-chipped on top of it.

and Mach-Zehnder interferometers.

Next to the design of the optical interconnects, also the fabrication process
will be considered. This includes optimization of the current fabrication process
of the microdisk laser and the development of a fabrication process for a detec-
tor compatible with the microdisk laser process. Next to this, it is also targeted
to fabricate these optical interconnects and networks completely in a CMOS pilot
line. This requires special process development as the process should be com-
patible with waferscale fabrication and it should comply with CMOS standards
which e.g. requires gold free contacts. This CMOS compatible process develop-
ment was carried by our partner CEA Leti, in a collaboration through the European
FP7 project WADIMOS. After fabrication, both the individual components and the
interconnect circuits need to be carefully characterized.

Finally, we target a demonstrator consisting of an Optical Network-on-Chip
with 4 transceivers integrated with CMOS. The optical circuits will be integrated
with a CMOS chip through flip-chipping as schematically shown in Figure
The CMOS chip will contain a digital part for the generation of data as well as
drivers and transimpedance amplifiers (TTAs) for the lasers and detectors, respec-
tively.

1.8.1 Contributions by third parties

Because the work presented here is performed in the framework of the EU FP7
project WADIMOS and involves quite some collaborations, we will here briefly
summarize the work performed by third parties.
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e The microdisk laser design is based on the work performed in the EU FP6
project PICMOS. The original design consists of an epitaxial layer structure
of 1 pm thick and has the tunnel junction located below the active region.
Standard 500 nm wide silicon access waveguides are used. Detailed param-
eters can be found in [63|].

e The material stack of the microdisk laser used in this work was optimized
by our project partners from INL.

e The idea to combine the epitaxial structure of the microdisk laser with that
of a detector was conceived during a WADIMOS project meeting and is filed
under a joint patent of CEA Leti, INL and imec.

e Epitaxial growth of the III-V stacks was performed by INL.

e A CMOS compatible fabrication process for the microdisk laser and detector
was developed and carried out by CEA Leti, Grenoble, France.

e The design of the CMOS chip to control the ONoC circuits was developed
by ST microelectronics and INL.

1.9 Outline of the thesis

The outline of this thesis is as follows, first in Chapter 2 we will have a closer
look at the optical modes in microdisk resonators. Then the effect of different loss
mechanisms on these optical modes will be analyzed. The last part of this chapter
deals with the analysis of efficient coupling of light between a microdisk resonator
and an access waveguide, both through simulation and experiment.

Chapter 3 deals with the electro-optic behavior of the microdisk laser. Fully
coupled electro-optic simulations are used to obtain realistic models which are
fitted to experiments where possible.

Experimental results obtained on microdisk lasers are discussed in Chapter 4.
First, the results from two different fabrication runs in a CMOS pilot line will
be presented, followed by the results obtained from a fabrication run in the clean
room of Ghent University.

In Chapter 5 a III-V detector will be presented. A special epitaxial structure for
the detector that is compatible with the microdisk laser will be presented, followed
by the design of the detector together with simulation results. Then, the fabrication
process for fabricating both the microdisk laser and the detector will be explained.
Finally, experimental results obtained of detectors fabricated in the CMOS pilot
line runs as well as in a run in the clean room of Ghent University are presented.

Optical interconnects on silicon based on microdisk lasers and detector are
presented in Chapter 6. First the designs of the optical interconnect circuits are
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given and then the obtained experimental results are discussed. Next, some early
results on optical networks on chip are presented.
Finally, in Chapter 7 conclusions and a future outlook will be given.
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Optical modes in a microdisk and their
interaction with an access waveguide

This chapter deals with the optical design of a microdisk cavity. First, the modal
solutions in a microdisk cavity are described and some important design param-
eters are given. Then, the geometry of the microdisk laser for which we want to
optimize the cavity and the coupling conditions is presented. Section [2.3] deals
with different optical loss mechanisms in microdisk cavities. Finally, in Section
[2.4] we will analyze the coupling between a microdisk resonator and an access
waveguide.

2.1 Microdisk cavities

Gain and feedback are the key aspects behind lasers. Gain can be generated by
population inversion of carriers, which will be discussed in more detail in the next
chapter. In order to generate feedback a cavity needs to be formed. In a semi-
conductor stripe laser, which is the most common type of lasers in telecommuni-
cations, mirrors are used to form a resonant cavity. Another approach is to use a
ring or a disk geometry as shown in Figure[2.1] In this case the light bounces at the
interfaces and interferes with itself after a roundtrip thereby also forming a cavity
without the need for mirrors as shown in Figure [2.1[c).

When designing microlasers, the active region supplying gain is obviously very
small and therefore the cavity loss needs to be sufficiently low such that the lasing
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Figure 2.1: Geometry of a microdisk cavity.

action can be sustained. In case of stripe lasers, this means highly reflective mir-
rors are required, which is challenging from a processing point of view. In case of
ring or disk cavities, no mirrors are required thereby avoiding this problem. How-
ever, some other loss factors need to be taken into account. While optical modes
in a straight waveguide have a flat phase response, modes in a ring or disk have
a phase front that is rotating around the center of the disk or ring. Given a bend
waveguide with a fixed radius, the separation between the phase fronts increases
with increasing radius and likewise the group velocity increases. As the group
velocity cannot exceed the speed of light, there is a certain point where the phase
front bends and results in radiation loss. This radiation or bend loss is a fundamen-
tal loss that depends on the radius of the ring or disk and the refractive indices of
the materials. The higher the refractive index contrast, the smaller the acceptable
bend radius. Other loss factors that can play an important role are loss induced
by metal contacts and scattering loss at interfaces between materials with different
refractive index. The losses will be studied in more detail in Section 23] We will
now first have a closer look at the modal solutions in a microdisk cavity.

2.1.1 Mathematical description of Whispering Gallery Modes

Microdisk structures support whispering gallery modes (WGM) which are solu-
tions of the Helmholtz equation in a cylindrical (or spherical) geometry as shown
in Figure[2.T(b-c). As a microdisk possesses azimuthal symmetry, the refractive in-
dex n(r) is constant in the azimuthal direction and only depends on the radial and
axial coordinates. Assuming a piecewise homogeneous medium, the Helmholtz
equation in cylindrical coordinates reads

V2F(r) + kin?(r, 2)F(r) = 0 2.1)

Where F represents the electric (E) or magnetic (H) field, kg is the wavenum-
ber and n(r, z) is the piecewise constant refractive index. An analytical solution
to this equation does not exist and rigorous numerical methods are required to
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find the solutions. However, for a qualitative understanding we can further sim-
plify this equation through some approximations []1, |2]. Since the thickness of
the microdisk is small compared to the radius, we can assume that there are two
dominant polarizations labeled as quasi-TE and quasi-TM. Quasi-TE(TM) means
that the {E,, Hy, H,} ({H,, Eg, E.}) field components are still dominant, but
the other field components are not strictly zero as would be the case in a 1D slab
configuration. Under this assumption Equation 2.1] becomes scalar in the z direc-
tion and by using the effective index method it can be simplified to the following
equation with an appropriate effective index 7(r)

or2  ror  r20¢?
Through separation of variables, equation [2.2] can be rewritten into two sepa-
rate equations for the azimuthal and radial dependence

2 2
(505 + 55 + o + 7)) Exr6) =0 22)

82
((%2 " m2> Felor =0 o
? 0 2
(arz +or TR0 - m) F.(r) =0, 24)

The solution to Equation [2.3] describing azimuthal dependence can be written
as I,(¢) = e~"™?. This solution makes sense because the structure is invariant
in the ¢ direction and therefore the shape of the field will not change as it travels
around the disk; only its phase will change. The second equation describing the
radial dependence can be recognized as a Bessel equation. The solutions to this
equation are Bessel functions of the first kind inside the disk J,,(ko7qR) and
a superposition of the Bessel function of the first and second kind outside the
disk, resulting in a Hankel function of the first kind H,, (ko7oR) [2]], where 174
and ng are the effective refractive indices of the microdisk slab and the cladding,
respectively.

By requiring the tangential components of the field to be continuous across
the edge of the microdisk structure (r=R), one finds the transcendental dispersion
relation

kona(ko) Jm+1(konaR) = (% + ko /112 — 130%) i (Kotia R). (2.5)
Where n = Z:—j]z for TE modes and 7 = 1 for TM modes. In order to calculate
the propagation constant 3 for particular modes, the dispersion relation needs to
be solved. The dispersion relation has eigensolutions with complex propagation
constants, from which it follows that the mode solutions are inherently leaky. It
implies that the frequency needs to be complex if an ideal passive resonator is
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assumed. The complex frequency can be written as & — iy/2 where « is the
temporal decay rate which accounts for the bend loss. The quality of a resonator
is described by the number of optical cycles before confined energy leaks away
and is given by the intrinsic quality factor = w/~. For a fixed value of 'm’
different solutions exist, having a different number of nodes in the radial direction.
The different solutions (or modes) can thus be labeled with an azimuthal and radial
mode number. For a sufficiently thick disk additional nodes in the vertical direction
are present, as we will see later. Therefore, the different solutions that can exist
inside a disk are designated by 3 modenumbers: m, 1 and k indicating the number
of nodes in the azimuthal, radial and vertical direction, respectively.

2.1.2 Microdisk parameters

In this section some important microdisk parameters, that will be used throughout
this thesis, are summarized.

Resonance wavelength

In order to build up power in the cavity the optical field needs to interfere with
itself in a constructive manner. Therefore, the round-trip phase needs to be an
integer multiple of 27, which leads to the condition

2rRB =27 M (2.6)

Here § is the propagation constant, R is the radius of the microdisk and M is an
integer value. By using 8 = 2mn. s/, the resonant wavelengths can be found

_ 2 Rneyy
=7
where n. is the effective index of the mode defined at the edge of the microdisk
cavity.

Ao 2.7

Free Spectral Range

The Free Spectral Range (FSR) is defined as the wavelength spacing between the
resonant modes in a cavity and is given by

)\2
B 2mRng’

AN (2.8)
where ng is the group index. From this equation it is clear that the FSR increases,
for decreasing microdisk radius. A single-mode laser, i.e. single mode in the
azimuthal direction, can thus be obtained by decreasing the radius of the microdisk
such that the FSR becomes larger and only one mode falls within the optical gain
spectrum.
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Quality factor and optical loss

As already briefly touched upon in the previous section, the quality factor of a
resonator is defined as the ratio between the energy stored in the resonator and the
energy dissipated per roundtrip

Estored w
=21 = — 2.9
Q TrAEdissipated Y ( )

The Q factor can be measured spectrally through the relation

Q="

=5

where dw is the full width half maximum (FWHM) of the resonance. The reso-
nance linewidth is related to the photon lifetime 7, in the cavity through

(2.10)

1
ow = —. (2.11)
Tp
As 7, can also be expressed as
=2 2.12)
cx

the Q-factor can be related to the absorption coefficient o by

W 2mng

Q=""9 _ (2.13)

co Ao

2.2 Layout of a III-V microdisk laser on Silicon

In the previous section we looked at WGM in general. Now we will take a closer
look at the microdisk laser structure that was originally developed by Van Camp-
enhout, et al. [3] and is schematically shown in Figure We would like to
optimize the performance of this laser for optical interconnect circuits on silicon.
The original designs proposed by Van Campenhout had a 500 or 1000 nm thick-
ness and a tunnel junction below the active region. The tunnel junction is added to
reduce the amount of p-doped regions, thereby reducing the amount of free carrier
loss. Next to this, the tunnel junction also ensures uniform injection across the
microdisk. At the beginning of the current work an optimized epitaxial structure
was provided by INL. In this optimized epitaxial structure the tunnel junction is
located above the active region and should result in lower free carrier loss. This
optimized 580 nm thin InP-based film is bonded on a silicon-on-insulator sample
(see Section [5.3]on fabrication). The SOI sample can contain all kinds of passive
circuits which can be very compact because of the high refractive index contrast
of silicon to silicon dioxide or air. The microdisk is not completely etched through
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Figure 2.2: Impression of a microdisk laser, 3D impression (a) and 2D cross-section (b).

the III-V, such that a thin bottom contact layer of 100 nm remains for electrical
injection. The top contact of the laser is placed in the center of the disk such that
the overlap with the optical WGM modes is limited. This is to avoid optical ab-
sorption induced by the metal. A bottom metal contact is placed around the disk
to ensure uniform injection. A fraction of the generated light is coupled to an
underlying silicon waveguide and this is the effective output of the laser. Some
important geometrical design parameters are indicated in Figure[2.2{b).

2.2.1 Mode profiles in a microdisk

While the approximate analytical solution from the previous section is convenient
for e.g. a quick and qualitative understanding of the distribution of the optical
field in the radial direction, it cannot be used to calculate bend and metal losses
or coupling to an access waveguide. Therefore, purely numerical tools are re-
quired to get more insight in optical losses and coupling conditions. Different
simulation methods exist to obtain the optical mode profiles such as Film Mode
Matching (FMM), the Finite Difference Method (FDM) and the Finite Element
Method (FEM), which all have there (dis)advantages. A good overview and com-
parison can be found in [4]. The simulation results described in this section are
obtained using the FDM solver from Phoenix Software B.V. and the FEM solver
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() (d)

Figure 2.3: Mode profiles of the microdisk laser structure. Fundamental mode (a), first
order radial mode (b), second order radial mode (c) and first order vertical mode (d).

from COMSOL. The mode profiles of the 4 highest order TE modes with a wave-
length close to 1.55 pm obtained through a simulation with the FEM solver are
shown in Figure These mode solutions can be designated by their nodes in
the azimuthal, radial and vertical direction (m,l,k) and are referred to as the funda-
mental mode with azimuthal mode order 40 (40,0,0) (Figure a)), the first order
radial mode (35,1,0) (Figure b)), the second order radial mode (33,2,0) (Figure
c)) and the first order vertical mode (33,0,1) (Figure d)). Clearly, due to
the relatively thin stack of 580 nm, the first order vertical mode is almost in cutoff.

2.3 Loss contributions

In order to have an efficient laser it is important to keep the optical losses as low
as possible. In this section we will evaluate losses that are dependent on the ge-
ometry of the structure, i.e. the bend loss, scattering loss and metal loss. Although
coupling loss to a neighboring waveguide is also geometry dependent, it will be
covered separately in Section [2.4] because it requires a more extensive analysis.
Optical loss due to free carriers will be covered in the next chapter.



40 CHAPTER 2

2.3.1 Bend losses

Bend loss is a fundamental loss in curved waveguide structures. The amount of
loss depends on the radius of the curvature and the refractive index contrast. The
microdisk structure is based on InP related materials (n= 3.2 @ 1.55 pum) and
the cladding material is either BCB (n=1.54 @ 1.55 um) or silicon oxide (n=1.44
@ 1.55 pum), which both have a similar refractive index. The refractive index
contrast is therefore fixed and the minimum radius has to be determined to keep
the bend loss sufficiently small. However, the microdisk structure also has a thin
slab around the disk cavity for electrical injection, and the thickness of the slab
will have an influence on the confinement of the optical modes and thus on the
bend loss. To analyze the bend loss we used a 2.5D axi-symmetric finite element
method (FEM) described in [5] that is capable of simulating 3D axi-symmetric
resonator structures in an efficient way by exploiting the propagation invariance in
the ¢ direction and thereby reducing it to a 2D problem. The original model by [J5]]
does not include perfectly matched layers (PMLs) which is required to be able to
determine the bend loss. The implementation of PMLs in such a 2D axi-symmetric
finite element model is described in [[6]. Both models were implemented in the
commercially available finite element solver COMSOL.

Figure [2.4] shows the bend loss versus disk radius for both the fundamental
TE and first order radial TE modes, which are the two modes with the highest
confinement. The analysis was performed for slab thicknesses of 50 and 100 nm.
If we arbitrarily set the limit for acceptable bend loss to a value of 1 cm’!, the
minimum disk radius is about 3.4 ym in case of a 100 nm thin slab while for a 50
nm thin slab it can be as small as 2.1 ym. The thickness of the slab clearly has
a significant influence and should be well controlled during fabrication. It should
also be noted that a trade-off has to be made concerning the slab thickness because
although a thinner slab results in lower optical loss it also has a higher electrical
resistance. As expected, the first order radial TE mode has much higher bend
losses compared to the fundamental mode. In both the cases of 50 and 100 nm
slab thickness the bend loss of the first order radial mode is around three orders of
magnitude higher compared to the fundamental mode. For larger disks it can be
advantageous to use a thicker slab layer as in this case the slab acts as an additional
loss mechanism for undesired higher order modes and the electrical resistance does
not need to be compromised.

2.3.2 Metal losses

For efficient current injection it is important to place the metal contacts as close
as possible to the area where the light is propagating. On the other hand, they
should be sufficiently far away from the optical mode as otherwise it will result
in excessive optical absorption. The amount of absorption is proportional to the
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Figure 2.4: Bend losses of the fundamental and first order radial mode for a 50 and 100 nm
thin bottom contact slab.

real part times the imaginary part of the refractive index. Au based contacts cause
relatively low optical absorption as it is a noble metal with a small real part of
the refractive index and a large imaginary part. However, conventional alloyed
metal contacts like AuGe/Ni/Au cannot be used in thin film structures because
the Au/InP intermixing is very violent and gold spikes might short-circuit the pn-
junction. Therefore, we use non-alloyed Ti/Pt/Au contacts instead, where the Plat-
inum acts as diffusion barrier for the gold. Typical metal thicknesses for such
a stack are 20/50/100 nm, where especially the Platinum layer should be thick
enough to avoid Au/InP intermixing. Both Titanium and Platinum cause similar
but stronger optical absorption compared to gold. In the following analysis we
used a single metal layer with a thickness of 200 nm and a complex refractive in-
dex of 4.04-3.82i corresponding to Titanium. Therefore, the impact of the metal
will be slightly overestimated. Obviously, because of the thin film InP structure the
metal contact at the top of the microdisk cavity cannot be placed at the periphery
as this will lead to high optical absorption. As indicated in Figure 2.2(b) 3 dis-
tances between the optical mode and metal layers need to be analyzed, the contact
metal (indicated by nr. 1), the top metal (indicated by nr. 2) and the bottom metal
(indicated by nr. 3) layer distance.

We again use the 2.5D axi-symmetric finite element method as described in
Section [2.2.T]to determine losses induced by the metal. For the top metal contact
it is important to know the modewidth of the fundamental mode as function of the
radius as this determines the area at the periphery of the microdisk where metal is
to be avoided. The modewidth is defined arbitrarily as the distance between the
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Figure 2.5: Modewidth of the fundamental mode versus the microdisk radius.

edge and the point where the electric field is 1% of its maximum value. Figure[2.5]
shows the modewidth as a function of radius.

Based on the analysis in the previous section it is clear that microdisks with
a radius of 2.5 um are very challenging in terms of processing as this requires a
slab thickness of 50 nm. As we will see in the next section also the scattering
loss has a significant influence when the radius decreases. Therefore, we focus
here on microdisks with a slightly larger radius, which are expected to be more
feasible in terms of processing. If we consider a microdisk with a radius of 3.75
pm we can see from Figure 2.5] that the modewidth is around 900 nm. The metal
free area at the top of the microdisk should be of the same order. Figure [2.6{a)
shows the simulation result for a microdisk with 3.75 pm radius where the metal
free area is sweeped from 600 to 1400 nm. The solid line represents the losses
for the fundamental TE mode while the dashed line represents the first order radial
TE mode. In order to have less than 1 cm! loss for the fundamental mode, the
metal free area should be at least 1000 nm wide. This is slightly larger than the
arbitrarily defined modewidth of 900 nm. Obviously, because the first order radial
TE mode has a larger modewidth the overlap with the metal is larger and thus
so are the losses. Therefore, the top metal can be used to suppress higher order
modes by choosing the size of the top contact carefully. If the metal free area is
increased to 1200 nm, the loss for the first order radial TE mode also drops below 1
cm’! eliminating the effect of suppression for this mode. The margin on the radius
of the top contact is therefore smaller than 200 nm in this case. Next to a small
margin on the size, any misalignment of the top contact will result in an increase in
optical loss. In Chapter[5|we will present an effective fabrication process achieving
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perfect alignment for the top contact.

The same analysis is performed for a 20 um radius microdisk and the results
are shown in Figure[2.6(b). A metal free area of 1.8 yum is required and also in this
case this is slightly larger than the defined modewidth. However, the margin of
metal free area to suppress higher order modes is larger in this case as the differ-
ence in size between the modewidths also increases with increasing modewidth.

The contact metal layer for electrical probing goes over the area where the
light is propagating. Therefore, the vertical distance between the metal and the
microdisk, as indicated in Figure [2.2(b), should be sufficiently large. From a pro-
cessing point of view it is desirable to keep this distance small, because this eases
the process for opening the contacts. The relation between the loss induced by the
contact metal and the vertical distance to the microdisk is shown in Figure [2.7)for
a microdisk with a radius of 3.75 ym. The cladding material is BCB in this case.
The vertical distance should be at least 400 nm to keep the losses sufficiently low.

In order to keep the electrical resistance caused by the thin bottom slab low,
the bottom metal contact should be placed as close as possible to the disk without
causing excessive optical losses. For optimization of the bottom metal contact
position the bend loss is an important parameter as this determines how much the
mode extends in the bottom slab. Therefore, the optimum position depends on the
bend radius of the microdisk, the bottom slab thickness and the refractive index of
the cladding material. For small bend radii the mode extends more in the slab and
the losses will be higher, therefore the simulation for a 3.75 um radius microdisk
with BCB as cladding layer can be seen as a worst case scenario. Figure[2.§]shows
the optical loss induced by the bottom metal contact versus distance to the edge of
the microdisk. In order to achieve a loss smaller than 1 cm™' the metal should be
positioned at least 750 nm away from the microdisk edge.
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Figure 2.9: Calculated scattering loss due to sidewall roughness of the microdisk versus
disk radius and RMS roughness based on a model proposed by [2]. In (a) a correlation
length L. of 50 nm is assumed and in (b) L. is set to 100 nm. Insets show a close up for
microdisk radii in the range of 2 to 5 ym.Replotted from [3]]

2.3.3 Scattering losses

Another important loss factor in microdisk structures is scattering loss. Light prop-
agating in the microdisk scatters at imperfections at the sidewalls. In order to deter-
mine the amount of scattering loss, one needs to determine the amount of surface
roughness. Typically this is done be scanning the sidewall profile using an Atomic
Force Microscope (AFM) probe [7]. The surface roughness is statistically quanti-
fied by the root mean square (RMS) value of the roughness ¢ and its correlation
length L.. Values strongly depend on the processing conditions but typical values
are in the range of 3-20 nm for ¢ and 30-500 nm for L. [[7,(8].

Several models exist to deduce the amount of scattering loss based on the
roughness parameters for microrings and microdisks [2} 9l [I0] and show good
agreement with experiments. Here we use the model proposed by [2] which was
also used by [3] to get an estimate of the scattering loss. According to this model
the scattering loss is given by

_ 1673
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(2.14)

where R is the radius and ¢ the thickness of the microdisk. I, is the vertical
confinement factor and n; and ny represent the refractive index of the microdisk
and the cladding material, respectively. The result is plotted in Figure [2.9] for
different values of o versus the radius of the microdisk. The height is fixed to 580
nm. in Figure 2.9(a) a correlation length of 50 nm is assumed, while in Figure
[2.9(b) 100 nm is assumed. From these plots it is obvious that scattering loss can
have a significant impact on the optical loss.



46 CHAPTER 2

2.4 Microdisk-Waveguide evanescent coupling

In the previous section we looked at optical losses of the microdisk structure. An-
other loss factor that requires special attention is the coupling loss to a neighboring
waveguide. Obviously, part of the light should escape the cavity in a controlled
way and serve as output of the laser. The coupling loss in a ring or disk laser
is thereby the equivalent of mirror loss in a stripe laser. Therefore, the coupling
between the access waveguide and the microdisk is an important parameter as it af-
fects both the threshold current and slope efficiency of the laser. However, in case
of microdisks, optimization of the coupling efficiency is not trivial as microdisks
are inherently multimodal in the radial direction. In active microdisk structures
this can become even worse when additional vertical modes come into play due to
the increased thickness resulting from the extra layers required for electrical injec-
tion. Especially in more complex configurations when multiple disks are coupled
to the same waveguide, such as e.g. a microdisk based multiwavelength laser, it is
important to minimize the coupling to undesired higher order modes as otherwise
the performance might severely degrade.

In other work [11} [12]] simulations on the vertical coupling between III-V mi-
crodisks and silicon waveguides have been performed. However, only the coupling
to single mode waveguides was investigated and the phase matching between the
fundamental microdisk and waveguide mode is expected to be poor in this case.

The underlying mechanism for the coupling of light between the microdisk
and the waveguide is known as evanescent coupling. This coupling effect occurs
when two waveguides are in close proximity such that the evanescent mode tail of
one waveguide overlaps with the neighboring waveguide, and as a result power is
transferred from one waveguide to the other.

A convenient model to describe evanescent coupling is Coupled Mode The-
ory (CMT). It assumes that the field solution of the permittivity structure in the
coupling section can be written as a linear combination of known electromagnetic
fields of similar, but simplified, permittivity structures. As these similar permit-
tivity structures can be chosen arbitrarily it is convenient to use the permittivity
structures of the single unperturbed waveguides, i.e. the waveguide and the mi-
crodisk in this case. Due to the coupling these known electromagnetic fields are
modulated in amplitude as function of the propagation direction. It can be shown
that, see e.g. [[13}|14]], the coupling strength is a function of:

o the degree of phase matching
e the amount of overlap between the disk and waveguide mode
o the interaction length

Therefore, if one wants to optimize the coupling conditions the 3 parameters above
need to be tuned. However, in case of microdisks the interaction length will be
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very small due to the curvature of the microdisk. The degree of phase matching
can be engineered by changing the dimensions of the disk and the waveguide, but
as the dimensions of the disk will also directly influence the laser performance,
we restrict ourselves here to only change the waveguide dimensions. To tune the
amount of overlap both the vertical gap and the lateral offset of the waveguide with
respect to the microdisk can be altered.

Phase matching

To optimize the coupling between the fundamental disk mode and the waveguide
mode, the propagation constants of these modes need to match. Mode solver soft-
ware can be used to find the eigenmodes and their propagation constant, or ef-
fective index. For the silicon waveguide the height is fixed to 220 nm, while the
width can be changed according to our needs. A standard single mode TE wave-
guide has a width of 450 nm. Figure [2.10[a) shows the effective index versus
waveguide width, where BCB is used as cladding material. The effective index
ranges from 2.38 for a 450 nm width to 2.83 for a waveguide width of 2 um.

Determining the effective index of a microdisk mode is less straightforward.
As the microdisk is invariant in the azimuthal direction, the field only undergoes
a phase change as it travels around the microdisk. As shown in Section [2.1.1| the
field in a microdisk can be written as

E(r) = E(r, z)e” "¢ (2.15)

This can be generalized to the case of a bend mode, where the azimuthal mode
number m does not need to be an integer and is often written as yR, where R
represents the bend radius and v can be seen as the propagation constant. The
behavior of the field in the azimuthal direction is thus described by the product
vR. However, the definition of R is arbitrary. In other words, depending on the
choice of R the propagation constant will change, but it will still describe the same
physical system. As a result the phase matching argument used in e.g. direc-
tional couplers does not directly apply in the case of coupling between a disk and
a waveguide, because of the arbitrary nature of the effective index of bend modes.
An initial guess can be made by choosing an appropriate value for R by setting it
e.g. equal to the disk perimeter or the maximum intensity of the field profile. Here
we choose to use the disk perimeter as the definition of R and hence the effective
indices found are a lower limit. Figure [2.10b) shows the effective index as func-
tion of radius for the microdisk structure. If we compare figure[2.10{(a) and (b) it is
clear that phase matching between the waveguide mode and the fundamental disk
mode cannot be achieved for microdisks with a radius larger than 10 pm as we
here already used a lower limit for the microdisk mode effective index, while the
effective index of the waveguide mode saturates around this point.
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Figure 2.10: (a) Effective index of the fundamental mode in a silicon waveguide with 220
nm height versus waveguide width. (b) Effective index of the fundamental mode in a
microdisk with 580 nm height versus disk radius.

The information on effective indices found above can be used as a starting
point for simulations where parameters are sweeped to find the optimum coupling
conditions. Simulation of vertical coupling between a bend and a straight struc-
ture is computationally intensive as it requires 3D simulation. We here used two
different methods. First, a 3D CMT method was used to get a quick indication of
the coupling conditions. Then, around the optimum coupling points more compu-
tationally intensive 3D FDTD simulations were performed to verify the results.

24.1 Simulation using CMT

We investigate the coupling between a microdisk structure and a silicon waveguide
as shown in Figure[2.2] For computational efficiency the microdisk is modeled as
a disk with a uniform refractive index of 3.2. The refractive indices of the silicon
waveguide and the cladding material (BCB) are set to 3.48 and 1.54, respectively.
The height of the microdisk is 580 nm. The 100 nm thin layer around the disk
used for contacting the laser is also taken into account not only for calculating the
mode profile of the whispering gallery modes in the disk but also for calculating
the mode in the silicon waveguide. This is done because the optical mode in the
access waveguide will be influenced by the presence of this layer when the vertical
gap between the waveguide and this InP layer is small.

For the CMT simulation the commercial software tool FieldDesigner from
Phoenix was used. A 3D CMT module is available in this package which makes it
possible to simulate vertical coupling rather efficient.
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Modename Modenumbers Effective index
Fundamental (40,0,0) 2.627 4+ 1.909¢ — 61
First order radial (35,1,0) 2.314 + 1.653e — 31
Second order radial (33,2,0) 2.177 + 1.083e — 2i
First order vertical (33,0,1) 2.155 + 2.529¢ — 3i

Table 2.1: Effective indices of the 4 highest order TE modes in a 3.75 pm radius
microdisk structure with 580 nm height and a 100 nm thin bottom slab.

The first step in determining the coupling is to find the basis fields correspond-
ing to the constituting permittivity profiles. That is, in this case the basis fields of
the microdisk and the waveguide without the presence of the other. This is quite
trivial for the silicon waveguide, but a little tricky for the microdisk structure as it
supports multiple modes. The effective index of the fundamental TE mode in a 450
nm wide standard single mode waveguide is 2.38. If we would use this value as an
effective index target for the fundamental mode of the microdisk in order to have
proper phase matching, the radius should be smaller than 2.5 ym. This would lead
to very high bend losses and therefore the dimensions of the waveguide should
also be altered. As we already found in the previous section a bend radius larger
than 3.4 pm is required if a slab thickness of 100 nm is used and bend losses lower
than 1 cm™' are desired. Therefore, we focus here on microdisks with a radius of
3.75 pm.

If we assume nearly vertical sidewalls of the microdisk the hybridness of the
modes is negligible and the interaction between modes of different polarizations
is expected to be low. From simulations it is found that this assumption is even
valid for sidewall angles up to 60 degrees, which is well within in reach of what
can be achieved in standard fabrication technology. Therefore, we will only take
the TE modes into account in this simulation. The mode profiles of the lowest
order TE modes supported by the microdisk are already shown in Figure[2.3] The
corresponding effective indices of these modes at a wavelength of 1.55 um are
given in Table 2.1}

From Table it can be seen that the fundamental mode has the highest real
part of the effective index and the lowest imaginary part indicating that this mode
has the highest confinement and lowest loss. In the following we would like to
optimize the coupling to the fundamental mode while minimizing it for the other
supported modes.

In the simulations the coupling gap and lateral waveguide position are varied
to influence the overlap between the microdisk modes and the waveguide modes.
Furthermore, different waveguide widths are used to change the effective index
of the waveguide mode. The coupling gap is defined as the distance between
the bottom of the microdisk and the top of the waveguide. The lateral offset is
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assumed to be zero when the center of the waveguide is in line with the edge of the
microdisk. Negative lateral offset then corresponds with a shift of the waveguide
towards the center of the disk, while a positive offset is away from the center. This
is schematically indicated in Figure[2.2b).

Depending on the dimensions of the waveguide either one or two waveguide
modes are taken into account in the simulation. For the microdisk modes we focus
on the fundamental and first order radial mode. The reason for this is that the other
higher order modes in Table [2.1] were too lossy to be used in the CMT model as
it resulted in strong non -reciprocal coupling, which is obviously an unphysical
result. Thus, in the simulations scattering matrices with a maximum size of 4x4
are generated. More higher order modes are taken into account in the FDTD model
that will be discussed in the next section.

Based on the effective index plots we can make an initial guess for the width of
the waveguide in order to have acceptable phase matching and thus efficient cou-
pling. From Table[2.T] we find an effective index of 2.62 for the fundamental mode
and thus a waveguide width of 600 nm is used as initial guess. Figure [2.11] shows
the power coupling through the complete coupling section as function of a lateral
waveguide sweep where the gap is fixed to 100 nm. For clarity the scattering coef-
ficients have subscripts that denote a certain basis mode. Here wg0 and wg1 stand
for the fundamental and first order TE waveguide mode, while d0 and d1 stand for
the fundamental and first order radial disk mode. The different scattering coeffi-
cients are divided over three plots. The diagonal elements of the scattering matrix,
corresponding with the transmission of each mode, are shown in the left plot. The
plot in the middle shows the coupling between disk and waveguides modes and
finally the right plot shows the coupling between disk modes. Furthermore, the
dashed lines of a certain color correspond with the reciprocal of the solid line with
the same color. It should be noted that in some cases the difference between these
two lines became quite large and in a few cases for higher order modes even the
shape of the curves was different. Therefore, we decided to verify the obtained re-
sults from this model through FDTD simulations and this will be further discussed
in the next section.

Ideally, the transmission of the waveguide mode should equal the transmission
of the fundamental disk mode, indicating that there is no coupling to other modes.
From Figure a) we see however, that for this configuration it is not the case
and that the transmission in the waveguide equals the sum of the transmission of
the two disk modes, in the area between -400 and 100 nm offset.

From Figure 2.T1]b) it can be seen that the coupling between the fundamen-
tal disk mode and the fundamental waveguide mode reaches a maximum of 30%
coupling at a waveguide offset of -300 nm. This optimum offset point is what one
would expect as in this case the center of the waveguide is more or less positioned
at the point where the radial electric field component reaches a maximum and thus
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Figure 2.11: Power coupling between modes through the complete coupling section as a
function of lateral waveguide offset for a waveguide width of 600 nm and a gap of 100 nm.
(a) The power transmission of the fundamental waveguide mode Swgowgo and the two
highest order disk modes Sqoq0 and Sq141, (b) coupling between the fundamental
waveguide mode and fundamental or first order radial disk mode Sw 4040, Swgoa1 and (c)
intermodal coupling between the fundamental and first order radial disk mode Sqo41-

large overlap exists between the waveguide and fundamental disk mode. As also
seen in Figure [2.T1fa), there is also significant coupling to the first order radial
mode which is not desired. We based our first initial guess on the effective index
of the fundamental mode defined at the edge of the disk. As discussed before, the
effective index of bend mode depends on the radius. By using the edge of the disk
as radius for effective index calculation this results in a lower limit. Therefore,
the next step would be to simulate the effect of a waveguide mode with a higher
effective index.

Finally, from Figure [2.TT|c) it can be seen that there is also some intermodal
coupling between the two disk modes, which is caused by the disturbance of the
field in the disk by the presence of the waveguide. By increasing the gap size an
exponential decrease in coupling efficiency is expected due to the reduced overlap
of the modes. The disturbance of the disk modes should also become less with
increasing gap, resulting in lower intermodal coupling.

Now, let us first consider a wider waveguide of 800 nm, still with a gap of 100
nm. The results are shown in Figure [2.12] The transmission curves of the wave-
guide mode and the fundamental disk mode show good overlap at the optimum
coupling point, indicating that in this region power exchange is mainly between
these modes. The maximum amount of coupling at the optimum coupling point
is slightly higher compared to the previous case with a 600 nm wide waveguide.
Coupling between the waveguide and the first order radial mode is now negligible
in the optimum coupling point, while for larger negative offset the coupling starts
to increase due to the increasing overlap with the second node of the first order
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Figure 2.12: Power coupling between modes through the complete coupling section as a
function of lateral waveguide offset for a waveguide width of 800 nm and a gap of 100 nm.
(a) The power transmission of the fundamental waveguide mode Swgowgo and the two
highest order disk modes Sqoq0 and Sq141, (b) coupling between the fundamental
waveguide mode and fundamental or first order radial disk mode Sw 4040, Swgoa1 and (c)
intermodal coupling between the fundamental and first order radial disk mode Sqo41-

radial mode. The intermodal coupling is similar as in the case of a 600 nm wide
waveguide. Based on these results a waveguide width of 800 nm seems better
suited for 7.5 pum diameter microdisks. However, the first order waveguide mode
cannot be neglected anymore, as the effective index of this mode is 2.18. In the
following, we compare the coupling for slightly different waveguide widths where
we take into account the first two TE waveguide modes and again the fundamental
and first order radial disk mode.

The red, green and blue curves in Figure [2.13| correspond with waveguide
widths of 700, 800 and 900 nm, respectively. The gap was set to 150 nm for these
simulations. The goal here is to optimize the coupling between the fundamental
waveguide mode and the fundamental disk mode (Fig. a)), while undesired
coupling between other modes is minimized (Fig. [2.13[b-c)). Figure[2.13[a) shows
the coupling between the fundamental disk mode and the fundamental waveguide
mode. Clearly, there is no major difference in coupling between these modes for
the waveguide widths. The wider waveguides are a little bit more tolerant in terms
of lateral offset. The coupling between the fundamental waveguide mode and the
first order radial disk mode is shown in Figure 2.13(b). Again, we find similar
results for the different waveguide widths, although the coupling for the 700 nm
wide waveguide is slightly worse compared to the others. This is because at the
optimum offset of -300 nm there is some coupling, between the fundamental wave-
guide mode and the first order radial disk mode. This is an undesired situation in
a configuration with multiple disks coupled to one waveguide as the output from
one disk might couple into a higher order mode of another disk. On the other hand,
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from Figure [2.13]c) we find that a 700 nm wide waveguide performs slightly bet-
ter, as there is almost no coupling between the fundamental disk mode and the
first order waveguide mode. For the 900 nm wide waveguide however, there is
already 5% coupling between these modes. This coupling can be seen as an extra
loss factor for the lasing mode and thus should be avoided. For completeness the
coupling between the first order radial disk mode and first order waveguide mode
is also displayed in Figure[2.13(d), however this is not a concern for our structures.
From the above analysis we find that a waveguide width between 700 and 800 nm
is optimal for a 7.5 pm diameter microdisk.

The last step in optimizing the coupling conditions is to tune the actual amount
of coupling. The amount of power coupling at the optimum waveguide position
found in the simulations discussed above, is already too high for our microdisk
lasers as for these small lasers typically only about 1 to 10% coupling is targeted.
The optimum amount of coupling depends on other laser parameters and will be
discussed in Chapter[3] To lower the power coupling one could change the lateral
offset of the waveguide, but this is not preferred as due to the steep slope away
from the optimal coupling point, any misalignment during processing will have a
large effect on the coupling. Furthermore, coupling to undesired modes might be
enhanced. By increasing the gap between the waveguide and the microdisk, the
overlap between the modes is reduced and thus also the coupling will be reduced.
However, because of the exponentially decaying mode tails the coupling also has
an exponential dependence on the gap. This is shown in Figure fora 7.5
pm diameter microdisk with a 750 nm wide waveguide and -300 nm lateral offset.
Coupling in the order of 1 to 10 % requires a gap between 200 and 300 nm. It is
obvious that accurate control of the gap is crucial in order to get reproducibale re-
sults. An accurate bonding approach to control the gap thickness will be presented
in Section

In some situations it might be advantageous to use bend waveguide structures
to optimize the beat length for a certain mode, while decreasing it for other modes.
However, this complicates the alignment procedure during processing. As in this
case the desired coupling conditions could be met by using straight waveguides,
bend waveguides were not considered here.

2.4.2 Simulation using FDTD

The CMT method can give quick insight into the coupling conditions, but in some
situations e.g. when analyzing relatively lossy microdisk modes, the CMT algo-
rithm gave unphysical results as already mentioned in the previous section. There-
fore, we also performed FDTD simulations to get more accurate results near the
coupling points of interest found by CMT. First we will verify the coupling be-
tween the fundamental disk mode and the waveguide mode. Then, the amount of
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Figure 2.13: Comparison of power coupling for waveguide widths of 700, 800 and 900
nm. (a) Desired power coupling between fundamental waveguide and fundamental disk
mode, (b)undesired power coupling between the fundamental waveguide mode and first
order radial disk mode, (c) undesired coupling between the first order waveguide mode and
fundamental disk mode and (d) undesired coupling between the first order waveguide
mode and the first order radial disk mode.
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Figure 2.14: Power coupling between the fundamental waveguide mode and the
fundamental disk mode versus gap. The waveguide width is set to 750 nm and the lateral
offset is fixed to -300 nm. Some results obtained from FDTD simulations, which will be
discussed in the next section, are also included in the plot and indicated by the black dots.

Good agreement is obtained between the CMT and FDTD simulations.

reflection and intermodal coupling is investigated.

As we are here investigating the coupling between the microdisk laser and the
waveguide and are at this point not interested in the resonant behavior of the mi-
crodisk, we use a simulation setup where a Perfectly Matched Layer (PML) is
placed inside the disk cavity. Such a PML is an artificial absorbing layer that is of-
ten used to simulate problems with open boundaries to truncate the computational
region and can in this case be used to avoid resonant behavior. This substantially
shortens the simulation time. A schematic representation of the simulation setup
is shown in Figure[2.15] The simulation relies on modal expansion of the detected
fields at certain points in the structure. First several modal solutions for the mi-
crodisk and waveguide are calculated. Then, a source having an appropriate mode
profile is excited either in the waveguide or in the disk in front of the coupling
section. The fields are analyzed in cross-sectional planes of the microdisk and
waveguide after the coupling section. Because of the orthogonality of the modes
the detected fields can be written as a superposition of modes. Therefore, the frac-
tion of power in a certain mode can be found by calculating the overlap of the
field with this mode. The results discussed here are for a wavelength of 1.55 um.
Although each mode in the disk cavity has a different resonance wavelength and
the coupling is wavelength dependent, using single wavelength results can be jus-
tified by the fact that the wavelength dependence will be very small, because of
the short interaction length between the microdisk and the waveguide. In fact, the
simulations were performed in a wavelength range of 1.5 to 1.6 ym and very little
variation in coupling efficiency was observed over this wavelength range.
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Figure 2.15: Top view of the FDTD simulation setup. The PML runs through the center of
the microdisk to avoid any resonance behavior. An optical mode is injected in the silicon
waveguide and the resulting fields are analyzed at the end of the waveguide and in the
microdisk just before the PML.

We start by analyzing a similar configuration as the first one described in the
previous section; a microdisk with a diameter of 7.5 um and a waveguide width
of 600 nm. The lateral waveguide offset is varied around the point that gave max-
imum coupling for the fundamental disk mode in the CMT analysis. Furthermore,
the gap is adjusted to 200 nm in order to get power coupling in the desired 1-10 %
order. Figure 2.16shows the fraction of power coupled to the 4 highest order TE
microdisk modes (i.e. fundamental, first order radial, second order radial and first
order vertical) when the fundamental TE waveguide mode is excited. The results
of the two highest order modes are in good qualitative agreement with the CMT
analysis as, apart from the lower power coupling due to the larger gap, the curves
show the same behavior. However, from the FDTD simulation it is clear that cou-
pling to the second order radial and first order vertical mode cannot be neglected,
while it leaded to unphysical results in the CMT analysis. The coupling to the TM
modes was found to be negligible. The black dashed line shows the power through
the flux plane originating from the 4 highest order TE and TM modes, while the
black solid line represents the total power through this flux plane. The discrepancy
between these two indicates there is still a few percent of power that is coupled to
even higher order modes or radiating modes. The discrepancy decreases when the
lateral offset is towards the edge of the disk, while for offsets towards the center
of the disk it increases. This can be explained by the fact that for larger negative
waveguide offsets the coupling from waveguide to disk can be seen as coupling to
a slab with a large number of modes. Finally, by analyzing the total power through
the flux plane in the disk cavity and the flux plane through the waveguide after
the coupling section, one can find that the scattered power is just above 1% in this
configuration.

Figure 2.17]shows the FDTD simulation results for a 800 nm wide waveguide
as discussed in the previous section. Again, the results are in good agreement
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Figure 2.16: Power coupled between the fundamental waveguide mode and the 4 highest
order TE modes in the microdisk versus lateral waveguide offset. The width of the
waveguide is 600 nm and the gap is 200 nm. The black solid line represents the total power
through the flux plane and the dashed black line represents the power through this flux
plane of the four highest order TE and TM modes.

with the CMT analysis showing efficient coupling between the fundamental disk
and waveguide mode and almost no coupling to the first order radial disk mode.
However, from the FDTD simulation it is found that the highest undesired coupling
is to the second order radial mode and is around 1% at the optimum coupling point
for the fundamental mode. The scattering loss in this case was found to be lower
than 1%.

The results obtained with the CMT and FDTD simulations are in good agree-
ment and it is therefore expected that these models can provide a good prediction of
the coupling conditions between microdisks and access waveguides. Experimental
verification of the coupling conditions will be discussed in the next section.

2.4.3 Experimental results

In the previous section we studied the coupling between the microdisk and a wave-
guide using simulations. Here we will focus on experimental verification of the
simulation results. In a ring or disk laser the coupling coefficient can be deduced
from transmission measurements as described in [[15]] and also in [|16] for evanes-
cently coupled photonic crystal lasers. In this approach, a probe signal that is
sweeped in wavelength is injected in the access waveguide of the resonator and
collected on the other side where the output spectrum will show a resonance dip.
By pumping the resonator, the losses in the resonator cavity can be changed and
thus also the coupling regime. Under the critical coupling condition, the amount
of coupling can be deduced by fitting a Lorentzian to the resonance dip.
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Figure 2.17: Power coupled between the fundamental waveguide mode and the 4 highest
order TE modes in the microdisk versus lateral waveguide offset. The width of the
waveguide is 800 nm and the gap is 200 nm. The black solid line represents the total power
through the flux plane and the dashed black line represents the power through this flux
plane of the four highest order TE and TM modes.

The theory is briefly described below. For a more extensive explanation we
refer to [15]].

Theory

In an active microdisk the time evolution of the amplitude A(t) in the cavity can
be written as:

“a_ (ij—1—1+1)A+ 25, 2.16)
dt To Te Tg A
where wp, is the resonance frequency, S;,, the input amplitude from the waveguide
and 7 . 4 are the time constants for the internal losses, coupling losses and gain,
respectively. Assuming the input signal S;,, has an e/ time dependence the power
transmission in the the steady state regime can be written as:

2

T=|1- e , 2.17)
(j(w—wR)—l—%—i-T%—%)

When no pumping is applied to the disk, the active region absorbs and adds up
to the total losses in the cavity. 1/7, takes on a negative value in this case and
this can be identified as a microdisk in the undercoupled regime. By pumping the
microdisk, losses in the active region will go down and at a certain point 1/7, be-
comes positive and starts compensating for the intrinsic and coupling losses. When
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Figure 2.18: Calculated transmission at the resonance frequency versus the ratio of gain
over intrinsic and coupling losses. By increasing the gain the coupling condition changes
from the undercoupled regime to the critically coupled regime and finally enters the
overcoupled regime.

1/74 = 1/10 — 1/7. all the losses are compensated which corresponds to critical
coupling. By increasing the pump further 1/7, > 1/79 — 1/7. and the overcou-
pled regime is entered. Finally, when the gain is high enough the microdisk will
work as a wavelength selective amplifier. With a single transmission measurement
without changing the losses in the cavity one would not be able to distinguish be-
tween the different coupling regimes. When the losses in the cavity are changed,
the transmission at the resonance frequency will also change and reach a minimum
value when the critical coupling condition is met and hence the other regimes can
be identified as well. This evolution of the transmitted power at the resonance
frequency is shown in Figure 2.18]as a function of (1/79 — 1/7¢) /7.

The time constant 7. can be related to the coupling quality factor of the disk
resonator as (). = wgT./2 and the time constants 7 and 7, can be related to
the intrinsic quality factor as Q); = wr(7o + 74)/2. The loaded or total quality
factor Q; follows then from 1/Q; = 1/Q; +1/Q. and can be found by measuring
the FWHM and resonance frequency (conform Equation [2.10). When the critical
coupling condition is met, (). equals @); and thus (). can be determined from Q.
As described above, the critical coupling point can be found by sweeping 7, and
looking for the point with minimal transmission.



60 CHAPTER 2

Measurement setup

In order the measure the coupling efficiency we use an Agilent tunable laser (TL)
8164B as a probe signal. The output of the laser is then injected into the silicon
waveguide through a fiber coupler (FC). A polarization rotator is included to ad-
just the polarization state. The microdisk laser is electrically pumped through a
Keithley 2400 current source and the current is varied to change the losses in the
microdisk cavity. The transmitted light is then collected at the other side of the
access waveguide via another FC by the integrated detector of the Agilent TL. By
using this integrated detector it is possible to sweep the wavelength fast at high
resolution. The wavelength was swept around 1550 nm within a range of a few
tens of nanometer with a 10 pm resolution. The output power of the TL should
be carefully chosen, it should be low enough such that no strong non-linear effects
occur in the disk cavity, but also high enough such that it not drowns in the spon-
taneous emission generated in the microdisk. The current range depends on the
threshold and thus on the radius of the microdisk, but ranges from 0 to 1 mA.

Results

Figure [2.19| shows the transmission spectra for different pump currents for a 7.5
wm diameter microdisk laser. Due to the carrier injection in the microdisk the
resonance wavelength first shifts towards shorter wavelengths. At a certain point
thermal effects come into play and start compensating for this blue shift. As the
current is increased further a red shift is observed. The FWHM of the resonance
decreases with increasing pump level. It is also clear that by increasing the pump
the transmitted power at resonance first decreases, reaches the critical coupling
point, increases again and finally gets amplified. If the transmission at the reso-
nance wavelength is plotted versus pump power it results in a curve as shown in
Figure Indeed, this curve shows a similar evolution as the calculated curve
based on theory which was shown in Figure By determining the Q factor of
the resonance at the critical coupling point, the coupling efficiency can be found.
The experimentally determined coupling efficiencies for coupling between the fun-
damental waveguide mode and fundamental microdisk mode are given in Table[2.2]
for different devices, together with the predicted values based on the simulation re-
sults. Cross-sections of several structures were made using a Focused Ion Beam
(FIB) after which a Scanning Electron Microscope (SEM) was used to measure the
geometrical parameters. These geometrical parameters were then used in the sim-
ulations. Deviations between simulation and measurement can be caused by small
variations in the actual gap, thickness of the microdisk, misalignment, etc. Also,
in the simulation a uniform refractive index of 3.2 was assumed for the microdisk
stack. In general however, good agreement is obtained between the simulation and
measurement results.
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Figure 2.19: Transmission spectra of a 7.5 um diameter microdisk laser versus injected
current. First the transmission at the resonance frequency decreases until the critical
coupling condition is met after which the transmission increases again and results in

selective gain in the last plots. Besides the change in transmitted power also a wavelength
change is observed; first a blue shift due to the injection of carriers and at higher currents a
red shift due to thermal effects.



62 CHAPTER 2
Disk Waveguide  Waveguide  gap  Simulated Measured
radius width offset coupling coupling
um nm nm nm % %
3.75 560 -170 260 2.1 3.4 (2.8-5.0)
3.75 710 -430 260 2.3 2.9 (2.6-3.8)
3.75 710 -170 260 2.3 1.8 (1.0-2.8)
3.75 710 -230 260 2.1 1.7 (1.0-2.1)
3.75 710 -70 260 1.4 1.6 (0.9-2.7)
3.75 600 =225 130 10.5 11.9 (10.3-13.8)
5 810 -170 260 22 2.2 (1.9-3.1)
5 810 -70 260 2.4 3.6 (3.3-4.6)
5 1160 -270 260 3.1 2.6(2.4-3.2)
5 1160 -330 260 33 1.3 (1.2-1.9)
5 750 -300 130 15.9 12.4 (10.5-15.1)

Table 2.2: Experimentally obtained coupling efficiencies for several microdisk laser
structures together with the values predicted by the simulations. Good agreement is
obtained between simulation and measurement results. The values between brackets in the
last column follow from the quality factors from points adjacent to the minimum
transmission point and are therefore measured lower and upper limits for the coupling

Transmitted power [dB]

efficiency.

0.2

0.4
Drive Current [mA]

0.6

0.8 1.0

Figure 2.20: Transmitted power at the resonance frequency versus injected current. The
curve shows a similar evolution as the calculated curve based on theory shown in Figure

ET8
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2.5 Conclusions

In this chapter we evaluated several loss mechanisms in microdisk cavities and
the coupling between optical modes in a microdisk and an access waveguide. The
thickness of the bottom contact layer can be used to increase the bend loss of
undesired higher order modes. Only in case of microdisks with very small bend
radii (< 2.5um), the bottom contact layer should be made thinner as otherwise
the fundamental mode becomes too lossy. Optimum conditions for the metal con-
tact positions and sizes are found and especially the top contact metal should be
controlled very well in size and position to avoid excessive optical loss.

Coupling simulations based on CMT and FDTD approaches have been per-
formed and show good agreement. These simulations were not only used to opti-
mize the coupling between the fundamental modes in the microdisk and the wave-
guide, but also to reduce undesired coupling between higher order modes present
in the microdisk. This is especially of concern in multi-wavelength laser designs,
where multiple microdisk lasers are coupled to the same waveguide. Measure-
ments were performed on fabricated microdisk lasers to deduce the coupling effi-
ciency and the results show good agreement with the simulation results.
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Microdisk laser design and simulation

While the previous chapter dealt with the optical cavity formed by a microdisk,
this chapter will give a more detailed analsysis of the electro-optic behavior of a
microdisk laser. First we will give a brief overview of the state-of-the-art in micro
laser design. Then, some important laser physics will be briefly explained, after
which the microdisk laser structure that we would like to investigate is presented.
Next, simulation results on the electrical behavior of the microdisk laser will be
given and finally, results from fully coupled electro-optic simulations will be given.

3.1 Lasers on Silicon

In Chapter [T] we already briefly discussed the difficulty of realizing efficient lasers
in silicon. As a result researchers focused on methods to integrate other materials
with silicon to make lasers on this platform. If a large number of lasers is required,
which is the case for on-chip optical interconnects, the most successful approach
so far is that of heterogeneous integration. In recent years several heterogeneously
integrated lasers have already been demonstrated [1-4]. However, these lasers
are typically large devices and have threshold currents of several tens of mA. The
energy efficiency and footprint of these lasers is therefore considered too high
for on-chip optical interconnects. Therefore, we focus here on the integration of
microlasers on silicon. First we will give a brief overview of recent advances in the
development of microlasers in general, followed by the progress made on micro
lasers integrated on silicon.
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3.1.1 Micro lasers

Quite a number of micro lasers have been reported in literature of which most of
them are based on microdisk and photonic crystal cavities and more recently also
metal cavity nanolasers [5]]. Here we will briefly discuss the most recent advances
in micro laser development.

Metal nanocavity lasers are in most cases surface emitting lasers and are con-
sidered less suitable for coupling to in plane waveguides. However, in [6] lasing in
a metal-insulator-metal plasmonic waveguide has been demonstrated. The wave-
guide has a width of only 130 nm and a length of 3 pum. A lasing threshold of
40 1A has been obtained at a temperature of 78 K and also pulsed operation at
room temperature has been demonstrated. An advantage of these devices is that
it is relatively straightforward to use an electrical injection scheme, although low
specific contact resistances are essential because of the small dimensions. On the
other hand, coupling schemes to standard waveguides still need to be developed
and also the efficiency is still low due to the metal losses.

In 2010 an optically pumped photonic crystal laser was demonstrated on an InP
platform [[7]. The laser operates in continuous wave regime at room temperature
and has a single mode fiber output power of 0.44 pW. The 3 dB modulation
bandwidth is 5.5 GHz and an ultra high energy efficiency under direct modulation
is obtained as it is estimated that the required energy for transmitting one bit is
only 13 f]. However, fabrication of this laser is difficult as a regrowth process is
needed for the buried heterostructure while at the same time a flat top surface is
required for a high Q cavity.

An electrically pumped photonic crystal laser in GaAs was demonstrated by
Ellis and coworkers [8]]. A lateral p-i-n junction is formed by ion implantation and
the active region consists of three layers of InAs quantum dots. Ultra low threshold
currents of 181 nA @ 50 K and 287 nA @ 150 K were demonstrated. However,
no lasing was achieved at room temperature and the output power was rather low
with sub pW values. It should also be noted that the design of the laser allows for
heterogeneous integration with silicon through a bonding approach.

More recently, an electrically pumped photonic crystal laser based on the de-
sign of Matsuo has been developed in the same research group (NTT) [9]. The
laser operates at room temperature and has a threshold current as low as 4.8 pA.
The output power is in the W level and CW operation up to 95 °C is demonstra-
ted. Furthermore, direct modulation at 10 Gb/s is demonstrated with an efficiency
of 4.4 fJ/bit. For the electrical injection a lateral p-i-n junction is used similar as
the approach demonstrated by Ellis et al. Current blocking trenches and an InAlAs
sacrificial layer were used to reduce the current leakage. A heterogeneous integra-
tion approach is proposed to fabricate these lasers on a silicon platform, but this
has not been demonstrated for these lasers so far. This also does not seem to be
trivial as a regrowth step is required to fabricate these lasers and thus the alignment
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tolerance for the bonding process will be very small.

In [10] lasing was demonstrated in compact microdisks with InAs quantum
dots in a well structure (DWELL). These DWELL structures have a quantum well
layer underneath the quantum dots to enhance the carrier injection efficiency. The
microdisks have diameters between 1.7 and 1.83 um and emit around a wavelength
of 1300 nm. A pulsed optical injection scheme was used and a threshold power of
0.6 mW was obtained. The output was collected via a 100X objective lens and a
multimode fiber.

Realizing efficient electrical contacts, without affecting the optical properties
of the laser, is difficult. Recently, microdisk lasers with transparent graphene elec-
trodes have been demonstrated [11]]. Because few layer graphene is not 100%
transparent a dielectric layer was still used at the periphery of the microdisk to
separate the graphene from the optical mode. Lasing was achieved at room tem-
perature with threshold currents of 300 ;A under pulsed conditions. The output
light was collected via a 50X objective lens. The series resistance of the microdisk
laser was 5.8 k€2 and this high value prevented lasing in CW.

3.1.2 Microlasers on silicon

Realizing micro lasers on silicon involves an extra challenge as we already have
seen that silicon is not suitable as a light emitter and that it is difficult to grow
III-V materials on silicon. However, in 2011 InGaAs nanolasers directly grown
on silicon have been demonstrated by using a novel growth scheme [12]. The
nanopillars are defined using contact lithography and have a radius in the order of a
few hundred nanometer. The hexagonal cross-section of the pillars results from the
single-crystal wurtzite structure and forms a natural optical cavity. The nanopillars
support helically propagating cavity modes resulting in strong confinement of the
light. Room temperature lasing was achieved under optical pumping. Electrically
injected LEDs based on these nanopillars have also already been demonstrated [|13]]

More recently, InP nanowire lasers grown on prepatterned silicon substrates
have been demonstrated [14]]. In order to obtain high quality InP nanowires, a
nano-trench assisted defect-trapping effect in combination with an epitaxial lat-
eral overgrowth process is used. This results in similar hexagonal structures as
described above but under an angle of 35 degrees with respect to the silicon plane.
The diameter of the nanowire is about 400 nm and the length of the cavity is 1.4
wm. Lasing at room temperatures has been achieved under pulsed optical pump-
ing conditions with a threshold of 6.7 ;.J/cm?. The laser peak was located at a
wavelength around 851 nm.

Several photonic crystal lasers on silicon have been demonstrated [15H17] but
in these cases the light was not yet coupled to a silicon waveguide. Coupling
to a silicon access waveguide from a heterogeneously integrated photonic crystal
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laser has been demonstrated in [18]]. The laser was optically pumped at room
temperature but under pulsed conditions. A threshold power of 17 uWW has been
obtained.

Recently, a new type of microcavity laser has been developed by De Koninck
and coworkers [19]. In this design the mirrors to form the laser cavity are actu-
ally resonating cavities themselves. As a result high narrowband reflection can be
obtained and if the laser cavity itself is made short enough, only one longitudinal
mode will lie in the reflection bandwidth of the mirrors, yielding an intrinsically
single mode laser. The resonant mirrors are formed by etching gratings in the
silicon while optical gain is generated by a III-V wire. Laser operation has been
demonstrated under optical pumping at room temperature with pulsed drive con-
ditions. CW operation has not yet been demonstrated and is said to be hindered by
self heating effects.

The worlds first electrically injected microlaser on silicon was demonstrated
by Van Campenhout and coworkers in 2007 [20]. Here a disk cavity is etched in
an InP-based thin film that is bonded on silicon. The diameter of the microdisks
was in the order of 7.5 ym. CW operation was obtained at room temperature with
a threshold current of 0.5 mA. The maximum output power was limited to 10 uW
in the silicon waveguide. The work presented here builds upon this microlaser
design.

In [21] a III-V microring laser on top of a silicon microdisk has been dem-
onstrated. The diameter of these rings is in the order of 50 ym and the center
part is not completely etched through such that a bottom contact layer remains for
electrical injection. A threshold current of 5.4 mA has been demonstrated at room
temperature under CW operation. A maximum output power of 230 W has been
obtained, although for devices with higher threshold currents of 8 mA.

Although a few monolithically integrated III-V lasers on silicon have been
demonstrated and show promising results, electrically injected lasers with reason-
able efficiency are not expected for the near future.

Also photonic crystal lasers on silicon have been demonstrated by heteroge-
neous integration of III-V, but also in this case no lasers with electrical injection
schemes have been demonstrated so far. An electrically injected photonic crystal
laser on InP shows record low energy efficiency, but in this case the heterogeneous
integration with silicon does not seem trivial.

Thus far, the only electrically injected micro lasers on silicon are based on
microdisk cavities. Therefore, we will here focus on microdisk laser structures
and build further upon the work performed in the framework of the EU FP6 project
PICMOS.
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3.2 Semiconductor laser theory

Electro-optic components such as lasers and detectors convert electrical current
into light or vice versa. This requires materials that can manipulate both light and
electric current; the so called semiconductor materials. The interaction between
light and electrons results from the transition of an electron between the valence
band and conduction band in the semiconductor material. When the system is in
thermal equilibrium, most electrons are located in the valence band. An incom-
ing photon can be absorbed by an electron in the valence band, which is thereby
excited to the conduction band and results in the generation of an electron-hole
pair. Another possibility, though less likely under thermal equilibrium, is that an
incoming photon stimulates the recombination of an electron in the conduction
band with a hole in the valence band. This recombination results in an identical
photon which has exactly the same wavelength and phase as the incoming pho-
ton and thus the amplitude of the monochromatic wave is doubled. Repetition of
this process results in strong amplification. This stimulated recombination by an
incoming photon is, next to optical feedback, one of the key physical aspects of
lasing. The absorption and stimulated recombination are two competing processes.
When more electrons are present at the conduction band level then at the valence
band level, stimulated emission will dominate. This situation is known as popu-
lation inversion and is a first requirement for lasing. In semiconductors it can be
reached by adding either optical or electrical energy to the system.

As discussed in Chapter 2] a microdisk cavity is used here to provide optical
feedback. The photon round trip gain is then given by

G = (1 — C’)e(rg—a)Qﬂ'R — e(Fg—a—ac)QﬂR 3.1

where C'is the power coupling from the microdisk to the waveguide, g the ma-
terial optical gain, R the radius of the microdisk, I the optical confinement factor
of the optical mode within the gain region and « the optical loss. The coupling
losses can also be written as a distributed loss denoted as «.. in the equation above
and equals

1 1
=5 e

(3.2)

Qe

The material optical gain is proportional to the stimulated emission and thus
rises with increasing concentration of electrons and holes. When the modal gain
I'g compensates all the losses including the coupling loss, the round trip gain is
unity and lasing threshold is reached.
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3.2.1 Laser rate equations

Not all injected carriers will result in stimulated recombination and generate pho-
tons. Other carrier recombination effects need to be taken into account and also
optical losses have an impact on the laser behavior. A widely used method to
describe the interplay between carriers and photons is to make use of laser rate
equations. The equations can be used to model both the static and dynamic behav-
ior of laser.

The spatially dependent rate equations can be written as

8]\7(1', t) :ni.j(rv t)

— AN(r,t) — BN*(r,t) — ON3(r,t)

ot qta
~vg Y Gm(N, ) Sm (3.3)
9mr) _ (rmvgamw, S) — — )sm BT BN (1), (34)
ot Tph,m

where N represents the carrier density and S,,, the photon density for mode
m. The first term in Equation [3.3]represents the injection of carriers in the active
region. Here 7; gives the fraction of terminal current that generates carriers in
the active region and therefore accounts for carrier leakage effects. j(r,t) is the
current density, q the elementary charge and ¢, the thickness of the active region.

The next term AN accounts for non-radiative recombination of carriers through
defect and surface states. These recombination effects involve single carriers and
are thus linearly dependent on /N. Recombination through defects is known as
Shockley-Read-Hall (SRH) recombination and is often modeled through SRH life-
times, which can be different for electrons and holes. Typical values are in the
nanosecond to microsecond range. At the semiconductor surfaces dangling bonds
are present due to the abrupt termination of the lattice. Such dangling bonds occur
in very high densities and form a miniband within the bandgap region of the semi-
conductor material. Surface recombination tends to be more of a problem when
the surface to volume ratio is large, i.e. when device dimensions are decreased.
Surface recombination only occurs at the interfaces and therefore instead of a car-
rier lifetime, a capture rate of carriers located within a certain capture length of the
surface is defined. Thus, the surface recombination parameter v has dimensions
of velocity. Surface recombination is often stronger in short-wavelength mate-
rial systems compared to long-wavelength material systems. Typical values for
InGaAsP are in the order of 1e4 cm/s or lower.

When an electron spontaneously recombines with a hole, a photon can be emit-
ted. This process is known as spontaneous radiative recombination and is repre-
sented by the third term in Equation[3.3] It has a quadratic dependence on N as
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the process involves two carriers. B depends on the used materials and is typically
in the order of 1e-10 ¢cm?/s for InGaAsP based materials. In device simulations
a representative value for B is often used for less important semiconductor layers
of the device, while in the active region the spontaneous emission spectrum is cal-
culated self-consistently from the band parameters, the Fermi distribution and the
bound state energies in the case of quantum well structures.

The term C'N3 accounts for Auger recombination. In this process 3 carri-
ers are involved and thus there is a cubic dependence on N. Different types of
Auger recombination exist, but basically it is a collision between two electrons of
which one electron recombines with a hole in the valence band, while the other
electron is excited to a higher energy state in the conduction band and eventually
loses its energy by emitting phonons. A similar process exists for holes in the va-
lence band. In practice C' is experimentally obtained by polynomial fits to carrier
lifetime measurements. In device simulations a model is often used that can distin-
guish between Auger recombination effects caused by electrons or holes and can
be written as

Raug = (Cnn + Cpp)(np — nopo). (3.5)

It is known that this model slightly overestimates the Auger recombination in
case of degenerate carrier densities (> 10'¥cm=2) [22]]. The Auger coefficients
are also temperature dependent and this is often modeled as

E,
C(T) = Coeap(— kp ) (3.6)

where FE, is the activation energy, which is 64 meV for long wavelength ma-
terials. Typical values for C' are in the range of 1e-29 - 1e-28 c¢m®/s for long
wavelength materials at room temperature.

The last term accounts for the stimulated recombination of carriers. Here v,
is the group velocity, G, (IV, S, ) the material gain and S,, the photon density of
cavity mode m. A more detailed description of the gain parameter will be given
later in this chapter.

Equation [3.4] describes the evolution of photon density for a particular mode
within the active region. The first term describes the modal gain for cavity mode
m. Here I, is the confinement factor of the optical mode within the active region
and G, (N, S,,) the material gain. The second term describes the photon losses
through the photon lifetime parameter 7, ,,,. The last term accounts for sponta-
neous emission that is coupled into cavity mode m. Here 3, is the spontaneous
emission factor giving the fraction of spontaneous emission that is coupled into
cavity mode m.
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Figure 3.1: Different absorption processes within the energy bands. DBB = direct
band-to-band absorption, IVB = intervalence band absorption, IBB = indirect
band-to-band absorption, ICB = intraconduction band absorption and ICV =
interconduction valley absorption. [23]]

3.2.2 Internal optical loss

In the previous chapter we discussed several important loss mechanisms in mi-
crodisk cavities and optimized the geometry of the microdisk structure to reduce
the optical loss where possible. However, one more loss mechanism needs to be
taken into account: loss due to free carrier absorption (FCA). We already briefly
touched upon the principle of direct band-to-band absorption (DBBA), where an
incoming photon is absorbed by an electron in the valence band, which is then
excited to the conduction band. DBBA is typically the strongest absorption effect
in semiconductors, but obviously it can only occur if the energy of the photon is
larger than the bandgap. If the energy of the photon is lower, FCA will dominate.
FCA can be caused by several transitions which are indicated in Figure 3.1} The
intervalence band transitions are the most important when using III-V materials in
the 1.3-1.6 um range, because the energy separation between the different valence
bands is lower or matches these wavelengths.

Obviously, FCA depends on the carrier concentration and in general a linear
dependence is assumed

o = kpn + kpp. (3.7

For bulk InGaAsP typical values at 1.55 pum are 1 x 10~ *8em? for k,, and
20 — 60 x 10~ 18¢m? for k. For quantum well structures it is difficult to measure
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this parameter accurately and also the impact of strain is unclear, resulting in a
wide range of values for &,,. Often it is assumed that k, decreases with compressive
strain. However, because of the uncertainty this parameter should be used as a
fitting parameter in device simulations.

3.2.3 Optical gain

Optical gain describes the ratio between stimulated emission and direct band-to-
band absorption and can be written as

2
9ij(hv) = <qh> ! M(E) pr(Ey)(f5 = f2)- (3.8)

Zm%eonrc hv

As discussed above, population inversion is required for stimulated emission
to become stronger than band-to-band absorption and this is described by the last
part of the equation ( f; — f;) also known as the Fermi factor. Here f; and f; are the
Fermi functions and give the probability that the energy level E; in the conduction
band and FE; in the valence band are occupied by an electron. Maximum population
inversion and thus maximum gain is obtained when f; = 1 and f;=0.

Next to the probability of finding an electron in the valence or conduction band,
the actual concentration of electrons depends on the available electron states in the
bands. In bulk material it is often justified to treat the electrons as free particles
such that their energy can be approximated by a parabolic function in k-space. In
this case the reduced density of states can be written as

, 1 /2m,\"?
P3P (E) = W( 2 ) VE - E,, (3.9)

where m,. represents a reduced mass depending on the electron and hole effec-
tive masses.

The transition strength between two states is determined by the transition ma-
trix element | M (E;;) | and depends on the wavefunctions that describe these two
electron states. In case of quantum wells it gives the allowed and forbidden transi-
tions between subbands. In principle the transition strength depends on the angle
between the electron wave vector and the polarization of the electric field of the
optical mode. However, in bulk materials a large variety of k-vectors exist and
results in an isotropic transition matrix element. This bulk momentum matrix ele-
ment M is a constant for a given material. This does not hold for quantum wells
as we will see below.

Quantum wells

In a quantum well carriers are confined in a very thin region. The well thickness is
in the order of the de Broglie wavelength of the carriers and this quantum confine-
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Figure 3.2: Schematic showing the discrete energy levels in quantum well structures, the
in-plane energy dispersion and the difference between the 2D and 3D density of states in
quantum wells and bulk, respectively. [23]

ment makes that carriers can only have discrete energy levels, or subbands, in the
direction perpendicular to the potential well. This has strong implications for both
the reduced DOS and the transition matrix element.

Because of the discrete subbands, the reduced DOS now contains a summation
over all possible subbands pairs. That is, allowed subband pairs that have the same
quantum number. The 2D reduced DOS can be written as

1 m.
2D _ r .
o (F) = —dz ng TFLQH(E E,.), (3.10)

where d, is the thickness of the quantum well, n, is the quantum number and
H is the Heaviside unit step function. The difference between the reduced DOS
for bulk and quantum wells is shown in Figure 3.2] Because of the staircase like
shape of the 2D DOS, the number of states to be filled for a certain energy level is
lower.

If we distinguish between TE and TM optical modes, then either the electric
field or the magnetic field lies within the plane of the quantum well. Because the
transition matrix element depends on the angle between the electron wave vector
and the polarization of the electric field of the optical mode, the transition ma-
trix element becomes anisotropic. These transition strengths are also different for
heavy and light holes, where heavy holes favor TE polarized light, while light
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holes favor TM polarized light.

Strain can be applied to a quantum well by deliberately changing its material
composition such that it has a slightly different lattice constant compared to the
substrate. This strain can either be compressive or tensile. Under the influence
of strain two things tend to happen, the bandgap changes and the energy bands
become non-parabolic. Under compressive strain the bandgap tends to increase
while it decreases for tensile strain. At the same time the degeneracy of the light
and heavy holes is lifted at the I" point, where the heavy hole band is lifted above
the light hole band in case of compressive strain, while it is the other way around
for tensile strain. Because the transition between the conduction band and heavy
hole band favors TE polarization, TE gain is enhanced under compressive strain.

Next to the change of the bandgap, also the energy dispersion of the valence
bands is affected. The curvature of the bands increases whereby the effective mass
of the light and heavy holes is reduced.

Linewidth broadening

Until now, we have assumed distinct energy levels for the electrons in the conduc-
tion and valence bands. However, because of the interaction of electrons and holes
with other carriers and phonons, their energy slightly changes within the bands.
These scatter events result in an uncertainty of the electron energy. To account for
this, a linewidth broadening function can be included into the gain formula

The gain spectrum is smoothened by this lineshape broadening and this be-
comes especially apparent in gain spectra of structures with high quantum con-
finement that theoretically show sharp peaks. The peak gain also becomes lower.
In most cases a Lorentzian lineshape function is used, which is written as

1 Iy
s (hl/ — Eij)2 + F% '
A typical value for the linewidth broadening factor I'g is 6.5 meV.

3.3 Structure of the microdisk laser

The geometrical design of the microdisk laser was presented in Chapter[2] For the
simulations discussed in Chapter@] a uniform III-V structure was assumed, which
was sufficient for an assessment of the optical losses and the coupling efficiency.
Here, the goal is to get a better understanding of the electro-optic properties of
the microdisk laser and how it can be optimized. Therefore, a more detailed laser
structure is required that takes into account the epitaxial layers of the microdisk
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Figure 3.3: Detailed layer structure used for the microdisk laser.

laser. The cross-section of the microdisk laser including the layer structure is
shown in Figure 3.3

At the heart of the microdisk laser lies a multiple quantum well (MQW) struc-
ture. This active region consists of 3 compressively strained InAsP quantum wells
with a thickness of 6 nm which are separated by InGaAsP (1.2 um) barrier layers
with a thickness of 15 nm. At the p-doped side of the stack a tunnel junction is
included to avoid the need for small bandgap materials for achieving ohmic con-
tacts at the p-side. The tunnel junction will be explained in more detail in Section
[3:44] The active region itself is sandwiched between InGaAsP (1.2 pim) separate
confinement layers (SCL) to confine the optical mode to the active region. These
SCL layers are asymmetric around the active region such that the overlap with the
underlying waveguide is large to have efficient coupling, while the overlap with the
tunnel junction is minimized to reduce optical losses. The confinement of the opti-
cal mode within the active region is 6.7% and the confinement within the p-doped
layer of the tunnel junction is 2.3%. The lower part of the bottom SCL layer is
n-doped and forms, together with a p-doped InP layer above the top SCL layer, the
laser p-i-n structure. An n-doped InP layer at the bottom is used as interface layer
to achieve an ohmic metal contact. Ohmic contacts to p-InP are difficult to obtain
because of the higher barrier height. Often low bandgap semiconductors, such as
e.g. InAs or InGaAs, are used as intermediate layers to make ohmic contacts at the
p-side. However, these layers cause strong optical absorption and because the total
film thickness is low for the device discussed here the optical loss would be too
high. Therefore, a tunnel junction is used instead which consists of two 20 nm thin
layers of InGaAsP (1.3 um) of which one is heavily p-doped and the other heavily
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Layer Composition Doping Refr. index e mobility  h mobility
em™3 em?/Vs  em?/Vs

Laser N InP N+5x 10% 317 1400 40
Tunnel junction Ing 7Gag.3As0.65P0.35 N++1 x 109 3.4 700 35
Tunnel junction Ing 7Gag.3As0.65P0.35 P++2x 10 343 550 25
Laser diode P InP P+1 x 10'8 3.17 2200 75

SCH IH[],gGa(].QAS().44P0.55 nid 3.32 5200 100

3x barrier IHU,gGaU.QASOA_/;PO.sG nid 3.32 5200 100

3x QW InAsg.65P0.35 nid 3.41 7000 160
SCH IHU.SGHU.2A80444POV56 nid 3.32 5200 100
SCH Laser diode N Ing gGag 2Asg 44Po56 N+ 1 x 10'8 332 1400 50
Laser N contact InP N+5x 10% 317 1400 40

Table 3.1: Parameters of the microdisk laser materials used in the simulation.

Energy [eV]

- - Quasi Fermi levels [|
— Band edge
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Position [um]

Figure 3.4: Banddiagram of the microdisk laser around threshold. The solid lines represent
the conduction and valence band edges and the dashed lines the quasi-Fermi levels. The
position of the tunnel junction is indicated by *'TJ’ and the laser quantum well region by

"QW reg’

n-doped. This allows electrons to tunnel from the valence band to the conduction
band through which electron-hole pairs are created. On top of the tunnel junction
again an n-doped layer can be used to make an ohmic contact with the metal for
which an n-doped InP layer is used here. This material stack was developed in the
framework of the EU FP7 project WADIMOS by our project partners from INL.
In the next sections we will analyze the electro-optic behavior of the microdisk
laser for which we use the semiconductor device simulation software Atlas from
Silvaco. Important material parameters used in the simulation are given in Table
[3.1and the banddiagram of the microdisk laser stack is shown in Figure [3.4]
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3.4 Electrical behavior of the microdisk laser

Running a full electro-optic laser simulation can be very time consuming. There-
fore, we first performed purely electrical simulations to make sure that the IV
curves are representative for real devices.

3.4.1 Current injection into the semiconductor

Obviously an important aspect when using semiconductor devices is to inject cur-
rent into the device in an efficient way and this is determined by the properties at
the metal-semiconductor interface. For many devices, and also for lasers, so called
ohmic contacts are desired. An ohmic contact has a linear current-voltage relation-
ship and a contact resistance that is very small compared to the bulk or spreading
resistance of the semiconductor.

Different mechanisms can govern the current flow at metal-semiconductor in-
terfaces, but the most important one when using heavily doped semiconductors is
field emission. In this case the depletion region is very narrow and electrons can
tunnel from the metal to the semiconductor. Ideally the contact resistance is deter-
mined by the barrier height which depends on the difference in the work function
of the metal and the semiconductor. In reality, a large number of surface states
exist at the semiconductor interface and the Fermi level is pinned. In this case the
barrier height does no longer depend on the metal work function, but depends on
the bandgap and the surface state density. Surface treatment prior to metal depo-
sition is therefore very important to achieve low-resistance ohmic contacts. The
Fermi level pinning is also said to be dependent on the chemical reaction between
the metal and the semiconductor.

Titanium based contacts are often used to achieve ohmic contacts with III-V
materials and can be used for both n- and p-type contacts. Reported values for
Ti/Pt/Au contacts are 8e-6 Q2cm? for 1e18 n-doped InP and 6e-7 Qcm? for 5e18
p-doped InGaAs after annealing for 30s at 450 °C' [24]. The annealing procedure
can have a large influence and reduce the contact resistance by two orders of mag-
nitude compared to the as-deposited values. The platinum layer acts as a diffusion
barrier for the gold, because gold-InP intermixing can be very strong and result in
short circuits after annealing. For the simulations we assume a contact resistance
between le-4 and 1e-6, which is representative for the contact resistance typically
obtained in the clean room of Ghent University.

3.4.2 Carrier transport

Carriers need to be injected into the active region of the laser in order to achieve
population inversion. When simulating a laser, it is therefore of prime importance
to have a realistic model of the transport of carriers. Electrical current flow in
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semiconductors is mainly dominated by drift and diffusion of electrons and holes.
The so-called drift-diffusion model is therefore the most widely used model for
simulating charge transport for these type of devices and will also be used here.

Drift-diffusion

The basic set of equations that need to be solved are the poisson equation and the
carrier continuity equations. The poisson equation relates the electrostatic poten-
tial to the space charge density and reads

V- (V) =—p (3.13)

where 1) is the electrostatic potential, € is the dielectric permittivity and p is the
local space charge density, which includes the sum of all mobile and fixed charges.

If there is a change in local carrier concentration over time it has to be ac-
companied by a change in current flow or by the generation or recombination of
electron-hole pairs. This is described by the the continuity equations which can be
written as

1
o G 5t G- Ry G.14)
ot ¢
ap 1
a—i):;V-Jp—FGp—Rp (3.15)

where Jy, and J, denote the electron and hole current densities, G, and Gy,
the generation rates and R,, and R,, the recombination rates.

In the drift-diffusion model it is assumed that the total current densities can be
completely determined by a drift current due to the presence of an electric field
and a diffusion current that depends on the concentration gradient of electrons and
holes. The total current density of electrons and holes can then be written as

Jn = qunnF +qD,Vn (3.16)

Jp = quppF + qD,Vp. (3.17)

where 11, and p,, are the electron and hole mobilities and D,, and D, the dif-
fusion coefficients. Both the mobility parameters and the diffusion coefficients are
important paramaters for realistic current flow modeling. The mobility parameters
depend on material, doping and temperature and will be discussed in more detail
further on. The diffusion coefficients are calculated through Boltzmann statistics
or Fermi-Dirac statistics in case of highly doped materials.
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Carrier transport across heterojunctions

Different materials are used in the microdisk laser stack to confine both carriers
and the optical mode. As a result several heterojunctions appear in the stack.
An important heterojunction parameter is the conduction band offset A E, which
determines how the bands of different semiconductor materials line up. In liter-
ature this is value is commonly given as a fraction of the difference in bandgap
of two adjacent materials. Current flow across a heterojunction can be limited by
drift-diffusion or by thermionic emission, which describes the heat induced flow
of charge carriers over a potential energy barrier. The dominant transport mecha-
nism at heterobarriers depends on the barrier height and the thermal energy given
of the carriers. It can therefore be important to also include thermionic emission
effects when simulating heterojunctions, especially when simulations at elevated
temperatures are required.

As the lattice temperature increases, thermionic emission will have a larger
impact and will result in an increased vertical leakage current. Electrons have
mobilities that are significantly larger then hole mobilities. Electrons can therefore
move more easily across the quantum well regions. To confine the electrons in
the active region the conduction band offset should be large, to avoid electron
overflow. The conduction band offset of InGaAsP/InP heterostructures is typically
around 0.4A E, and this rather low conduction band offset limits the performance
of this material system. Here we use InAsP quantum wells with InGaAsP barrier
layers of which it is reported in literature that it has a conduction band offset in the
order of 0.5-0.6AE [25]26]]. This higher conduction band offset should result in
lower threshold currents and better performance at higher temperatures.

3.4.3 Carrier mobility

The conductivity of electrons o, = g, and holes o, = qpu,p is obviously not
the same for every material and depends on the carrier mobility. Collisions of elec-
trons and holes with e.g. other carriers and crystal defects limit this carrier mobil-
ity. As a result the mobilities are functions of the electric field, lattice temperature
and doping concentrations. Mobility modeling is often divided in low-field and
high-field behavior. The low-field mobility depends upon doping concentrations
and lattice temperature and as long as the electric field is low enough, this model
is sufficient. In this case, the current density is proportional to the electric field.
At high electric fields, the carriers gain energy and can take part in a wider range
of scattering processes. As a result the mean drift velocity of carriers will increase
more slowly and eventually saturates at a constant velocity.

In practical device simulation, empirical models that are fitted to experiments
are often used. A large amount of data is available for silicon and germanium,
while for III-V compounds fewer data is available. The standard models available
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in most device simulation tools are optimized for silicon and germanium. How-

ever, Sotoodeh et al. have developed a general low-field mobility model for III-V

compounds in combination with fitting parameters based on published data [27]

which takes into account both lattice temperature and doping concentrations. In the

work presented here, we rely on the model and material parameters given in [27].
In this model the low-field mobility is expressed as

max(300K) (300K /T)0 — 1,
HJ(N7 T) = KUmin + = aﬂC( )( / ) a ”)

, (3.18)

A
N
L+ (NTef(SOOK)(T/SOOK)"Z )

With min, maz (300K), Nye(300K), A, 61andfs as fitting parameters that
are all functions of material composition.

For ternary and quaternary materials, the simplest possible interpolation schemes
are used that fit the data and are also given in [27] for some important materials.
For the fitting parameters of InAsP we used the interpolation schemes of InGaAsP
with the x-composition set to zero. The mobility parameters for electrons and
holes obtained using this model for the structure used here are given in Table[3.1]

High-field mobility effects are modeled using one of the standard models avail-
able in Silvaco Atlas and can be expressed as

Hlow
F)= ,
lu( ) {j/l—"(,u/lowF/Us)ﬁ

where 17, 1S the low-field mobility obtained using the model described above,
v, the saturation velocity and 3 as fitting parameter. The saturation velocity is a
material parameter and can be different for electrons and holes. A very limited
amount of data is available for InGaAsP and InAsP and therefore a constant satu-
ration velocity of 9 106¢m /s is assumed for these materials. For InP a value of 7
10%cm /s is used.

(3.19)

3.4.4 Tunnel junction

Achieving ohmic contacts on p-type InP is difficult because of the high barrier
height. Therefore, typically low bandgap heavily p-doped layers are used as inter-
face layer between the p-InP layer and the metal. However, because of this low
bandgap, direct band-to-band absorption can have a significant impact on device
performance. Overlap of the optical mode with this layer should thus be mini-
mized or preferably avoided. In a thin film structure as used here in the microdisk
laser, this is very difficult. In [20] the use of a tunnel junction was suggested and
used to avoid this band-to-band absorption.

In a tunnel junction under reverse bias electrons can tunnel from the valence
band to the conduction band. This way holes are created while an n-type instead of
a p-type contact layer to the metal can be used. In order to have a finite probability
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Figure 3.5: Schematic of the banddiagram of a tunnel junction in reverse bias, showing
large band bending enabling band-to-band tunneling.

for the tunneling process to occur the depletion region has to be very small. A
tunnel junction therefore consists of a degenerately doped p-n junction, where the
Fermi levels penetrate into the bands. If the electric field over the junction is
sufficiently high, strong local bending of the bands will occur as is shown in Figure
B3] As can be seen there is now a region where the valence and conduction band
energies are equal and electrons can tunnel to the conduction band. This region
can also be identified in the banddiagram of the microdisk laser as displayed in
Figure[3.4]

The tunnel junction can be made of material with a large bandgap, such that
direct band-to-band absorption can be avoided. However, because of the high
doping levels required for the tunnel junction there will still be strong intervalence
band absorption and thus the overlap of the optical mode with the p-doped layer
of the tunnel junction should be minimized.

3.4.5 2D axi-symmetric simulation of electrical behavior

Based on the models and device structure discussed above, we will now analyze the
electrical behavior of the microdisk laser. Before analyzing the electrical behav-
ior of the complete laser diode the tunnel junction is tested separately to confirm
correct tunneling behavior. In this simulation we only consider the heavily doped
InGaAsP layers that form the tunnel junction. Ideal electrodes are placed at the top
and the bottom of the InGaAsP layers. A voltage is applied to the anode contact
and the resulting IV curve is shown in Figure [3.6]
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Figure 3.6: Simulated IV curve of the tunnel junction under reverse and forward bias.

It can be seen that the expected tunneling behavior is obtained. At forward bias
we first find a steep increase in current flow, while around a voltage of 0.06 a max-
imum current of 7 mA is obtained. After this point the tunneling current decreases
resulting in a region with negative resistance. By increasing the voltage further a
normal diode is formed, which is evident by the large increase of current. When
a reverse bias is applied, which is the desired operating regime for the microdisk
laser, immediately a large current is flowing showing that indeed a relatively low
resistance is obtained.

As we cannot directly measure the tunnel junction behavior in fabricated de-
vices, we will now incorporate this tunnel junction model into the model for the
complete microdisk laser diode which can then be fitted to measurement results.

In the following we analyze the current-voltage behavior of the microdisk laser,
where we perform parameter sweeps that are expected to have an influence on this
behavior. Note that if the total microdisk laser structure is under forward bias,
the tunnel junction is under reverse bias. Let us first consider the influence of the
p-type doping level in the tunnel junction on the laser diode. The doping level
should be as low as possible to minimize optical losses, while at the same time it
should be high enough to have efficient tunneling for low series resistance. The
device structure for these simulations is as illustrated in Figure[3.3] The radius of
the microdisk laser is set to 3.75 um and a cylindrical coordinate system is used
with symmetry around x=0. The bottom contact layer is fixed to a thickness of
95 nm. Again ideal electrodes are used to apply a voltage over the diode. The IV
curves of the laser diode for 4 different p-type doping levels are shown in
Figure|3.7

The impact of the p-type doping level on the tunnel junction performance is
quite strong as was also observed in [20} 28] and the lowest resistance is obtained
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Figure 3.7: Influence of the p-type doping level in the tunnel junction on the IV curve of
the microdisk laser.

for the highest doping level. The total series resistance is 110 €2 in this case,
which is already significant. If the p-type doping level is reduced to 1e19, the
series resistance increases to 130 (2. For low doping levels also a clear kink in the
LI curve can be observed, showing that the total IV curve of the microdisk laser is
limited by the resistance of the tunnel junction.

Next, we look at the influence of the thickness of the bottom contact layer.
The epitaxial structure is designed with a 95 nm bottom contact layer, but during
processing it is difficult to control the etch depth as a dry etch step is required to
define the circular disk structure. As a result, the bottom contact thickness will de-
viate from the targeted 95 nm. The effect of over etching the bottom contact on the
electrical performance is found to be very small as can be seen in Figure[3.8] Even
for a bottom contact layer as thin as 25 nm the IV curve hardly changes. However,
it is questionable whether this will also be the case for a fabricated device. If the
etching is slightly non-uniform, it might result in open circuits and making a good
ohmic contact to such a thin layer might also be problematic. Nevertheless, we
can conclude that slightly over etching the bottom contact layer should have no
disastrous effect on the electrical performance.

The impact of contact resistance is shown in Figure [3.9] Here the contact
resistance is assumed to be the same for the top and bottom contact and the p-
type doping level is set to 2 x 10'?cm?. Furthermore, it is also assumed that the
contact is ohmic. In order for the contact resistance to be negligible with respect
to the resistance of the semiconductor stack, it should be smaller than 10~5Qcm?2.
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Figure 3.8: Influence of the thickness of the bottom contact slab on the IV curve of the
microdisk laser.

It is also clear that the total series resistance increases rapidly for higher contact
resistances which is due to the small contact areas.

3.5 Full laser simulation

Now that we have a model for the electrical behavior of the microdisk laser, we
can move on to the full laser simulation. As we are considering quantum wells
that are compressively strained, we can no longer assume that the energy bands
are parabolic within the plane of the quantum well. Therefore, the effective mass
approximation assuming parabolic energy bands can no longer be used to calculate
the gain. In order to calculate the correct energy dispersion in these cases the & - p
method is often used [23}29]. Here we will also rely on this model which has been
implemented in Silvaco Atlas on our request.

3.5.1 Bandgap

In order to have gain in the correct wavelength region, we need to make sure that
the bandgap of the InAsP active region is correct. For modeling material parame-
ters of ternary and quaternary alloys often interpolation schemes based on known
values of binary materials are used. In most cases linear interpolation schemes
are sufficient, but in some cases an empirical bowing parameter needs to be in-
cluded. In case of bandgap calculations strong bowing is often observed. In [30] it



88 CHAPTER 3

ATLAS OVERLAY
Data from multiple files
s _: st e Anode Voltage (V)

— 5e-5

I | 2 les

LB | le-6
14—
1.2 —
= =
8 13
g |
= 3
S —
= 08
] J
a J
< 0.6 —
04—
0.2 —/
0

- T T T T T T T T T T
0 0.0002 0.0004 0.0006 0.0008 0.001
Anode Current (A)

Figure 3.9: Influence of the contact resistance on the IV curve of the microdisk laser.

is reported that for InAsP a bowing parameter of 0.1 eV gives the best fit to exper-
imental results. For the composition used here (x=0.65), this yields an unstrained
bandgap of 0.678 eV at 300 K for bulk layers. In quantum wells the discrete sub-
bands need to be taken into account to find the lowest possible transition energy.
Furthermore, under the influence of compressive strain the bandgap will increase
and also the degeneracy of the heavy- and light-hole band will be lifted. The bar-
rier layers in the material stack are lattice matched to InP. By comparing the lattice
constant of InP with that of InAsP with x=0.65, we find a compressive strain of
2.1%.

The energy dispersion of the valence subbands is calculated using the two-
band & - p model. The conduction subbands are still assumed to be parabolic. The
lowest allowed transition is now between the first conduction subband and the first
heavy-hole subband (C1-HH1) with an energy of 0.778 eV at the I" point.

The spontaneous emission spectrum is calculated self-consistently from the
Fermi distributions, the reduced DOS and the transition matrix element. In order
to verify if the model is representative, a comparison with the obtained spectrum of
a photoluminescence (PL) measurement should be made. In Figure [3.10|both the
simulated as well as the experimentally obtained spontaneous emission spectrum
are shown. The measured PL spectrum has a global peak at 1532 nm and another
peak at 1630 nm. This last peak is caused by an InGaAs sacrificial layer that
protects the epitaxial structure and is normally removed before processing. The
global peak is from spontaneous emission from the active region of the laser stack.
The peak of the simulated spontaneous emission spectrum lies at 1535 nm and thus
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Figure 3.10: Measured and simulated PL spectrum of the epitaxial structure of the
microdisk laser.

differs by only 3 nm from the measured peak. This corresponds to a difference less
than 2 meV and can be explained by small differences in the material composition
or the quantum well width. Taken this shift into account, it can be seen that at
longer wavelengths there is a good match between the simulated and measured
spectrum. At shorter wavelengths however, the simulated spectrum is broader than
the measured spectrum indicating that the transitions away from the I" point and
between higher subbands are overestimated in the simulation.

The bandgap is also temperature dependent and decreases with increasing tem-
perature. This is modeled using the Varshni approximation which is a standard
model in Silvaco Atlas and can be written as

aT?

£,(T) = By(0) = 5"

(3.20)

where « and 3 are fitting parameters. We here used a linear interpolation
scheme to determine these values for InAsP based on data from [23]. In order to
obtain more accurate data on the bandgap shrinkage due to increasing temperature,
one could measure the spontaneous emission spectrum versus temperature, which
will reveal the red-shift of the spectrum.

3.5.2 Gain spectrum

Now the simulated spontaneous emission spectrum is found to be in reasonable
agreement with the measured spontaneous emission spectrum, we can evaluate the
gain spectrum. Lorentzian gain broadening is included to account for the uncer-
tainty of the electron energy due to scatter events. A Lorentzian linewidth I'g of
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Figure 3.11: Simulated gain spectrum for different injection levels.

6.6 meV is used. The gain spectrum for different pumping levels is shown in Fig-
ure At a drive current just above 0.1 mA the gain becomes positive and we
find a transparency carrier density of 2.95¢18cm =3, This is a rather high value, as
it is well known that under the influence of compressive strain in quantum wells
the transparency carrier density is reduced and values between 1 — 2e18cm 3 are
more common [22]].

The influence of the lattice temperature on the gain is shown in Figure [3.12]
The gain peaks at a wavelength of 1554 nm at room temperature, while at 70 °C the
peak lies at 1590 nm, giving a red shift of 0.72 nm/K . Also the peak gain reduces
significantly with increasing temperature and is caused by the wider spreading of
the Fermi distribution of carriers [23]. As a result a higher carrier concentration
is required to achieve the same amount of gain at elevated temperatures. This also
leads to increased intervalence band absorption and an increase of non-radiative
recombination effects through which the threshold current increases considerably.
The conduction band offset at the active region will also play an important role
at higher temperatures. Electrons can move more easily across the quantum wells
compared to holes and therefore it is important to have a large conduction band
offset to confine the electrons in the quantum wells. Due to the wider spreading of
the Fermi distribution at higher temperatures carriers, and particularly electrons,
can leak out of the quantum wells and the amount of this vertical carrier leakage
depends strongly on the conduction band offset.

In order to have an idea of the gain spectrum in experimental devices we per-
formed a Hakki-Paoli measurement [31]]. From this measurement gain spectra can
be obtained by measuring the modulation depth of the resonances in the emission
spectrum. The Hakki-Paoli method was originally developed for Fabry-Perot cav-
ities, but can also be used in ring or disk cavities provided that the diameter of the
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Figure 3.12: Simulated gain spectrum for different lattice temperatures.

ring or disk is within certain limits. If the radius is too small, the FSR of the modes
will become too large to have sufficient data points within the gain spectrum. On
the other hand, very large radii will result in small FSRs and this makes it increas-
ingly difficult to resolve the minimum values especially when an optical spectrum
analyzer (OSA) is used due to its limited resolution. However, a high resolution
OSA or a spectrometer could be used to alleviate this problem.

We used a microdisk laser with a radius of 20 um, resulting in an FSR in the
order of 5 nm. the optical spectrum was measured with a Yokogawa OSA with a
resolution bandwidth of 50 pm. The measured spectra at different drive currents
are shown in Figure [3.13]together with the fits of the maxima and minima. The net
gain can now be found through the relation

P,
1 Prn 11
G =——ln | LI ¥a., (3.21)
27TR Prias _ 1

min

where a. is the distributed coupling loss as described in Equation[3.2] Plotting
these values for different injection levels, gives the result shown in Figure [3.14]
The gain peaks at a wavelength between 1555 and 1560 nm, which is again in
good agreement with the simulation results. From this plot also an estimation
of the internal loss can be obtained, which is given by the modal gain value at
longer wavelengths where the different curves saturate. This indicated in Figure
[3.14) by the black arrow. Because of the large (20 pm) radius of the microdisk
laser used for these measurements, it can be assumed that the scattering loss is
0. The influence of the coupling loss o was less than 1 ¢m ™! for this large
microdisk, but was also already included by shifting the gain spectrum as described
in Equation [3.21] Therefore, the loss found in Figure [3.14]can be attributed to the
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Figure 3.13: Measured spontaneous emission spectra for different drive currents.

internal loss caused by intervalence band absorption from (mainly) the quantum
wells and the p-type layer of the tunnel junction. The intervalence band absorption
is independent of disk diameter and therefore the value obtained here can also be
used for fitting the losses in smaller microdisk cavities, where any additional loss
can be attributed to scattering loss.

3.5.3 Static laser performance

With the qualitative agreement of the simulated spontaneous emission and gain
spectrum with the measurements, we can continue with the evaluation of the static
laser performance. As the k - p model used here is still under development, we
were not yet able to obtain an accurate fit with measurement results with respect
to threshold current and slope efficiency. That is, the results from the model are in
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Figure 3.14: Obtained gain spectra for different drive currents from a Hakki-Paoli
measurement.

the same order as experimentally obtained values, but in order to have a reliable
fit one needs to be able to reproduce the results not only at room temperature
but also at elevated temperatures. If only room temperature is considered, several
solutions with different parameters will give similar results, while if also higher
temperatures are considered a significant number of solutions can be ruled out.
The simulation results obtained here, were compared with the measurements of
LI curves at elevated temperatures such as in Figure but could not yet be
fitted over the whole temperature range. Nevertheless, a good understanding of the
microdisk laser behavior can be obtained. Here we will first analyze the microdisk
laser behavior, after which we will look at the performance of slightly modified
designs.

Conduction band offset

The influence of the conduction band offset on the LI curve at room temperature is
shown in Figure[3.13] The lowest threshold current is obtained for the highest con-
duction band offset, which is a result of the higher confinement of electrons. The
influence of the conduction band offset on the slope efficiency is limited. How-
ever, at higher temperatures the slope efficiency decreases dramatically for lower
conduction band offsets as can be seen in Figure [3.16 where the LI curves are
plotted for the same conduction band offsets, but at 70 °C'. At this temperature the
vertical leakage clearly dominates in case of a low conduction band offset. Based
on these simulations we find that the conduction band offset for the microdisk
laser presented here should lie around 0.5 AE,, which is among the lower val-
ues in literature for this material system, but still higher than the commonly used
InGaAsP/InP material system.
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Carrier distribution

When threshold is reached the carrier density in the active region is often assumed
to be clamped. However, when current is injected uniformly over a microdisk
structure this might not be true. Light is only propagating at the periphery of
the microdisk and this is thus also the only area where stimulated emission takes
place. The carriers injected in the center of the microdisk can only contribute to
stimulated emission if there is a drift and/or diffusion current towards the outer
edge. Figure shows a 1D plot of the electron density in the center quantum
well for different injection currents, where the threshold current lies at 0.3 mA. It
can be seen that below threshold there is a uniform carrier density in the quantum
well and thus we can conclude that the injection scheme is indeed uniform. How-
ever, at larger currents the carrier density becomes non-uniform due to the strong
stimulated emission at the outer edge of the microdisk structure. This has some
consequences for the performance of the microdisk laser.

First of all, let us consider the effect on the total loss and gain, which are plotted
in Figure versus injected current.

At a current of 0.26 mA the modal gain clamps to the total loss thereby reach-
ing the lasing threshold. It can also be seen that the total loss itself increases and
reaches a maximum around 0.34 mA after which it starts to decrease again. The
increase in total loss before reaching threshold can be explained by the increasing
intervalence band absorption due to the higher carrier density. However, the total
loss decreases after threshold indicating that the carrier density is not completely
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Figure 3.19: Carrier density in the active region as function of injected current.

clamped. It actually implies that the carrier density is decreasing after threshold,
which is obviously a rather strange behavior.

In Figure [3.19] the electron and hole density in the active region are plotted
against the injected current. Indeed, the carrier density appears to peak just above
threshold after which it starts to decrease again. Around 0.6 mA the carrier density
seems to saturate, but then above 0.8 mA it again rapidly increases. In principle
one would expect that when the carrier density decreases, this would also become
visible in the LI curve because the stimulated emission normally would decrease.
However, although the LI curve indeed shows a dip around 0.9 mA as can be seen
in Figure[3.20] it continues to grow while the carrier density is already decreasing
albeit with a decreasing slope efficiency.
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Figure 3.20: Simulated LI curve of the microdisk laser.

By looking at the electron and hole current densities, displayed in Figure [3.21]
it can be seen that there is indeed a strong current flowing in the quantum wells
from the center of the microdisk towards the edge. Therefore, the process in the
microdisk can be understood as follows. First carriers are injected uniformly over
the microdisk structure. Below threshold the dominating recombination effect is
Auger recombination which is uniform over the active region and thus the car-
rier density remains uniform. Then, when threshold is reached strong stimulated
emission at the periphery of the microdisk makes the recombination process non-
uniform across the active region. At first, there is a strong current from the center
of the microdisk towards the edge, feeding the stimulated emission. However, this
is clearly not sufficient to sustain the stimulated emission rate and the area at the
edge gets depleted from carriers. As a result, the slope efficiency starts to degrade
and eventually a dip in the LI curve is observed. At that point the total carrier den-
sity in the quantum wells can again increase, after which the stimulated emission
also starts to increase again.

Modified designs

Because of the uniform injection scheme the whole active region needs to be
pumped to the threshold current density in order to achieve lasing, which is ob-
viously not very efficient. It is expected that the threshold current can be reduced
by using more efficient injection schemes. Two obvious and relatively easy to im-
plement possibilities are either to etch a hole completely through the stack in the
center of the microdisk or to etch away the tunnel junction in the center.

The first option also confines the carriers better in the active region, but this
might come at the cost of higher surface recombination because the surface to
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Figure 3.23: Schematic overviews of alternative microdisk laser designs where in (a) the
tunnel junction is etched from the center and in (b) a center hole is etched through the
whole stack.

volume ratio increases in this case. Furthermore, the top contact becomes smaller
which might result in higher series resistance and increased self-heating.

The second approach would require a wet etch, where the tunnel junction is
etched from the center such that the carriers can only tunnel at the periphery. In
this case, no extra etch through the active region is required. On the other hand,
there might be a lateral leakage current in the active region from the edge towards
the center, because no carriers are injected in that region. Schematic overviews of
these alternative designs are shown in Figure[3.23]

A simulation was performed to investigate these alternatives. For the first op-
tion a center hole diameter of 3 pm was used and for the second option a center
hole diameter of 2 pm was etched in the top InP layer and the tunnel junction
was then etched from the center towards the edge such that 0.75 um of the tunnel
junction is left. In all three designs the same material parameters were used, with
Auger coefficients C,, and C), both set to 2e — 29cm® /s, free carrier absorption
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parameters k;, set to le — 18cm? for all materials and k,, set 30e — 18cm? in In-
GaAsP and InP and 40e — 18cm? in InAsP. SRH lifetimes of 350 ns were used for
all materials. The resulting LI curves of the default microdisk laser and the two
alternative options are shown in Figure|3.24

It can be seen that the performance of these three designs are actually quite
similar and no major improvement is obtained for the alternative designs. The
best performance is obtained for the design where a center hole is etched through
the hole stack. In this case a slightly lower threshold current is obtained and the
output power tends to saturate at higher currents compared to the other designs.
The design with the etched tunnel junction performs even slightly worse compared
to the default design. The threshold current is still similar but the slope efficiency
saturates faster due to lateral leakage in the active region.

It should be noted that the simulation with a center hole was also performed
for a microdisk laser with a diameter of 40 um and in this case a significant im-
provement was obtained, where the threshold current decreased from 7.2 to 4.5
mA. The center hole had a diameter of 28 pm in this case. The result is shown in

Figure[3.25]

3.6 Fabrication

As the fabrication process of the microdisk laser is carried out simultaneously with
the detector, the description of this process is described in Chapter [5| which deals
with the detectors.
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3.7 Conclusions

In this chapter a physical model of the microdisk laser has been presented using the
device simulator Atlas from Silvaco. First the electrical behavior of the microdisk
laser was analyzed and the contribution of different parts of the microdisk laser to
the series resistance was investigated.

This was followed by a full laser simulation where first the simulated sponta-
neous emission and gain spectrum were compared with experimental results and
showed a good qualitative agreement. However, we were not yet able to make
an accurate fit with measured LI curves under elevated temperatures. The trans-
parency carrier density was found to be quite high in the simulations and therefore
some benchmark simulations are required to further test and calibrate the & - p
model.

Nevertheless, the model can be used to investigate the carrier distribution in
microdisk lasers and it was found that the carrier density is not completely clamped
above threshold, which is a consequence of the uniform injection scheme. This
results in a strong carrier flow in the active region from the center towards the
edge of the microdisk and these carriers are used to feed the stimulated emission.
However, this scheme cannot sustain and results in saturation of the output power.
Two alternative designs where either a center hole is etched in the microdisk or the
tunnel junction is etched from the center were also investigated and it was found
that a minor improvement could be obtained for the design with the center hole in
case of small microdisks (3.75 pm radius). For larger devices (20 pm radius) the
improvement tends to be more significant.
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Characterization of microdisk lasers

In this chapter the characterization of the microdisk lasers will be discussed. We
will first focus on microdisk lasers completely fabricated in the CMOS pilot line at
CEA Leti. Two different design runs were executed in this CMOS pilot line. Then,
the results from a fabrication run performed in the clean room of Ghent University
will be discussed.

Run 1 was executed at the very beginning of this work and therefore none of the
obtained results discussed in Chapter 2 and 3 were included in these designs. In the
second run the results from the simulations to reduce metal losses were included
as well as some early results on the coupling conditions between the microdisk
laser and the access waveguide. The final run also includes the latest results on
optimal coupling conditions. The experimental data from the second and final run
was used to build the model discussed in Chapter 3. The complete mask layouts
used throughout these different designs runs as well as more detailed layouts of
the microdisk laser and detector designs can be found in Appendix

4.1 Run 1 results: First generation CMOS

In this section the measurement results of the first batch of microdisk lasers that
were processed completely in a CMOS pilot line are discussed. Several wafers
were processed at CEA Leti, Grenoble, France, with several different processing
parameters for testing purposes. The design contains microdisk lasers with three
different diameters: 7.5, 20 and 40 pm. We received samples from three different



106 CHARACTERIZATION OF MICRODISK LASERS

wafers, but on one wafer different etch parameters were used that resulted in high
surface roughness and no lasing was observed for the devices from this wafer. The
waveguide width of the access waveguide under the microdisk laser was 1 um in
all cases. The results are arranged by diameter.

The generated light from the microdisk lasers that is coupled to the waveguide
is coupled out vertically through a grating coupler and is then collected by a sin-
gle mode fiber. Such a grating coupler is basically a one dimensional diffraction
grating etched in the silicon and light will diffract under a certain angle. The max-
imum efficiency of these fiber grating couplers or fiber couplers (FCs) is typically
around 30% and the 1 dB bandwidth is approximately 40 nm. When measur-
ing micro lasers with a large FSR it is important to know the efficiency at the
lasing wavelength to be able to determine the correct output power. Therefore, be-
fore characterizing the microdisk lasers, the performance of the fiber couplers was
measured through a transmission measurement. The maximum coupling efficiency
was found to be 25% at a wavelength of 1581 nm, while as we will see, lasing was
obtained at wavelengths between 1535 and 1565 nm with coupling efficiencies
around 10% and 20%, respectively.

4.1.1 7.5 pym diameter microdisk lasers

To characterize the microdisk lasers, LIV measurements were performed. The re-
sults of several microdisk lasers are shown in Figure[d.Ta). The IV curves indicate
good electrical performance and the different devices show all similar behavior.
From the slope of the IV curves at higher currents the series resistance was found
to be in the order of 50 Ohms. However, measurements in later runs revealed that
a burn-in treatment changed the behavior of the contacts from a Schottky like be-
havior to an Ohmic like behavior. As this influences the slope of the IV curve,
the values found here should be seen as an under estimation of the actual series
resistance. From the LI curves it can be seen that there is only spontaneous light
emission and no lasing behavior for these devices, despite the good IV curves. The
maximum output power collected by the fiber is 36 nW, which corresponds with at
least 144 nW in the waveguide. The maximum output power is reached at a current
of 3.5 mA after which the output power decreases again due to thermal roll-over.
The optical spectrum of one of the devices is shown in Figure @.1[b). Four broad
peaks can be seen with a spacing of 30.1 nm, which corresponds with the FSR of
the fundamental modes. The fact that there are no other peaks present, indicates
that higher order modes are either very leaky due to the bottom contact slab or are
suppressed by the presence of the metal top contact. As this was the first attempt
to fabricate microdisk lasers in a CMOS pilot line, the designs were kept rather
conventional. Given the good electrical injection, lasing operation was expected.
SEM and cross-section images were made with the FIB to inspect to devices and
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Figure 4.1: (a) LIV curves of several microdisk lasers with a diameter of 7.5 yum. The IV
curves (blue lines) are all very similar and show good electrical behavior, but the LI curves
(black lines) indicate that there is only spontaneous emission. (b) The optical spectrum
observed for these microdisk lasers. 4 Azimuthal modes can be recognized and the FSR is
30 nm.
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a cross-section image is shown in Figure 4.2] It was found that all layers with
critical alignment were well within range, which could be expected because of the
248 nm DUV lithography. However, from the cross-section an object was found
around the periphery of the microdisk as indicated in Figure[4.2] where only oxide
around the microdisk was expected. Based on these findings EDX measurements
were performed at Leti and the material around the microdisk was identified as
Titanium. Most likely it was a residue of the heater layer for which Titanium was
full sheet deposited and then dry etched. As the distance between the microdisk
and the Titanium ring was only about 200 nm, it is likely that it causes extra op-
tical absorption. To estimate the losses induced by the Titanium we simulated the
structure with the FEM model described in Section2l From the simulation it was
found that for a 7.5 pm diameter microdisk the losses induced by the Titanium are
around 20 cm’!. It is likely that the gain is not sufficient to compensate for these
extra losses.

4.1.2 20 ym diameter microdisk lasers

The LIV curve of a 20 pm diameter microdisk is shown in Figure [4.3|a). Clearly,
lasing is observed in this device with a threshold current of 3 mA and a maximum
output power measured in the fiber of 15 uW at a bias of 11 mA. The spectrum of
this device at a bias of 11 mA is shown in Figure [.3|b). At this particular current
the output is single mode with a lasing wavelength of 1567 nm and a side mode
suppression ratio (SMSR) of 22 dB. The FSR is around 11 nm, which corresponds
with the fundamental azimuthal modes. This indicates that the top contact size is
large enough to suppress higher order radial modes. Due to thermal effects, the
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Figure 4.2: SEM image of a cross-section of a microdisk laser. Next to the microdisk a
Titanium layer can be observed, which is a residue of the heater layer and is likely to cause
significant absorption.

lasing wavelength varies from 1534 nm at low drive currents to 1567 nm at 11
mA after which thermal roll-over starts and the output power starts to decrease.
Although also for these larger devices a Titanium ring was found around the disk,
the influence of this ring was lower because of the higher confinement of the light
due to the larger bend radius. Just as in the case of the 7.5 ym diameter devices,
the shape of the IV curve looks as expected, except for the fact that the series
resistance is with 30 Ohms slightly higher for these larger disks. Normally one
would expect lower series resistance because of the larger contact areas. The light
output however, shows very chaotic behavior. Reflections from for instance the
grating couplers or possible discontinuities in the titanium ring are possible causes
of this chaotic behavior.

The tunnel junction resistance ensures that the injected carriers are uniformly
distributed over the disk cavity. However, as the optical mode is propagating near
the edge of the disk, carriers injected in the center of the disk will not contribute
to stimulated emission, except for the carriers that move towards the periphery
by diffusion. By etching a hole in the center of the disk, the area that does not
contribute to the lasing is reduced, which could result in a lower threshold current
and higher slope efficiency. Therefore, devices were designed with a center hole
with different diameter ranging from 4 to 14 um. However, the yield of these
microdisk laser was too low to extract any information. Microdisk lasers with 40
wm diameter and center holes were also fabricated and these will be discussed in



CHAPTER 4 109

16

N
5
|

N

o

14f

g

o

|
w
o

T

12r

=
1)
T
-
w
|
IN
o

—
o
Voltage [V]

|
(o))
o
T

Optical power [y W]
Optical power [dBm]
&

o

e
w
|
~
=]
T

o N B O ®
T

=
o
|

[ee]

o

o2 4 6 8 10 12 14 1550 1560 1570 1580 1590
Current [mA] Wavelength [nm]

(a) (b)

Figure 4.3: (a) Typical LIV curve of microdisk lasers with a diameter of 20 pm on this
run. The IV curve shows good electrical behavior, and from the LI curve a threshold
current of 3 mA is found. The optical output power reaches a maximum of 15 uW at an 11
mA drive current. The chaotic behavior is believed to be caused by external reflections. (b)
The optical spectrum observed at a bias current of 11 mA.

the next section.

4.1.3 40 ym diameter microdisk lasers

The highest yield was obtained for the largest devices. One of the best LIV curves
measured for a 40 ym diameter microdisk is shown in Figure The maximum
output power in the fiber is 33 uWW and the threshold current is 6 mA. Most of
the devices were found to have a maximum output power between 10 and 15 uW
and a threshold current between 6 and 10 mA. From the LI curve in Figure it
seems that the device shows bistable behavior in combination with self switching,
because of the sharp transitions and constant regions. In this case the degeneracy
of the clockwise and counterclockwise mode is lifted and instead of bidirectional
output, unidirectional output is observed where either the clockwise or counter-
clockwise mode is suppressed. However, in order to confirm this, also the other
output from the microdisk laser is needed and this was not possible in this design.
In general, most of the devices showed a more chaotic behavior similar to the 20
wm diameter devices. The spectrum of the laser measured at a drive current of 24
mA is shown in Figure 4.5] The lasing wavelength is 1566 nm and the SMSR is
27 dB. Again, the FSR is in agreement with the expected value of 5 nm for this di-
ameter ensuring only the presence of fundamental modes. The inset in Figure {.5]
shows a close up of the lasing peak. While the resolution bandwidth of the spec-
trum analyzer was set to 100 pm, the linewidth of the lasing peak was measured
to be 240 pm. Such a large linewidth is unusual for lasers as typical values are in
the order of only a few picometer, well below the highest resolution bandwidth of
spectrum analyzers. The large linewidth might be an indication of coherence col-
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Figure 4.4: LIV curve of a 40 um diameter microdisk laser. The threshold current is 6 mA
and the peak output power is 33 ©W. The sharp transitions are an indication of bistable
operation.

lapse in the laser. Coherence collapse is caused by strong reflections and results in
the appearance of satellite modes separated from the main mode by the relaxation
oscillation frequency [1]. The Titanium ring around the disk or reflections from
fiber couplers might play a role in this.

The influence of a center hole was also studied for these largest devices. Fig-
ure [4.6] and show LIV curves versus hole diameter for two different samples,
referred to as sample 1 and 2. The different hole diameters were 8, 16 and 24 um,
corresponding to the red, green and blue curves, respectively. For sample 1 we find
threshold currents of 6.67, 7.05 and 7.18 mA while for sample 2 we find values
of 7.94. 8.53 and 9.41 mA. In both cases the lowest threshold is obtained for the
microdisks with the largest central hole, while the microdisks with the smallest
central hole have the highest threshold. However, by etching a central hole in the
microdisk the area available for the top contact reduces and leads to a higher se-
ries resistance, which increases the thermal resistance of the microdisks. This is
indeed also observed in these devices as the microdisks with the largest hole di-
ameters have IV curves with the highest slope. Despite the low number of devices
available we can conclude that there is indeed some correlation between the center
hole diameter and the threshold current and series resistance of these microdisks.

When the optical spectrum is analyzed as function of the drive current, mode
hopping is observed. This is illustrated in Figure [4.§] where the optical spectrum
is plotted for different drive currents. In principle one would expect that the lasing
mode will hop to longer wavelengths as the drive current is increased because the
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Figure 4.5: Optical spectrum of a 40 pm diameter microdisk laser. The inset shows a close
up of the lasing peak recorded with a 0.1 nm resolution bandwidth. The wide peak might
be an indication of coherence collapse due to external reflections.
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Figure 4.6: LIV curves of 40 um diameter microdisk lasers with different center hole
diameter on sample 1. The red, green and blue line correspond with a 8, 16 and 24 um
hole diameter, respectively.
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Figure 4.7: LIV curves of 40 um diameter microdisk lasers with different center hole
diameter on sample 2. The red, green and blue line correspond with a 8, 16 and 24 um
hole diameter, respectively.

gain spectrum will red shift as a result of the self heating. Although the general
observed trend is a shift to longer wavelengths, a lot of other mode hops are ob-
served which cannot be explained by the red shift of the gain spectrum. In the
first plot, where the drive current is 5 mA, only spontaneous emission is observed.
The second plot shows the recorded spectrum around threshold. At a current of
10 mA the modes at 1529 and 1534 nm are lasing. Next, at 12.5 mA the mode
around 1529 nm is still lasing while the mode at 1534 nm is suppressed and the
one at 1540 nm start to lase. If the current is increased only a little bit further to 13
mA, the four modes between 1525 and 1540 nm are lasing. This process of mode
hopping continues even for larger currents but at a drive current of 23.9 mA the
device becomes single mode as here only the mode around 1553 nm is lasing. At
a current of 25.7 mA, the device is multimode again as modes around 1544 and
1559 nm are lasing. This behavior is observed for all the microdisks.

Although, no lasing was obtained in the small devices and the light output
versus current for larger devices showed quite a chaotic behavior in this first run,
the feasibility of processing these microdisk lasers completely in a CMOS pilot
line is demonstrated.

4.2 Run 2 results: Second generation CMOS

Due to some delays in the processing of the first CMOS run, the second run had to
be designed before the results of the first run were available. Therefore, the results
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Figure 4.8: Optical spectra of a 40 pm diameter microdisk laser recorded at different drive
currents, showing the intense mode hopping in these devices. (a) 5 mA: below threshold,
(b) 6.5 mA: around threshold, (c) 10 mA: two lasing modes around 1529 and 1534 nm, (d)
12.5 mA: two lasing modes around 1529 and 1540 nm, (e) 23.9 mA: single mode lasing at
1553 nm and (f) 25.7 mA: two lasing modes at 1544 and 1559 nm.
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discussed above could not be used in the design process of the devices discussed
in this section. The focus of the design for this run was mainly on optical inter-
connects and Optical Networks-on-Chip (ONoCs), which is the topic of Chapter
[l Next to these designs, also some stand-alone microdisk lasers were included to
be able to test their performance. Microdisks ranging from 5 to 40 pm diameter
were designed. No lasing was obtained in the 5 um diameter devices, larger di-
ameter devices all showed lasing behavior. The width of the access waveguides
was adjusted depending on the microdisk radius to achieve better phase matching
of the optical modes.

4.2.1 Burn-in treatment

During the first initial measurements of the devices on this second run it was ob-
served that a burn-in treatment improved the performance of the microdisk lasers
considerably. This burn-in treatment was executed by pumping the device at a
high current for several minutes. The IV curves were recorded at different time
instances and are shown in Figure 4.9|for a microdisk laser with a 7 ym diameter.
The dash-dotted black curve is recorded immediately without burn-in treatment,
the red dashed line is recorded after 5 minutes and the solid blue line after 10
minutes. Clearly, the shape of the IV curves changes significantly during the burn-
in treatment. It appears that the contact was slightly rectifying as deposited and
became ohmic after the burn-in treatment. Furthermore, it was observed that the
maximum optical output power increased by a factor of 5 and the threshold cur-
rent decreased by a factor of 2. This result indicates that an annealing procedure
is actually required for this Ti/TiN/AlCu metal stack that was described in Section
[5.3.1] However, as no annealing was performed on any of the received samples, a
burn-in treatment of 5 min. was performed on all measured devices.

4.2.2 Pulsed measurements

To measure the performance of the microdisk lasers first pulsed measurements
were performed to avoid self heating effects. The microdisk lasers were electri-
cally pumped by an ILX Lightwave LDP-3811 and the optical power and spectra
were recorded with an HP 81532A power sensor and an Agilent 86140B optical
spectrum analyzer, respectively. The result obtained for a microdisk laser with
a diameter of 7 pm and an access waveguide width of 650 nm, driven by a sig-
nal with a pulsewidth of 100 ns and a duty cycle of 2% is shown in Figure {.10]
The black solid line corresponds with the optical output from the clockwise mode
measured at the left fiber coupler and the red dashed line with the output from
the counterclockwise mode measured at the right fiber coupler. It is clear from this
figure that the output is unidirectional as only the clockwise mode shows lasing be-
havior and almost no light is emitted in the opposite direction. Because the curve
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Figure 4.9: IV curves of a 7 pm diameter microdisk laser before (black dash-dotted line),
after 5 min. (red dashed line) and after 10 min. burn in (blue line).

is unidirectional directly above the threshold current we believe this is caused by
a stronger external reflection from one side than from the other, rather than being
caused by intrinsic bistable behavior as reported in [2]. A threshold current of 600
1A and, after correction for the duty cycle, a peak optical power of 15.5 uWW were
measured in the fiber at an 8 mA drive pulse. Under these pulsed driving condi-
tions the laser was lasing around a wavelength of 1536 nm. At this wavelength the
fiber coupler efficiency was around 10% and therefore the peak optical power in
the waveguide can be calculated to be 155 uWv.

4.2.3 CW performance

The performance of the microdisk lasers was also measured under Continuous
Wave (CW) operation where a Keithley 2400 was used as current source instead of
the ILX Lightwave LDP3811. The LI curves of the 7 ysm diameter microdisk dis-
cussed above but now under CW drive conditions are shown in Figure[d.11] Again,
the black solid line corresponds with the left fiber coupler and the red dashed line
corresponds with the right fiber coupler. The maximum output power observed in
CW operation for this laser is 6.25 yW measured in the fiber for a drive current
of 4 mA. If the drive current is increased further, thermal roll-over is observed.
The large jump in the LI curve around a drive current of 3.7 mA is also an indirect
result of self heating. As the temperature in the cavity increases and the gain spec-
trum shifts towards longer wavelengths, mode hopping will occur. Spectra at two
different drive conditions are shown in Figure d.12] The laser first lases around a
wavelength of 1535 nm, but when the drive current is increased it hops to the next
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Figure 4.10: LI curve that shows unidirectional operation measured in pulsed mode. Black
solid line represents the left output and the red dashed line the right output of the
microdisk laser. The power is the fiber coupled output power.

azimuthal mode around a wavelength of 1565 nm. The fiber coupler efficiency was
10% around 1535 nm and 20% around 1565 nm. As the fiber coupler efficiency
is higher in the latter case, it results in higher power in the fiber. The maximum
output power of 6.25 W in the fiber thus corresponds with 31 ©W in the silicon
waveguide. The side mode suppression ratio is >25 dB at lower drive currents and
>21 dB at drive currents above 3.7 mA.

In all LI curves under CW operation, strong oscillations are observed, where
the oscillations of the left and right output are complementary. These oscillations
between the clockwise and counterclockwise mode are caused by output light of
the microdisk laser that is reflected back at e.g. the fiber couplers and interferes
either constructively or destructively at the microdisk cavity. The reflection from
the fiber couplers used here is in the order of -20 dB [3]]. The variation in interfer-
ence is a result of the change in optical path length in the microdisk cavity under
the influence of self-heating and the thermo-optic effect. When the drive current
is changed, the microdisk cavity heats up and the refractive index of the cavity
material changes and thereby also the resonance wavelength will shift. The tem-
perature in the silicon waveguide and hence its refractive index are hardly affected
and this causes variation in the interference. The oscillations are larger than that
of similar microdisks reported earlier in [4]. This is due to stronger interference
with the reflected light from the fiber couplers as a result of the higher coupling
efficiency between the disk and the waveguide. This higher coupling efficiency is
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Figure 4.11: LI curve of both the left (black solid line) and right (red dashed line) output of
a7 uym diameter microdisk laser under CW operation. The blue dash dotted line
represents the sum of the left and right output power.

a consequence of the better phase matching because of the adapted access wave-
guides and the thinner epitaxial stack of the microdisk compared to the microdisk
reported in [4].

The threshold current density and external differential quantum efficiency 7,4
can easily be determined from the LI curve, assuming the lasing wavelength is
known. However, both parameters depend on the length of the laser cavity. Obvi-
ously, it is desirable to deduce parameters from measurements that are independent
of the geometry. Typically, in the case of stripe lasers, this is achieved by measur-
ing devices of different length and using linear regression. The internal quantum
efficiency 7); and the internal loss «;, can be found this way by plotting the inverse
external differential quantum efficiency versus cavity length. Through the relation

1 1 (67
=1 —_T 4.1
" m( T (/R ) @D

where R is the mirror reflectivity and L the length of the cavity, the internal
quantum efficiency can be found from the intersect point with the y-axis and the
internal loss corresponds with the slope of the fitted line. In using this method
it is assumed that 7); and «; do not change with cavity length. In a similar way
a threshold current density independent of geometry .Jy, can be determined by
plotting the threshold current density versus the inverse cavity length, and looking
up the intersect point of the linear fitted line with the y-axis. This will give the
threshold current density of an ’infinitely long laser’ and this value can be used to
compare different laser designs.
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Figure 4.12: Optical spectrum recorded at a drive current of 2.9 mA (a) and 4 mA (b). Due
to self heating effects the lasing mode hops to the next azimuthal mode at a longer
wavelength.

In order to make a comparison between microdisk lasers of different diameter
it would be desirable to follow a similar approach. However, in case of small mi-
crodisk lasers also the scattering loss and surface recombination need to be taken
into account. These parameters are very difficult to extract and therefore the stan-
dard approach used for stripe lasers was also used here. The threshold current
densities and the inverse external differential quantum efficiencies are plotted in
Figure 4.13] versus (inverse) radius.

From Figure [4.13]a) it can be seen that the threshold current density varies
between 1250 and 2310 A/cm?. Although there is a linear trend for the smallest
microdisks (largest 1/R), the threshold current density seems to saturate around
1400 A/cm? and thus, no clear linear relation can be found to deduce J,. The
linear trend seen in stripe lasers, shows a decreasing threshold current density with
increasing length. This is a direct result of the decrease in distributed mirror loss.
In case of microdisk cavities however, other loss factors indeed seem to play arole.
As already mentioned, there is next to a change in distributed coupling loss, also
a change in scattering loss. As seen in Section[2.3.3] the scattering loss increases
rapidly with decreasing diameter. Secondly, possible surface recombination also
increases with decreasing diameter. As these two effects both work in the same
direction as distributed mirror loss, i.e. they decrease with increasing radius, this
should result in a very steep slope for the J;;, versus inverse radius plot in Figure
[g13|a). When the radius increases the influence of these effects decreases, which
could be an explanation for the saturation.

Also for the inverse differential quantum efficiency plotted in Figure [4.13]b),
the result is different from what is typically seen in stripe lasers. A linear trend
with a positive slope is what one expects from stripe lasers. The trend of 1/7y
in Figure f.13|b) has a negative slope, which means the slope efficiency of the
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microdisks increases with radius. As explained above, in microdisks it is not only
the distributed coupling loss that changes with radius but also the scattering loss.
This loss factor becomes smaller for larger microdisks, enhancing 7. However, at
the same time the injection efficiency is expected to decrease for increasing radius
due to the smaller ratio of the area where the light is propagating versus the area
of the center of the disk (Figure[#.13|c)) . The increase in 74 for larger microdisks
might be an indication that surface recombination also has a significant impact as
this carrier loss mechanism decreases with increasing radius.

It should also be noted that it is questioned in literature [5]] whether the as-
sumption of constant ; and «; still holds for short cavities. The distributed mirror
loss increases rapidly at shorter cavity lengths and therefore, higher carrier den-
sities are required to overcome the losses. However, the absorption coefficient of
free carrier and intervalence band absorption rises proportionally with the carrier
concentration.

By etching a center hole in the microdisk cavity as discussed in the previous
section for large microdisks, the area that does not contribute to the laser action
can be decreased. However, by doing so the sidewall surface area of the active
region becomes larger thereby increasing the surface recombination. Furthermore,
when a hole is etched the area for the top contact metal decreases and this results in
higher series resistance and therefore increasing self heating. However, improving
the specific contact resistance of the metal-semiconductor interface can help to
keep the series resistance at an acceptable level. Another interesting approach to
improve the injection efficiency would be to use proton implantation in the center
of the microdisk thereby forcing the carriers to the periphery of the microdisk, as
is also done in some stripe lasers [6].

4.2.4 Self heating

By comparing the pulsed and CW LI curves from the previous section and from
the early thermal roll-over in output power under CW operation, it already became
clear that self heating of microdisk lasers has a significant influence on the per-
formance. Therefore, a more detailed analysis on the temperature dependence of
microdisk lasers was performed. First the performance of microdisk lasers under
elevated ambient temperatures was studied. Then, the thermal resistance, which is
a measure of the increase in temperature as a function of dissipated power.

Temperature dependence

To determine the temperature sensitivity of microdisk lasers, the sample was heated
by means of a Peltier element. Pulsed drive conditions with a duty cycle of 2%
and a pulse width of 200 ns where used to suppress the influence of self heating.
The temperature was increased from 25 to 70 degrees Celsius with the following
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steps 25, 30, 40, .., 70 °C. The LI curves recorded at the different ambient tem-
peratures for a microdisk laser with a diameter of 7 um are displayed in Figure
First of all, it is interesting to note that at elevated temperatures under pulsed
driving conditions the LI curve remains relatively smooth and unidirectional, in
contrast to the case where CW drive conditions were applied and the temperature
increases by self heating. Most likely this is because when the ambient temperature
is changed under pulsed drive conditions, it affects both the silicon waveguide and
the InP-based microdisk cavity, while the self heating effect in CW mode mainly
heats up the disk cavity. As the thermo-optic coefficients for these materials are
similar [7,[8]], the phase difference between the output from the microdisk and the
reflected light from the fiber coupler remains more or less constant and hence no
oscillations are observed. As expected, the threshold current increases gradually
with increasing temperatures, as can be seen in more detail in the inset of Fig-
ure[4.14] while the slope efficiency drops. Several different physical mechanisms,
such as Auger recombination, thermionic emission and optical gain reductions [5]],
lie behind the temperature sensitivity of lasers, but in general the temperature de-
pendence of the threshold current and the slope efficiency show an exponential
relation. For the threshold current this dependence is written as

Ly, = Iye™/To, 4.2)

where [ is a constant and 7y is a characteristic temperature, which is often
used as an indicator of the temperature sensitivity of the device. A low T indicates
strong temperature sensitivity. Similarly, the temperature dependence of the slope
efficiency can be written as

I — Iy, = Le"'™, (4.3)

where I, is a constant and T is an above threshold characteristic temperature.
The parameters in Equation[4.2]and [4.3]can be found by using the data from the LI
curves in Figure and by plotting the natural logarithm of the threshold current
or slope efficiency versus the ambient temperature and applying a linear fit. Figure
[4.15)a) shows the linear fit for the threshold current and based on this fit a charac-
teristic temperature T of 66.33 °C and a value of 0.446 mA for I, are obtained.
The value found for 7} is comparable to typical values for InGaAsP based long-
wavelength lasers which are in the order of 50-70 °C [9]. However, compared
to other material systems these values are quite low indicating strong temperature
sensitivity. Figure[d.15(b) shows the linear fit for the slope efficiency. Here a value
of 28.33 °C was found for the above threshold characteristic temperature 73 and
for I, 0.269 mA was obtained. Typically the value found for 77 is higher than Ty,
but here this is not the case. It could be that at higher temperatures the microdisk
laser lases at a longer wavelength, because of the shift of the gain spectrum. As



122 CHARACTERIZATION OF MICRODISK LASERS

Ei 25,30:10:70 °C
o
S 0.0
Q@ |77 0608101214
~ 10
©
(0]
o
o
£ 5r
o
(@]
0 —_—T | ! I | |

0 1 2 3 4 5 6 7 8
Current [mA]

Figure 4.14: LI curves measured under pulsed operation at elevated temperatures. The
slope efficiency decreases and the threshold current (inset) increases at higher
temperatures. The power is the fiber coupled peak output power.
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Figure 4.15: Extraction of characteristic temperatures Ty and 74 for a 7 um diameter
microdisk laser.

the efficiency of the fiber couplers is known to be higher at longer wavelengths for
this sample, this results in overestimation of output power at these higher temper-
atures. Unfortunately, the spectrum was only recorded in a small wavelength span
during these measurements, and therefore the reason for this low 7} value remains
unclear.

Thermal resistance

It is important to get rid of generated heat in the device in an efficient way. The
heat flux from the device to the heat sink can be characterized by a thermal resis-
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tance R:, which is expressed in terms of Kelvin per Watt. Knowing the thermal
resistance and the heat generated in the device, the temperature increase simply
follows from

AT = Rthpheut- (44)

Here P, is the heat dissipated in the device. The thermal resistance depends
on the thermal conductivity of the materials used, but also on the geometry of the
device, just as a thin electrical wire has a higher electrical resistance as compared
to a thick wire. Heterogeneously integrated lasers typically have high thermal re-
sistance because they are bonded on SOI, and often also cladded by SiO5 or BCB,
which both have poor thermal conductivity. On top of this, the small footprint
of microdisk lasers also has a negative influence on the thermal resistance. The
thermal resistance can be determined by measuring the wavelength as a function
of ambient temperature (d\/dT’) in pulsed mode and the wavelength change as a
function of injected power (d\/dP) in CW mode. By assuming that almost all
power is dissipated as heat, the thermal resistance can then simply be calculated
by

=2, 4.5)

The results of these optical spectrum measurements are shown in Figure {.16]
where the wavelength dependence on ambient temperature is shown in Figure
[4.16((a) and the dependence on dissipated power is shown in Figure f.16(b). The
abrupt change in wavelength in Figure[d.16]b) is a result of mode hopping to longer
wavelengths at higher temperatures. The linear fits result in a value of 88.5 pm/K
for d\/dT and a value of 0.69 nm/mW for d\/dP. Using Equation[4.5] this leads
to a thermal resistance Ry, of 7.84 K/mW, which is about 20% lower compared to
the microdisk lasers reported earlier in [[10], most likely because of the lower elec-
trical resistance and the higher thermal conductivity of oxide compared to BCB.
However, the thermal resistance is e.g. still at least a factor of 3 higher compared
to VCSELS of comparable dimensions on a GaAs substrate [[11]]. Therefore, in
future devices special attention should be paid to improve the heat flux from the
microdisk laser to the silicon substrate or another heat sink structure. A method
that is simple to implement is for instance adding a heat spreading layer as pro-
posed in [2]]. However, this approach could not be used in the fabrication process
here, as the metal contacts were all defined in a single processing step.

4.2.5 Small-signal behavior

In order to make efficient optical links the bandwidth of the microdisk laser should
be sufficiently large such that the dissipated energy per bit is low. In order to assess
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Figure 4.16: Plots to deduce the thermal resistance of the microdisk lasers. Impact on
lasing wavelength as a function of ambient temperature (a) and as function of dissipated
power (b) for a 7 um diameter microdisk laser.

the bandwidth of the microdisk lasers, the small-signal response was measured
using an HP 83420A Lightwave test system. The result is shown in Figure
The microdisk laser was biased at 1, 1.5 and 1.9 mA with a Keithley 2400 and it
was lasing around a wavelength of 1532 nm. As can be seen from the figure, a 3
dB bandwidth of 7.8 GHz was achieved for a bias of 1.9 mA.

Because the output power in the fiber is relatively low due to the off-target
peak efficiency of the fiber couplers, the large signal modulation could not be
measured for these devices. However, it is likely that the reflections from the
fiber couplers will have a negative effect. The temperature in the microdisk cavity
will slowly fluctuate depending on the length of trailing ones and zeros and, as
explained above, result in switching between the clockwise and counterclockwise
mode. This will become visible as amplitude noise in the output signal.

4.2.6 Multi-wavelength lasers

Wavelength Division Multiplexing (WDM) is a well known technique to increase
the bandwidth in an optical link or to supply additional flexibility in routing schemes.
This technique can also be applied to on-chip optical links. Obviously, this requires
multi-wavelength lasers (MWLs). It has been proposed and demonstrated [[12,13]]
to use integrated microdisk lasers to make a multi-wavelength laser by simply
cascading microdisks on the same bus waveguide. As the lasing wavelength in mi-
crodisk lasers is determined by the radius of the microdisk, cascading microdisks
of different radius on the same bus waveguide results in a multi-wavelength laser.
In [[13]] a 4-channel laser on SOI was demonstrated using ebeam lithography. Here
the goal was to make an MWL integrated on SOI consisting of 8 microdisk lasers
on a single silicon waveguide by using Deep UV lithography. To avoid mode over-
laps of the desired lasing modes with higher order azimuthal modes the radii of the
microdisks are chosen such that the lasing wavelengths are uniformly distributed
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Figure 4.17: Small signal response of a 7 ym diameter microdisk laser for three different
bias currents: 1 mA (green curve), 1.5 mA (blue curve) and 1.9 mA (red curve).
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Figure 4.18: Schematic representation of a multi-wavelength laser based on microdisk
lasers. The MWL consists of a single silicon bus waveguide on which multiple microdisk
lasers of different diameter are cascaded. III-V ring heaters around the microdisks can be

used to trim the output wavelengths of microdisk lasers.

over the FSR. The FSR of microdisks with a 3.75 um radius is around 32 nm and
this leads to a channel spacing of 4 nm in the case of 8 microdisk lasers. To achieve
this, the difference in radii between the different microdisks should be 11.7 nm,
which is obviously challenging from a processing point of view. By incorporating
II-V ring heaters in the design for wavelength tuning, as proposed in and
schematically shown in Figure[d.T8] this challenge can be somewhat relaxed.

III-V ring heaters

The III-V ring heaters, schematically shown in Figure f.18] are defined together
with the microdisk lasers and thus no extra processing steps are required to make
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Figure 4.19: SEM image of a processed III-V ring heater around a microdisk laser.

these heaters. As bottom contact for the III-V heater the same contact as the mi-
crodisk laser is used, while at the top a separate contact is used. By injecting
current in the III-V heater it will heat up the neighboring area including the mi-
crodisk, changing the refractive index of the microdisk material and results in a
change in lasing wavelength. The distance between the heater and the microdisk
should be chosen carefully. Bringer the heater closer to the microdisk will make
the heater more efficient, but it cannot be placed too close as otherwise it will in-
duce optical loss. The optimum distance depends on the radius of the microdisk.
For the microdisks discussed here, the distance between the microdisk and the
heater was set to 1.5 um which was also the width of the heater itself. In Figure
[.19]a microscope image of a processed microdisk laser with III-V ring heater is
shown.

Using the heater the microdisk laser can be trimmed around a certain azimuthal
mode or it can be forced to work in a higher order azimuthal mode if the heater
power is increased further. Figure .20(a) shows the optical spectrum of a mi-
crodisk laser as a function of heating power. In this particular case the laser was
biased at a current of 1.4 mA. It can be seen that the lasing wavelength gradually
shifts towards longer wavelengths when the heater power is increased. When a
current of 3 mA is applied to the heater, the laser hops to the next azimuthal mode
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Figure 4.20: Influence of the III-V ring heater. (a) Optical spectrum of the microdisk laser

for different drive currents of the heater. When the heater current is above 2 mA the lasing

mode hops to the next azimuthal mode. (b) Plot of lasing wavelength versus heater power,
the slope indicates an efficiency of 0.32 nm/mW.

about 30 nm further. The efficiency of the heater can be deduced from Figure
[4.20(b) where the wavelength is plotted versus the heater power. From this figure
it can be concluded that the efficiency of the heater is around 0.32 nm/mW.

MWL results

The complete spectrum of an MWL consisting of 8 lasers is shown in Figure .21}
Obviously, the result is not as expected. First of all, the lasing wavelengths are not
uniformly distributed over an FSR. This is most likely caused by rounding errors
as the mask was designed on a 5 nm grid. Second, there is a clear degradation
in output power of the laser array. The first laser, which is closest to the fiber
coupler, has the highest output power. While the further the laser is positioned in
the array, the lower is its output power. It appears that part of the light is coupled to
higher order modes of subsequent disks. This was also reported in [[13]], but here
the power loss is even stronger. The output power of laser 8 did not even come
above the noise level of the spectrum analyzer, while laser 4 was electrically open
circuited.

In order to verify the hypothesis that output light from a certain microdisk
in the array is coupled to a higher order mode of a subsequent microdisk, the
optical spectrum of one microdisk laser was recorded while the heaters around
neighboring microdisks were tuned. When the heaters of neighboring disks are
turned on, the resonances in these particular cavities will shift which should result
in an increase or decrease in the measured output power of the laser that is turned
on. Referring to Figure[.T8] the measurement scheme can be explained as follows:
a measurement was performed where laser 3 was turned on, while laser 1 and 2
were turned off. Then, the heaters around laser 1 and 2 were turned on, while
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Figure 4.21: Optical spectrum of a multi-wavelength laser. Lasing wavelengths are not on
a uniform grid and the output power collected at the fiber coupler decreases for microdisk
lasers further in the array.

the output spectrum on the left FC was recorded. The output spectrum of laser
3, with heaters 1 and 2 turned off is shown in Figure #.22(a). The maximum
output power measured in the fiber was -74.1 dBm. If indeed some output light
from laser 3 is coupled into a higher order mode of laser 1, then a change in
output power should be observed when the heater of laser 1 is turned on, because
the resonance in the cavity of laser 1 will shift. This is indeed the case as is
shown in Figure #.22(b). The output power of laser 3, measured in the fiber, has
increased by 4.7 dB. The same situation, but now with heater 2 turned on, is shown
in Figure £.22]c). In this case the output power has increased by 4.8 dB. Finally,
Figure [£.22(d) shows the output spectrum when both the heaters were turned on,
which results in an increase of output power of 9.5 dB. Note that the wavelength
of the active laser remains unchanged as no heating is applied to this laser. The
current applied to the heaters to achieve maximum output power was 20 and 16
mA for heater 1 and heater 2 respectively. These high currents applied to the
heaters to get maximum output indicate that a large wavelength shift is required.
This can be expected because the higher order modes have much higher losses than
the fundamental modes and are therefore undercoupled, which results in broader
resonance dips. The result obtained here was actually the trigger for the detailed
analysis on microdisk-waveguide coupling discussed in Chapter 2] The results
from these simulations where used in the new design discussed in next section.
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Figure 4.22: Optical spectrum of laser 3 in an array configuration of 8 microdisks to
demonstrate the influence of coupling to higher order modes of neighboring microdisks.
Output spectrum of laser 3 when the heaters 1 and 2 are turned off (a), when heater 1 is

driven by a current of 20 mA (b), when heater 2 is driven by a current of 16 mA (c), when
heater 1 is driven by a current of 20 mA and heater 2 by a current of 16 mA (d).

4.3 Run 3 results: UGent clean room

The results discussed in this section are based on samples processed in the clean
room of Ghent University. The focus of this run was to fabricate both microdisk
lasers and detectors on a single sample to establish an optical link on a silicon
photonics platform. The results on the detectors and optical interconnects will be
discussed in Chapter[5|and [6] respectively. Here, we will focus on the stand-alone
performance of the microdisk lasers from this run.

An adhesive bonding method that allows for ultra-thin bonding layers was used
on SOI dies with planarized top oxide. This made it possible to fabricate 2 sam-
ples with uniform bonding layer thicknesses of 170 and 250 nm. The details of
this fabrication process will be covered in the next chapter about detectors as the
microdisk laser is fabricated simultaneously with this detector.

As already became clear from the results in the previous sections, reflections
from the fiber couplers have a significant impact on the performance of microdisk
lasers. To minimize the influence of reflections from the fiber couplers, a new type
of fiber coupler, designed by Vermeulen and coworkers [15], was used in this run.
These fiber couplers were optimized to have minimum reflections, while maintain-
ing the coupling efficiency of standard fiber couplers. However, the design used
here was one of the first tests of these low reflection fiber couplers and due to a
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mistake in the simulations no significant reduction of reflections was observed for
the fiber couplers used here. The efficiency was with 16% also significantly lower
than standard fiber couplers. It should be noted that these low reflection fiber cou-
plers were further optimized and reflections lower than -40 dB have been shown
experimentally [|16].

Finally, it should be mentioned that the results discussed here are all obtained
from the sample with 250 nm bonding layer thickness. The sample with 170 nm
bonding layer thickness was exposed to an overetch of the disk cavity, resulting in
too thin slab thicknesses and high series resistance. However, because the etch rate
was not entirely uniform across the sample, good lasing behavior was obtained for
microdisk lasers on specific areas on the sample, but no lasing was obtained in the
stand-alone microdisk laser section which are the devices discussed here.

4.3.1 Pulsed performance

We again start by examining the performance of the microdisk lasers under pulsed
drive conditions. The same experimental setup is used as for the devices discussed
in the previous section. Here we compare 4 microdisk lasers, all with 7.5 pum
diameter, but with minor differences in the design. The LI curves obtained for
these 4 microdisk lasers are shown in Figure[d.23]and the design parameters which
are different for each of these devices are written in the plots. The waveguide offset
was designed to be the same for all these devices with a value of -300 nm. It was
confirmed by a XSEM, that the waveguide offset was indeed the same, although a
general misalignment of +120 nm was observed.

Threshold currents are very similar for all 4 devices with values in the order
of 300 nA. A small kink is observed in the LI curves of device (a) and (c) which
seems to originate from the pulsed current source as it does not occur in the CW
measurements. The dashed output, corresponding with the output on the right
side of the microdisk laser, is the highest in all cases. For a better comparison
of the slope efficiencies, the left and right outputs of each microdisk laser are
added together. This is also useful for fitting the simulation results obtained with
Silvaco Atlas with the experimental results, as in the simulation clockwise and
counterclockwise modes cannot be taken into account. The results for all 4 devices
are shown in Figure #.24] From this Figure it is clear that the slope efficiencies are
also very similar, but the highest value is obtained for device (b) which has the
smallest top contact. Simulations discussed in Section [2.3.2] on the influence of
the top contact size on the optical losses showed that such a small contact should
not cause any substantial losses. Therefore, it is more likely that the higher output
power is due to the existence of multiple modes that are not suppressed by this
small top contact. This will be analyzed in more detail in the next section on CW
operation. The small variations in waveguide width seem to have almost no effect
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Figure 4.23: Measured LI curves for 4 different microdisk lasers under pulsed drive
conditions. Solid lines represent the left output and dashed lines the right output. The
power is the fiber coupled peak output power.

on the slope efficiency, which is in agreement with the results discussed in Chapter
2, where it was found that the coupling between the fundamental WGM and the
fundamental waveguide mode does not change significantly for small waveguide
variations.

It is also interesting to note that the physical distance between device (a) and
(d) on the sample is 2 mm, and yet still quite uniform performance is obtained in
terms of threshold current and slope efficiency. This indicates that the bonding
layer thickness is uniform across the sample.

4.3.2 CW performance

The CW performance of the microdisk lasers is shown in Figure #.25] Just as in
the case of pulsed drive conditions we find that the output on the right side is the
highest in all cases and just as for the CW results of the devices in the second
CMOS run, oscillations in the LI curves are observed. The consequent higher
output power from the right side could be an indication that there was a problem in
collecting the light from the fiber coupler on the left side, e.g. a slightly different
fiber angle, resulting in a wavelength shift of the transmission spectrum and thus
a lower coupling efficiency at the lasing wavelength. The threshold currents are
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Figure 4.24: Measured LI curves for 4 different microdisk lasers under pulsed drive
conditions where the left and right output are added together. The power is the fiber
coupled peak output power.

with values between 350 and 450 A slightly higher than the values obtained under
pulsed drive conditions.

When we compare the IV curves of the different microdisk lasers, we see a
clear trend of decreasing series resistance from device (a) to (d). This result re-
flects the non-uniform etching process of the microdisk laser cavity. The microdisk
cavities are not completely etched through the III-V stack, such that a thin bottom
contact slab is left for electrical injection. Obviously the resistance of this bottom
contact slab increases with decreasing thickness. Due to the non-uniform etching
process the bottom contact slab thickness varies across the sample. Device (a) is
positioned most left on the sample and for devices in this region high series re-
sistance is observed, while device (d) is positioned most to the right where lower
contact resistances are observed. The series resistance also has a clear impact on
the LI curves, as the self heating is more severe when the series resistance is higher.
This effect is most clear when we again plot the combined output collected at the
left and right side for all the devices as shown in Figure[d.26] In order the analyze
whether the output power for device (b) is higher due to lower losses induced by
the metal or is caused by the existence of multiple modes, the optical spectra need
to be analyzed.

Influence of top contact size

For the fabrication of the top contact, a new self-aligned process was developed,
which results in perfect alignment. This process will be described in Section[5.3.2]
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Figure 4.25: Measured LI curves for 4 different microdisk lasers under CW drive
conditions. Solid lines represent the left output and dashed lines the right output. The
power is the fiber coupled output power.
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Figure 4.26: Measured LI curves for 4 different microdisk lasers under CW drive
conditions where the left and right output are added together. The devices and
corresponding colors are the same as in Figuref.23] The power is the fiber coupled output

power.
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Figure 4.27: Measured optical spectra for a microdisk laser with a 4.9 pm (a) and a 5.3
um (b) top contact. Suppression of higher order modes is not sufficient in case of the
smaller top contact as the device is multimode.

However, the size of the top contact was a little bit smaller than intended, due to the
slightly positive angle of the photoresist and the hard mask, that was not taken into
account during the design. Therefore, losses induced by the top metal are expected
to be negligible, but on the other hand the suppression of higher order modes might
not be sufficient. The spectra of device (b) and (d) were recorded at a drive current
of 1.5 mA under CW operation and are shown in Figure[d.27] In both spectra three
azimuthal mode orders can be recognized separated by an FSR of 32 nm. Next to
the different azimuthal modes, there are also other higher order modes visible in
both spectra indicating that the top contact size is indeed not sufficient to suppress
higher order modes. In Figure[d.27|(a), which corresponds with device (b) that has
the smallest top contact, 3 peaks are visible around each azimuthal mode order,
while for the device with a slightly larger top contact, device (d), shown in Figure
[4.27(b) only 2 peaks are visible per azimuthal mode order. Clearly, the device with
the small top contact is multimodal as the power of the two neighboring modes is
almost equal. This explains the higher output power observed in the LI curves for
this microdisk laser. The device with the larger top contact is in the single mode
regime at this drive current as the side mode suppression ratio (SMSR) is > 20 dB.
On the same run there were also microdisk lasers included with a diameter of
10, 15 and 20 pgm. In all cases lasing was obtained where the threshold currents
were in the order of 0.55, 1 and 1.8 mA, respectively. The single sided slope
efficiencies were in the order of 1, 1.3 and 0.25 W /mA, respectively.

4.3.3 Temperature dependence

As there are a few differences in the design of the microdisk lasers compared to
the devices processed in the CMOS pilot line discussed in the previous section,
a thermal analysis was performed again to be able to make a comparison. First
of all, the cladding and bonding material used in this run is BCB, while in the
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Figure 4.28: LI curves measured under pulsed operation at elevated temperatures. The
slope efficiency decreases and the threshold current (inset) increases at higher
temperatures. The power is the fiber coupled peak output power.

CMOS run silicon oxide was used. The thermal conductivity of BCB is about
a factor of 4 lower compared to silicon oxide, which obviously has a negative
influence on the thermal resistance. Second, a Ti/Pt/Au metal stack was used in
this run, while in the CMOS run a Ti/TiN/AICu metal stack was used as Au is not
allowed in a CMOS environment. To reduce the thermal resistance in this run an
extra layer of Au with a thickness of 600 nm covering a larger area was deposited
over the top contact to spread out the heat as proposed and demonstrated in [2].
Figure [4.28] shows the LI curves of a 3.75 pm radius microdisk laser measured
under pulsed drive conditions at different ambient temperatures, ranging from 20
to 70 degrees C. As can be seen there is still laser action at a temperature of 70
degrees C, but the maximum output power decreased from 8 to 2.5 uW, while the
threshold current increased from 0.3 to 0.8 mA. From the threshold currents and
the slope efficiencies in this plot the characteristic temperatures 7 and 77 can be
determined as described in the previous section. The resulting fits are shown in
Figure[4.29]

The characteristic temperature 7j was found to be 43.73 °C and is considerably
lower than the value of 66.33 °C found for the devices from the CMOS run. The
devices here seem to be significantly more sensitive to temperature variations. On
the other hand, the value of 7} appears to be significantly higher compared to
the devices from the CMOS run, implying the slope efficiency is less temperature
sensitive. This seems to be a bit contradictory. In an attempt to clarify this, another
measurement on the same sample, but now on a 5 pm radius microdisk laser, was
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Figure 4.29: Extraction of characteristic temperatures Ty and 7 for a 7.5 pm diameter
microdisk laser.

performed which yielded values of 44.07 and 34.70 °C for T, and 7, respectively.
The value found for T is in good agreement with the result obtained for the 3.75
pm radius microdisk laser, while 7} is almost twice as low. Based on this result
it was concluded that the values found for 7} are not reliable. Nevertheless, the
temperature dependence of the threshold current for these devices is clearly larger
than for the devices from the CMOS run.

Using spectral measurements versus drive current and temperature, the thermal
resistance of the microdisk lasers was determined. The wavelength shift versus
temperature was found to be 103 pm/K, as can be in Figure 4.30((a). This value is
slightly larger compared to that found in the CMOS run, which was 88.5 pm/K.
Most likely this is because of the higher mode confinement due to a thinner bottom
contact layer. The wavelength shift versus dissipated power is shown in Figure
[.30(b) and has a slope of 0.593 nm/mW. This leads to a thermal resistance of
5.76 K/mW and this is considerably lower as compared to the value of 7.84 K/mW
found for the devices in the CMOS run. For the 5 pum radius microdisk laser
the wavelength shift versus current was measured to be 0.525 nm/mW, while the
wavelength shift versus temperature was not measured for this device. However,
assuming a value between 88.5 and 103 pm/K based on the previous results, this
leads to a thermal resistance between 5.10 and 5.93 K/mW. It can be concluded
that the heat spreader layer reduced the thermal resistance by more than 25%.

4.3.4 Multi-wavelength laser

In this run we again included a multi-wavelength laser based on an array of mi-
crodisk lasers. In the previous run, a strong degradation in output power was
observed for microdisk lasers further away from the fiber coupler. This was at-
tributed to coupling to higher order modes of subsequent microdisks. For the de-
sign in this run we made use of the simulation results on the coupling between a
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Figure 4.30: Plots to deduce the thermal resistance of the microdisk lasers. Impact on
lasing wavelength as a function of ambient temperature (a) and as function of dissipated
power (b) for a 7.5 um diameter microdisk laser.

microdisk laser and a silicon waveguide as discussed in Section[2.4] The coupling
was optimized to have only efficient coupling between the fundamental WGM and
the fundamental waveguide mode. An array of 8 microdisk lasers with slightly
different radii that are coupled to a single silicon waveguide was designed. The
waveguide width was designed to be 750 nm. The optical spectrum of the MWL is
shown in Figure 4.31] where all the microdisk lasers are driven at a 1 mA current.
Microdisk laser number 8 appeared to be short-circuited. The microdisk lasers are
not single mode, which is due to the top contact that is slightly undersized. The
arrows above the figure indicate the modes of interest. As can be seen, there is
no clear correlation anymore between the position of the microdisk laser in the
array and the output power. The largest amount of difference in output power is
between the red and yellow mode and is around 7 dB. It is not clear whether this
is still caused by coupling to another higher order mode or a lower efficiency of
this particular microdisk laser. Nevertheless, in terms of output power uniformity
the result obtained here is significantly better then the result obtained in the second
CMOS run.

However, again no uniform wavelength spacing is obtained. This was some-
what expected because also this mask was designed on a 5 nm grid and in this
fabrication process contact lithography was used to define the microdisk patterns,
which is known to have limited resolution. Electron beam patterning, which is
known to have very high resolution, was originally planned for this design run.
However, due to issues with the alignment structures this was not possible. To
get the microdisk lasers on the targeted grid III-V ring heaters were included in
the design. Unfortunately, it was found that all heaters were open-circuited, most
likely due to a too short etch for opening the contact windows in the cladding.
Therefore, the output power of the microdisk lasers was altered by changing the
current, such that through self-heating the wavelength shifts to the desired position
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Figure 4.31: Measured optical spectrum of a multi-wavelength laser based on 7 microdisk
lasers, coupled to a single waveguide. All microdisks are driven at a 1 mA current, no clear
degradation in output power versus the distance to the fiber coupler is observed.
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Figure 4.32: Measured optical spectrum of a multi-wavelength laser based on 7 microdisk
lasers, coupled to a single waveguide. The applied current to each microdisk laser is
adapted such that a uniform wavelength spacing is obtained.

in the spectrum. The result is shown in Figure[.32] This method obviously comes
at the cost of higher non-uniformity in terms of output power. By using a mask
designed on a 1 nm grid, it is expected that an array of 8 microdisk lasers becomes
more feasible.
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Device on silicon  Size Lip Prax Slope efficiency  Bandwidth
CMOS run 1 Yes D=40 um 6 mA 132 yWW 0.006 W/A

CMOS run 2 Yes D=7 um 0.6mA 385 ulW  0.05W/A 7.8 GHz
UGent CR run 3 Yes D=75pum  045mA 290 W 0.11 W/A 7.6 GHz
PICMOS microdisk laser [4]  Yes D=7.5pm 0.5 mA 10 v 0.02 W/A 3.5 GHz
Microring laser [17) Yes D=50 pm 10 mA 1.2 mW 0.1 W/A

PhC laser |18 No, InP 4x03um 48 puA 875 uW 0.1 W/A 12 GHz

Table 4.1: Comparison of the (CW) performance at room temperature of microdisk lasers
from different runs together with some important results found in literature.

4.4 Comparison between generations

In order to compare the results between the different generations we here briefly
summarize the main characteristics of the microdisk lasers in Table As a
reference some other electrically injected micro lasers are are included as well.
These are the microring laser on silicon demonstrated by Liang and co-workers
[17], the microdisk laser on silicon developed in the EU FP6 PICMOS project [4]
and the Photonic Crystal laser on InP demonstrated by [18].

For the microdisks and -ring, the size is specified by the outer diameter and
the maximum output power and slope efficiency are determined by combining
the output from both sides. The devices from CMOS runl and PICMOS are an
exception, as only data was available from one side.

Clearly, the smallest laser also having the lowest threshold current and the
highest modulation bandwidth is the PhC laser. However, this laser is fabricated
on an InP platform, while the other lasers are on a silicon platform. When com-
paring the microdisk lasers fabricated in this work, we observe an improvement
in performance from the first CMOS run, where only the large microdisks showed
lasing, to the second CMOS run, where microdisks down to 6 pm in diameter
showed lasing. With these runs we demonstrated the feasibility to fabricate these
lasers on 200 mm waferscale with standard CMOS technology. The best perform-
ing microdisk lasers were obtained in the last run and were fabricated on individual
samples in the clean room of Ghent University. The slope efficiency of these lasers
is similar to that of the microring laser and the PhC laser on InP. As mentioned in
the introduction of this chapter, the CMOS fabrication runs were executed in the
first and second year of this PhD. Therefore, these runs do not include all opti-
mizations found from the simulations discussed in Chapter 2. Furthermore, the
development of the CMOS fabrication process itself for these II1I-V structures was
also part of the WADIMOS project. For the final run on the other hand, we were
able to include all the results from the simulations in the designs and optimizations
in the fabrication process could be implemented more quickly. Therefore, this run
yielded the best results.
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4.5 Conclusions

We discussed the experimental results of microdisk lasers fabricated on a 200 mm
wafer scale in a CMOS pilot line and on individual samples fabricated in the clean
room of Ghent University. The first CMOS run only resulted in a limited number
of working microdisk lasers due to a Titanium ring residue around the microdisk
cavities causing excessive absorption. Therefore, only the larger microdisks were
lasing.

In the second CMOS run, microdisk lasers with diameters between 6 and 40
wm showed lasing. The best performance was obtained for microdisk lasers with
diameters around 7 pm. Threshold currents of 0.6 mA were measured for these
devices, together with a (total) slope efficiency of 0.05 W/A. A maximum small-
signal modulation bandwidth of 7.8 GHz was obtained. Strong oscillations were
observed in the LI curves under CW operation and are attributed to external re-
flections from the fiber couplers. On this run also multi-wavelength lasers were
fabricated, but the output power of the microdisk lasers degraded significantly for
microdisks further away in the array. This was attributed to coupling to higher
order modes of neighboring microdisks. This was the trigger for the analysis on
the coupling between microdisks and access waveguides discussed in Chapter 2]

In the fabrication run in the UGent clean room two individual samples were
fabricated with different bonding layer thicknesses. However, due to a strong over
etch of the bottom contact layer, individual microdisk lasers could only be char-
acterized on 1 sample. However, the microdisk lasers with integrated detectors
were working on both samples and this still allowed us to analyze the performance
of microdisk lasers on both samples. These results will be discussed in Chap-
ter [0] Because the best microdisk laser performance was measured on structures
with integrated detectors, this result was used in the overview table in the previous
section. This run also contained multi-wavelength laser designs where the cou-
pling conditions were adjusted based on the simulations discussed in Chapter [2]
It is shown that with these optimized coupling conditions the output power of the
microdisk lasers no longer depend on the position of the microdisks in the array,
which is a significant improvement over the result obtained in the second CMOS
run.
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Detectors

In the previous sections we focused on the design of a microdisk laser as a compact
source for an optical interconnect. In this chapter we will have a closer look at
the design of a compact detector. Also the fabrication process that allows for
simultaneous fabrication of microdisk lasers and detectors will be explained.

5.1 Detectors on Silicon

Silicon is transparent for wavelengths in the telecommunication window. It is
therefore not a suitable material to make detectors at these wavelength ranges. In
Section [I.4] we have already seen that other materials are combined with silicon
to be able to integrate lasers and detectors. For detector integration on silicon at
telecommunication wavelengths, the most suitable materials are Ge and InGaAs.
Next to the detector material also different types of detectors exist. The most
commonly used types are so called pin diodes and metal-semiconductor-metal
(MSM) Schottky barrier diodes. A pin diode consists of an undoped absorbing
region that is sandwiched between a p-doped and n-doped region. Typically the
doped regions are heavily doped such that ohmic contacts can be formed with the
contact metals. Because of the doped regions, a build-in electric field exists over
the intrinsic region. A photon entering the intrinsic region of the photodiode will
generate an electron-hole pair and due to the electric field the photogenerated elec-
tron is swept to the n-side region, while the photogenerated hole is swept to the
p-side. This results in a drift current that flows in the reverse direction. By ap-
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plying a reverse bias to the diode the depleted region can be increased somewhat,
resulting in a slightly higher responsivity and a reduced junction capacitance and
thereby a reduced RC time constant.

An MSM detector consists of an absorbing layer on which interdigitated elec-
trodes are placed to form two back-to-back contacted Schottky diodes. When the
two Schottky diodes are not biased the structure is symmetrical and hence no elec-
tric field exists. Photogenerated electron-hole pairs are trapped in a potential well
and no photocurrent is generated. When a large enough voltage is applied, the po-
tential barrier for the photogenerated electron-hole pairs disappears and the electric
field will have the same direction over the structure and a photocurrent will flow.
An MSM detector is typically easier to fabricate because of its planar structure,
but there can be some difficulties with the reliability of the contacts. It also has a
smaller capacitance per unit area compared to PIN detectors, making it possible to
achieve high bandwidths. The responsivity is typically lower due to the absorption
by the metal contacts.

For the integration of photodetectors on silicon, there are basically three cou-
pling schemes that can be used to couple the light from the silicon waveguide into
the detector. First there is the vertical coupling scheme. In this case a diagonal mir-
ror or a diffractive structure is etched in the silicon such that the light is reflected
or diffracted upwards. When a III-V detector is used, which has a vertical diode
structure, a trade-off has to be made between responsivity and bandwidth. The sec-
ond approach is a butt-coupling scheme. Here a recess is etched in the silicon such
that the detector can be placed in the same vertical plane as the waveguide. The
last option is an evanescent coupling scheme as also used for the microdisk laser.
In this case the detector needs to be brought sufficiently close to the waveguide.
Both for the butt-coupled and evanescently coupled detector a lateral or vertical
diode structure can be used. As the light propagates through the detector in the
longitudinal direction, no trade-off between bandwidth and responsivity needs to
be taken into account.

5.1.1 State-of-the-art

In recent years several detectors on silicon have been successfully demonstrated.
In 2007 Vivien and coworkers demonstrated a Ge MSM detector with a high re-
sponsivity of 1 A/W together with a bandwidth of 25 GHz [1f]. The dark current of
this detector was with 130 A very high. In 2008 Luxtera presented a Ge PIN de-
tector with a responsivity of 0.85 A/W and a bandwidth in excess of 20 GHz [2].
Also in this case the dark current was in the A range. However, this was the
world’s first demonstration of a monolithic high-speed optical receiver based on
Ge waveguide photodetectors. A Ge detector with a dark current below 1 A was
demonstrated by Intel [3]. More recently several high-speed Ge detectors that also
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have low dark current have been reported [4} 5]].

Also several III-V based detectors on silicon have been demonstrated. An
evanescent MSM detector was demonstrated by Brouckaert et al. A responsivity
of 1 A/W and a dark current of 4.5 nA was obtained [6]. Another example of an
InGaAs MSM photodetector is reported in [[7]]. This detector has a responsivity of
0.94 A/W and a dark current of 20 nA. It is capable of receiving data at a rate of 10
Gbps. An evanescent PIN detector was developed by Binetti and coworkers [8].
For this detector light was coupled from a silicon waveguide to an InP waveguide
that had an InGaAs absorbing section at the end of this InP waveguide. This device
had a responsivity of 0.45 A/W and a bandwidth of 33 GHz, while the dark current
was as low as 1.6 nA.

In order to be able to make flexible optical interconnects, it is desirable to
be able to place the optical transmitters and receivers anywhere on the chip in a
compact area. If for instance a bidirectional link is required, a compact transceiver
block consisting of a laser and optionally a modulator and detector is needed. This
asks for an integration scheme that allows these different structures to be processed
in close proximity. The Ge based detectors discussed above can be integrated with
silicon modulators [9]], but it becomes more complicated when also the lasers need
to be integrated. In principle an off-chip laser approach can be used, but this
comes at the cost of extra coupling losses and when multiple links across the chip
are required waveguide routing issues might be encountered. Some III-V detectors
that can be co-integrated with lasers have also been proposed [10, |11]], but either
the bandwidth or the responsivity is low in these cases.

5.1.2 Proposed integration scheme

Here we propose to use an epitaxial material stack that contains both quantum
well layers for the laser as well as a bulk region to make efficient detectors. In this
configuration the detector layers are stacked on top of the laser. This approach has
the advantage that both lasers and detectors can be processed right next to each
other in this material stack and allows for very compact integration of transceivers
on silicon. Figure shows the proposed integration scheme next to the approach
where separate III-V dies are used for the laser and detector. The spatial limitation
in case of separate dies is overcome with the proposed scheme.

5.2 Design and simulations

A schematic representation of the proposed detector is shown in Figure [5.2] It
consists of a 400 nm i-InGaAs layer sandwiched between a 100 nm heavily doped
p-type InGaAs top contact layer and an 80 nm n-type InP bottom contact layer that
also serves as the top contact of the laser. It has a waveguide type design where,
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Figure 5.1: Schematic representations showing the spatial limitation when using separate
III-V dies for the laser and detector (a) and the proposed design to overcome this limitation

®).

similar to the microdisk laser, an evanescent coupling scheme is used to couple
light from the underlying SOI waveguide to the detector. For the waveguide under
the detector 500 nm and 3 pm wide variants were designed. The height of the
waveguide is 220 nm. Detector lengths vary between 20 and 80 um and mesa
widths of 3.5 and 5 um were designed. The length variation was applied to find an
optimum for both the responsivity and dark current. A longer detector will have
higher responsivity, but at the same time the increased sidewall surface area will
result in higher dark current.

5.2.1 Epitaxial structure

The details of the epitaxial structure are depicted in Table 5.1} The thickness of
the laser and detector layers is only 583 nm and 580 nm, respectively. Note that
because the top contact layer of the laser and the bottom contact of the detector are
shared the total thickness of the stack is only 1083 nm. If a laser is required at a
certain position on the sample the detector layers can simply be removed by a wet
etching step. On the other hand, if a detector is required the laser layers remain
intact under the detector.

5.2.2 Optical modes

The detector is based on a waveguide type design where light is coupled from
the waveguide to the detector through an evanescent coupling scheme. The phase
matching condition is, compared to the microdisk laser, easier to satisfy for the
detector because the light does not necessarily need to couple to a specific mode.
As the stack is a few micrometer wide and also about 1 pm high, a large amount of
optical modes can exist in the detector. The main requirements for the coupling are
that the detector modes have sufficient overlap with the silicon waveguide mode to
ensure efficient coupling from waveguide to detector and that the detector modes
to which the light is coupled have sufficient overlap with the absorption section of
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Figure 5.2: Schematic overview of the detector design, where (a) shows a 3D impression

and (b) shows the cross section of the detector.

Layer Composition Doping Thickness

Detector P InGaAs P++1 x 10¥em=3 100 nm

Detector nid InGaAs nid 400 nm
Detector/laser N InP N+ 5 x 108em =3 80 nm
Tunnel junction Q1.3 N++1 x 10¥em=3 20 nm
Tunnel junction Q1.3 P++2 x 10Y¥%m=2 20 nm
Laser diode P InP P+1 x 10"¥em ™3 135 nm
SCH Q1.2 nid 25 nm

3x barrier Q1.2 nid 3x15 nm

3x QW InAsP nid 3x6 nm
SCH Q1.2 nid 25 nm
Laser diode N Q1.2 N+ 1 x 10"8em™3 120 nm
Laser N contact InP N+5 x 108em =3 95 nm

Table 5.1: Epitaxial structure containing the layers for both the laser and detector.
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Material Refractive index  Absorption coefficient [cm’]  Reference
In0,53Ga0,47As 3.595 7820 [12]
InASO'65P0'35 QW 3.633 4000 [13|
InP 3.18 - -
Ing.8Gag.2As0.44P0 56 3.328 - -
Ti 3.69 374560 [14]
Si 3.48 - -
SiOq 1.44 - -

Table 5.2: Material parameters used for the detector simulation.

the detector. Concerning the first requirement it is obvious that the bonding layer
thickness should be as thin as possible as this will increase the overlap between
the waveguide and detector modes. However, when both lasers and detectors need
to be integrated a trade-off needs to be made to have acceptable coupling for both.
The coupling conditions for a microdisk laser are much more critical compared
to the coupling conditions for the detector. Therefore, we choose to optimize the
coupling for the microdisk laser and adapt the detector design to this coupling gap.

In order to calculate the different optical mode profiles, the detector structure
was simulated using the commercial software package Fimmwave. As the com-
plete epitaxial structure contains quite some layers which have similar refractive
index but e.g. different doping levels, the structure was slightly simplified for the
simulation where the layers with similar refractive indices were grouped together.
Furthermore, the top metal was taken over the full width of the detector mesa,
thereby overestimating the influence of the metal layer. The height of the detector
mesa is fixed by the epitaxial structure and is 1083 nm, while the mesa width can
be optimized. However, from a processing point of view a mesa width of a few
micrometer is desirable. We here assume a mesa width of 3.5 ym. The refractive
indices of the materials used are given in Table[5.2]

Given these geometrical parameters and the refractive indices of the III-V ma-
terials, it is already clear that phase matching with the silicon waveguide mode
will occur for higher order modes in the detector. Therefore, first an extensive
modelist of the detector structure was build. From this list it was found that there
exists a third order vertical hybrid mode with an effective index of 2.81, which is
close to the effective index of the silicon slab mode which is 2.82. Thus, by using
a silicon waveguide of at least 2 ym wide, phase matching can be obtained. The
confinement factors of this mode for the quantum well and absorbing layer of the
detector are calculated to be 1.2% and 8.5%, respectively. Another variant of the
third order vertical mode, but now also higher order in the horizontal direction is
found to have an effective index of 2.59, coming close to that of a 500 nm wide
silicon waveguide. The mode profiles of these two modes are shown in Figure[5.3]
When the detector mesa width is varied between 2 and 5 pm, it has almost no
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Figure 5.3: Detector mode profiles that have both overlap and approximate phase matching
with the silicon waveguide mode.

influence on the third order vertical mode and so the effective index is insensitive
for these mesa width variations. The other mode which is higher order in the hori-
zontal direction is obviously confined by the mesa width and therefore, this mode
is more sensitive to width variations of the mesa. However, as many modes, of
which some have very similar effective index, can exist in the detector structure, it
is difficult to tell to which mode the light will couple. More insight can be obtained
by performing a propagation simulation.

5.2.3 Optical absorption versus length

Based on the mode profiles obtained with Fimmwave, the coupling from the silicon
waveguide mode to the detector modes and the absorption in the detector was
analyzed with Fimmprop, the propagation module of Fimmwave. Light is injected
from the left side in a silicon waveguide of 1 pm length followed by the detector
structure. Figure[5.4|a) shows the intensity profile in the detector after 2 um, when
light is injected in a 500 nm wide silicon waveguide. The bonding layer thickness
was set to 150 nm in this case. It can be seen that the light couples mainly to the
3th order vertical mode in the detector. Figure[5.4[b,c) shows the propagation and
the absorption of the light where (b) is a top view of the detector with averaged
intensity and (c) is the sideview. From this Figure it can be seen that a large part
of the injected power is already absorbed within the first 20 pm of the detector.
The light absorbed in the detector over a given length also depends on the
coupling efficiency between the waveguide and the detector. This coupling effi-
ciency has an exponential dependence on the bonding layer thickness. It is there-
fore interesting to compare the absorbed power fraction versus detector length for
different bonding layer thicknesses. However, in the detector configuration used
here, the absorption in the laser QWs and the top metal also contribute to the total
absorption. To trace the influence of these layers multiple simulation runs were
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Figure 5.4: (a) Detector mode profile at 2 pm, which shows coupling to the 3th order
vertical mode. Topview (b) and side view (c) of the mode propagation and absorption in
the detector.

performed, where the absorption in specific layers was turned off.

The absorbed power fraction versus detector length based on a 500 nm wide
silicon access waveguide is shown in Figure[5.5]for different bonding layer thick-
nesses. It can be seen that for a bonding layer thickness of 150 nm already 89%
of the injected optical power is absorbed within the first 20 pum of the detector,
which is in agreement with Figure[5.4(b,c). After 50 pm length nearly all the light
is absorbed in this case. Clearly, when the bonding layer thickness increases the
length required to obtain a similar amount of absorption increases considerably.
For a bonding layer thickness of 250 nm still only 83% is absorbed in a 80 um
long detector. The influence of the laser QW layers can also be found from Fig-
ure[5.5]by comparing the absorbed power fraction versus detector length with and
without QW absorption. When the absorption in the QW layers is turned off, the
total absorption after 20 pm for a 150 nm bonding layer thickness is still 87 %
which indicates that the absorption in the QWs is very limited.

The absorbed power fraction versus length was also evaluated for a 3 um wide
silicon waveguide and the result is shown in Figure [5.6{a) together with the result
of a 500 nm wide waveguide for comparison. The bonding layer thickness was
again taken to be 150 nm. The results obtained for the 500 nm and 3 pm waveguide
are quire similar as in both cases a detector length of 50 pm is required to reach
nearly complete absorption. The absorbed power fraction for a detector with a 500
nm wide waveguide appears to ramp up a little bit faster, but at a length of 20 um
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Figure 5.5: Simulation result of the absorption versus detector length for 3 different
bonding layer thicknesses with (solid lines) and without (dashed lines) laser quantum well
absorption.

the absorbed power fraction only differs by 2%. Based on these results the detector
with a 500 nm wide waveguide is preferred as there is no need for a taper structure
to change the waveguide width.

Determining the exact influence of the top metal structure is not straightfor-
ward because when the absorption in the InGaAs detector layer is set to zero, the
metal absorption will be strongly overestimated as now all the light will reach the
metal layer, while this is obviously not the case in a real structure. On the other
hand, when the absorption in the metal is taken to be zero, this will change the
mode profiles significantly because Titanium has both a large real and imaginary
part of the refractive index. By neglecting the imaginary part it will result in dif-
ferent mode solutions which makes it difficult to make comparisons. In order to
approximate the influence of the metal we performed a simulation where we re-
placed the top metal layer with silicon oxide. In this situation the mode profiles
found in the structure are similar as when an top metal layer is included, due to the
large index contrast. The result for a detector without a metal top contact is shown
in Figure [5.6(b) together with a detector where all absorbing layers are present.
As expected, the absorbed power fraction is slightly lower without the top metal
layer. For a detector length of 20 um the absorbed power is 10% lower when no
metal absorption is included. As the top metal layer was taken over the complete
mesa width, the loss induced by the top metal is slightly overestimated because in
practice it will not cover the full mesa width. Nevertheless, based on these simula-
tions we can conclude that although in this configuration about 10% of the injected
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Figure 5.6: Simulation result of the absorption versus detector length for two different
waveguide widths (a) and with and without top metal contact (b).

optical power will be lost in the top metal and the laser quantum wells, there is also
sufficient coupling to the absorption layer of the detector, which makes an efficient
photodetector feasible.

5.2.4 Bandwidth

For optical interconnects having a detector with good responsivity is not suffi-
cient. The detector should also be able to follow the variations of the incident
optical power as the data is intensity modulated on the optical signal and should
be recovered by the detector. The bandwidth of the detector is a measure of how
fast it can respond to these changes. The main factors that determine the speed of
the detector are the RC constant and the transit time of the detector. Here we will
analyze the effect of the detector design on the RC constant and transit time, and
hence, on the detector bandwidth.

Transit time

When light enters the absorbing (InGaAs) layer in the detector, carriers are gen-
erated in the form of electrons and holes. The carriers will drift towards the elec-
trodes as a result of the built-in potential over the depleted area of the diode and a
possibly additional applied electric field. The time required for the carriers to drift
out of the depletion layer is called the carrier-transit time. The 3 dB electrical fre-
quency, i.e. the frequency where the generated photocurrent has decreased by v/2
is limited by this carrier-transit time and thus related to the carrier-transit distance
D [15] by

5.1)
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Here v, and vy, are the electron and hole saturation velocities, respectively. The
saturation velocities for InGaAs are 6.5 x 105¢m/s for v and 4.8 x 10%cm /s for
vy, [16] and the thickness of the intrinsic InGaAs layer in the proposed detector
structure is 400 nm resulting in an electrical bandwidth of 74 GHz.

RC constant

Electrically the detector can be seen as a lumped element structure. Therefore,
the RC constant can also be a limiting factor of the detector bandwidth. The RC
limited bandwidth can be written as

1

fro = m7 (5.3)

where C is the capacitance of the detector, R, is the series resistance of the
detector and Ry, is the load resistance. The series resistance of the detector is
mainly determined by the contact resistance and the thin lateral layer that serves
as bottom contact. In good detectors this is typically only a few Ohms and the
total resistance is dominated by the load resistance which is 50 €2 in a high speed
system. The capacitance of the detector can be found by using the relation for a
parallel plate capacitor

A
C = €oer > (5.4)
where € is the permittivity in vacuum and ¢, the dielectric constant, A the area
and d the thickness of the intrinsic layer. Assuming a mesa width of 3.5 ym and a
detector length between 20 and 80 pm for the proposed detector structure, results
in a capacitance between 20 and 80 fF.

If we also assume a series resistance of the detector of 10 Ohms in combination
with a 50 Ohm load, a theoretical bandwidth between 132 and 33 GHz is found for
a 20 and 80 pm long detector, respectively. Based on these values we can conclude
that the 20 um long detector would be transit time limited with a bandwidth of 74
GHz, while the 80 um long detector would be RC limited with a bandwidth of 33
GHz. However, under the influence of other parasitic resistors and capacitors and
non optimal contact resistance, these values might be lower in practical systems.
Our aim is to make an optical interconnect with a bandwidth >10 GHz and based
on these calculations this should be feasible for the proposed detector.
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5.3 Fabrication process for microdisk lasers with de-
tectors

This section covers the fabrication process of the detector structure and the mi-
crodisk laser. All fabrication steps, except for the definition of the detector mesa,
are carried out simultaneously, therefore the fabrication process for both the detec-
tor and microdisk laser is described as one single fabrication process.

The devices were processed on 200 mm wafers in a CMOS pilot line by our
project partners at CEA Leti in Grenoble, France as well as on smaller samples
in the clean room of Ghent University. These fabrication processes are slightly
different and will therefore be treated separately in the next sections. The III-
V epitaxial structure used in both these fabrication processes was grown at INL,
Lyon, France, which was also a project partner in the EU FP7 WADIMOS project.
The epitaxial structure for the laser and detector was grown at 490 °C using solid
source molecular beam epitaxy (SSMBE) on a two inch wafer. InGaAs and InP
layers were included as protective sacrificial layers.

5.3.1 CMOS pilot line process

A schematic overview of the fabrication steps performed in the CMOS pilot line is
shown in Figure This process was developed and carried out at CEA Leti and
will therefore only be roughly explained.

Patterning of the SOI wafer

The first step is the patterning of the SOI wafer. The process starts from a 200 mm
SOI wafer with a 2 ym buried oxide layer and a 220 nm thin silicon layer. Patterns
are written by a 193 nm deep-UV lithography tool. To be able to make both rib
and strip waveguides and e.g. shallow gratings, two different etch depths are used:
a 220 nm full etch and a 70 nm shallow etch.

Molecular bonding

After the SOI wafer has been patterned it has to be planarized for the molecular
bonding process. This is done by depositing silicon dioxide on the wafer, the
deposited silicon dioxide layer is then planarized through a chemical-mechanical
polishing (CMP) process.

InP and InGaAs sacrificial layers on the III-V wafer are removed through wet
chemical etching in hydrochloric acid (HCl) and a sulfuric acid based solution
(H3SO4/H505/H50). A thin 10 nm layer of silicon oxide is deposited on the III-V
wafer for the actual bonding process. The silicon oxide surfaces are then plasma-
activated and brought into contact, followed by an annealing step at 300 °C.
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a) Patterning SOI wafer + oxide deposition + CMP

b) Molecular bonding of Ill-V dies + removing substrate and sacrificial layers

c) Wet etch of detector mesa + oxide hard mask deposition

d) Hard mask dry etch

e) Dry etch of microdisk and detector bottom contact + hard mask removal

i
|

f) Dry etch bottom contact laser + oxide deposition + CMP

|

|
4l

g) Oxide etch for contact opening

h) Metal deposition + metal etching

Figure 5.7: Fabrication process for microdisk lasers and detectors in a CMOS pilot line.
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After bonding the InP substrate and sacrificial layers are removed through me-
chanical grinding and wet chemical etching.

Detector mesa definition

The wafer is coated with photoresist and 248 nm deep-UV lithography (all litho
processes from this point on are based on 248 nm DUV) is used to define the
detector mesa. A sulfuric acid based solution is then used to etch the InGaAs
detector mesa. The selectivity to InP for this chemical solution is high, but still
care has to be taken for the etching time as a too long etch will result in large
undercut, thereby reducing the mesa width.

Disk definition

The microdisk structure requires a dry etch process. Therefore, first a 100 nm
thick SiOy hard mask is deposited. The wafer is again coated with photoresist and
exposed, after which the hard mask is etched and the photoresist stripped. Next,
a partial dry etch of the III-V is performed using reactive ion etching (RIE) with
a CH4/H; plasma. Note that in this step next to the microdisk structure also the
island of the detector is defined. Care has to be taken in this step as a 100 nm layer
of III-V should remain for the microdisk bottom contact. Finally, the SiO5 hard
mask is removed.

Island definition

After the previous step a 100 nm n-doped InP bottom contact layer is left. The
distance from this layer to the silicon waveguide is determined by the bonding
layer thickness and can be very small. To avoid free carrier absorption in the
silicon waveguides induced by this doped layer, it should be removed in areas
away from the microdisk laser where it is not needed. This process step is called
the island definition and is similar as the disk definition. In this case a 50 nm thick
Si04 hard mask is deposited however.

Metal heaters

Metal heaters were included to tune passive wavelength selective devices. First, a
400 nm SiO4 layer that also functions as passivation layer for the active devices is
deposited after which a 100 nm Titanium layer is full-sheet deposited. The heater
structures are then defined and a metal dry etch is performed.

Contact window opening

In the fabrication process of III-V components it is common to use polymers to
planarize the samples. However, this is not very common in a CMOS process.
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Figure 5.8: SEM image showing the planarized top oxide and the etched contact openings.

Therefore, to obtain a flat surface for the metal contacts, a process thick oxide
deposition and CMP was developed.

A 1600 nm thick SiO; layer is deposited and this step is followed by CMP
to planarize the top oxide. This is a critical step and care has to be taken that
the CMP stops above the detector layer, which is done using ellipsometry. Then,
contact window openings are defined for all three contact levels (top detector, top
laser+bottom detector and bottom laser) and the SiOs is dry etched until the III-V
of the laser island is reached. Because the distance from the top of the SiO, layer
to e.g. the top of the detector is much smaller compared to the distance to the
bottom layer of the laser, this means that the top contact layer of the detector is
strongly over etched. It was found however, that this had no negative influence on
the contacts. An SEM image of the planarized top oxide and the contact openings
is shown in Figure[5.8]

Metallization

Typical metal stacks used to contact III-V material are e.g. Ti/Pt/Au and AuGe/Ni/Au.
As Au is strictly forbidden in a CMOS environment and lift-off processes are not
common in a CMOS foundries a new contact metal stack and etch process needed

to be developed. It was found that Ti/TiN/AlCu gave the best results [17].

A Ti/TiN/AlICu 10/40/1000 nm metal stack is full sheet deposited. Contact
pads with a size of 80 x 80 um are defined after which the metal layer is dry
etched. As the contact window openings and the metallization both use a single
step approach the total number of processing steps is significantly reduced. A dis-
advantage is that it is not possible to use large area top contacts to spread the heat
as proposed and demonstrated in [18]], because in that case the top metal covers
part of the bottom metal area and a two step metallization approach is required.

Cross-section SEM images of the microdisk laser and detector are shown in

Figure[5.9]
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Figure 5.9: Cross-section SEM images of the microdisk laser (a) and the detector (b).

5.3.2 UGent process

A schematic overview of the fabrication steps performed in the clean room of
Ghent University is shown in Figure Processing was performed on die level
rather then on wafer level in this process. In this section the main process flow will
be discussed. More detailed processing parameters can be found in Appendix [B]

Patterning of the SOI wafer

In this process patterned SOI wafers were received from the multi project wafer
(MPW) shuttle runs offered through ePIXfab [19]. The fabrication steps for these
wafers are similar as discussed above.

Adhesive bonding

In the UGent process an adhesive bonding method based on BCB is used rather
than a molecular bonding approach and in principle no perfect planarized surface
is required as the BCB polymer works as a planarization layer. However, there
might still be some non-uniformity in bonding layer thickness over the sample,
depending on the design of the silicon layer, especially when thin bonding layers
are required. This non-uniformity can be problematic, in particular for the struc-
tures that require accurate control of bonding layer thickness to tune the coupling
efficiency, such as microdisk lasers. Therefore we here also used wafers which
were covered by a planarized top silicon oxide layer. In the MPW runs from imec
the thickness of the silicon oxide layer is fixed to 1.25 um above the waveguide
level, which is obviously too much for efficient coupling. Therefore the top silicon
oxide layer is etched back using a buffered fluoric acid (BHF) wet etch until the
thickness of the silicon oxide layer is reduced to the desired thickness. In fact,
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a) Patterning SOl wafer + oxide deposition + CMP

b) Adhesive bonding of Ill-V dies + removing substrate and sacrificial layers

c) Wet etch of detector mesa + nitride hard mask deposition

d) Hard mask dry etch (ring instead of disk shape) + Titanium deposition and lift off

e) Dry etch of microdisk and detector bottom contact. Hard mask layer is not removed.

i
|

) Dry etch bottom contact laser + 100 nm nitride deposition + BCB planarization

i
|

g) BCB etch for contact opening

i
|

h) Metal deposition + lift off

Figure 5.10: Fabrication process for microdisk lasers and detectors as performed in the
UGhent clean room.
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this etch back step is used to control the gap between the silicon waveguide and
the microdisk structure, while a fixed BCB solution is used that results in a thin
reproducible layer of 40nm. By keeping the BCB layer thin and using planarized
SOI, very high uniformity can be obtained.

First a standard clean 1 (SC-1) is performed on the SOI samples to remove
particles and organic contaminants before the etch back step. This is a crucial step
as particles on the surface will work as an etching mask resulting in a non-uniform
surface after etching and thereby impeding the bonding process.

The III-V stack contains InP and InGaAs sacrificial layers to protect the actual
layers required for the devices. These sacrificial layers are removed just before
the bonding process by wet chemical etching. The InP layer is removed in a hy-
drochloric acid (HCI) solution while the InGaAs layer is removed in a sulfuric
acid based solution (H,SO4/H505/H50). It is well known that the adhesion of
BCB to III-V material is very low [20]. Therefore, immediately after removal of
the sacrificial layers, a thin 10 nm layer of silicon dioxide is deposited on the III-V
wafer by Plasma Enhanced Chemical Vapor deposition (PECVD) to ensure good
adhesion and high bonding yield.

The actual bonding process used here is based on an adhesive ’cold’ bonding
method developed by Keyvaninia and co-workers [21]]. This process goes as fol-
lows; first, a highly diluted BCB:Mesithylene (1:8) solution is spincoated on the
SOI sample. Then, the sample is heated to 150 °C for 10 minutes such that the
Mesithylene evaporates. Now, the sample is cooled down slowly and the BCB
solidifies. The III-V die can be positioned on the SOI die easily after which the
stacked dies are put into a Karl Suss CB6L machinebonder. The BCB is cured at
a temperature of 250 °C for 1 hour, but the temperature is ramped up slowly (1.6
°C per minute) from 150 to 250 °C. This process results in a reproducible uniform
BCB layer of 40 nm.

After bonding, the InP substrate is removed through mechanical grinding and
wet chemical etching with HCI. The final step is again removing InGaAs and InP
sacrificial layers. However, due to the anisotropic etching of InP in HCl, ridges will
remain on two sides of the III-V die. These ridges have about the same height as
the thickness of InP after grinding 60 pm and cause problems during the following
lithography steps. Therefore, these ridges are manually removed with a scalpel
before removing the sacrificial layers to avoid particle contamination of the actual
III-V stack.

Detector mesa definition

The sample is coated with AZ ECI 3027 photoresist through spincoating. This
photoresist is optimized for wet etching processes and thus ensures good adhe-
sion, while the sidewall slope typically has a less perfect angle. The mesas are
defined with contact lithography using a Karl Suss MA6 maskaligner. A sulfuric
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acid based solution (HySO4/H202/H20) is used to transfer the pattern from the
photoresist into the InGaAs layer. The selectivity for InP to this chemical solution
is high, but still care has to be taken for the etching time as a too long etch will
result in large undercut, thereby reducing the mesa width.

Disk definition

In the UGent clean room only contact lithography is available and the alignment
accuracy is limited to about +/- 250 nm at best. Top contact misalignment might
therefore cause excessive optical absorption. To avoid this, a self-aligned process
was developed for the top contact such that it is always perfectly aligned with
respect to the microdisk. This process starts by depositing a 500 nm thick silicon
nitride layer using PECVD. This layer will serve as hard mask for the microdisk
and simultaneously the bottom contact for the detector. MIR701 photoresist is
spincoated on the sample to define the patterns. This resist is optimized for dry
etching, having a steep sidewall profile opposed to ECI3027 resist and being more
thermally stable. It allows definition of sub-micron feature sizes. If needed a
primer can be used to enhance the adhesion.

Now, for the self-aligned process a ring pattern is defined in the resist instead
of the normal disk pattern. This pattern is transferred to the hard mask by dry
etching the silicon nitride using Reactive Ion Etching (RIE). Next, the top metal
needs to be defined. This top metal not only serves as electrical contact for the
microdisk laser but also completes the mask for the microdisk as this top metal
in combination with the nitride ring forms a disk pattern. To define the top metal
AZ5214E photoresist is spincoated on the sample. Image reversal lithography is
performed such that openings with negative sidewalls are obtained in the resist at
the top contact area of the microdisk and the contact areas of the detector. A 60 nm
Titanium layer is then evaporated on the sample. A lift-off process using Dimethyl
Sulfoxide (DMSO) is used to remove the resist together with the metal on top of
it. DMSO is used rather then acetone, as it was found that it is a better lift-off
processor especially in the case of small feature sizes.

Now that the hard mask consisting of the nitride ring and Titanium disk is
defined, a partial dry etch of the III-V is performed using inductively coupled
plasma etching (ICP) with a CH4/Hs plasma. In this step both the microdisk and
the detector island are etched in the III-V. Care has to be taken in this step as a 100
nm layer of III-V should remain for the microdisk bottom contact and therefore
laser interferometry is used to monitor the etch depth. After this etch step a III-V
microdisk with a perfectly aligned top contact is obtained, as can be seen in Figure
L11

Finally it should be noted that TI prime from MicroChemical should be avoided
in this step. TI prime contains Titanium and it was found that this primer is not
completely removed during development. As titanium acts as a mask when etching
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Figure 5.11: SEM image of an etched microdisk with a self aligned top contact. It can be
seen that the Titanium layer itself is misaligned, but the metal area that contacts the disk is
perfectly in the center because of the nitride ring.

II-V with a CH4/H> gas mixture, remainder of the TI primer causes micromask-
ing resulting in the formation of small pillars in the III-V material. This problem
is illustrated in Figure [5.12} If adhesion promotor is required HDMS can be used
instead.

Contact metalization

For the contact metalization again an image reversal lithography step is performed
using AZ5214E photoresist. Before metal evaporation a short BHF dip is per-
formed to slightly etch the Titanium top contact to ensure a clean surface before
metalization. Now, a Ti/Pt/Au (25/50/100 nm) metal stack is deposited using
an Ebeam evaporator. The Platinum layer acts as a difussion barrier to the gold
thereby avoiding gold spiking into the III-V. In this step contacts on all three lev-
els are defined (top detector / top laser + bottom detector / bottom laser). Again
DMSO is used as lift-off processor.

Island definition

For the island definition again MIR701 photoresist was used to define the pattern.
If there is any misalignment in this step then the deposited metal will also act as a
mask and ensures that III-V will be present everywhere under the metal contacts.
The etch process of the island layer is similar as for the microdisk layer.
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Figure 5.12: SEM image of an etched microdisk where TI prime is used, resulting in the
formation of small pillars in the III-V.

Contact window opening

The active devices are passivated with a 100 nm silicon nitride layer that is de-
posited using PECVD. Next, a 1 yum thick BCB layer is spincoated on the sample
for planarization. An image reversal lithography step using AZ5214E is done to
define the contact window openings after which an RIE etch with SFg/O9 plasma
is used to open the contacts. Because the gas mixture for etching BCB contains a
lot of oxygen, the photoresist will also be etched quite fast. As a result the contact
openings widen during etching. To avoid, too large openings that can result in
short circuits after metalization, this process is done in two steps. In the first steps
all contacts are opened until the top contact of the detector is reached with a short
over etch. In the second step this process is repeated for the top and bottom laser
contacts as these lie deeper compared to the detector top layer. It should also be
noted that due to variations in the BCB thickness across the sample, not all con-
tact windows will open at the same time. Therefore careful inspection under the
microscope is required to ensure that all contact windows are open. Microscope
images of the microdisk laser and detector after opening of the contact windows
are shown in Figure [5.13]

Metalization

Finally, to be able to contact the devices again an image reversal lithography step is
performed to define the contact pads for the devices. A 20 nm thin Titanium layer
is sputtered for increased adhesion followed by a 500 nm thick Gold layer for
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Figure 5.13: Microscope images of the microdisk laser (a) and the detector (b) after
opening the contact windows in the BCB.

contacting and heat spreading. This is the final step in the process and microscope
images of the completed microdisk laser and detector are shown in Figure [5.14]

5.4 Characterization of photodetectors

In this section we will focus on the characterization of the fabricated photodetec-
tors. The results of two different processing runs will be presented. First, we will
have a look at the performance of devices fabricated in the CMOS pilot line from
CEA Leti. Then, the results from a batch fabricated in the UGent clean room will
be discussed.

5.4.1 Run 1: CMOS pilot line

In this run photodetectors with various lengths ranging from 20 to 80 pm were
fabricated. Besides the detector length also two different waveguide dimensions
of 500 nm and 3 pm were used to analyze possible differences in coupling effi-
ciencies. The detector mesa was kept fixed to 3.5 um. A bonding layer thickness
of 130 nm was measured from a cross-section SEM (XSEM). In order to be able to
calculate the responsivity of the photodetectors, it is important to know the optical
power in the silicon waveguide that reaches the detector. Therefore, fiber-to-fiber
transmission measurements were performed of a reference waveguide on the chip.
The coupling efficiency was found to be 15% at a wavelength of 1550 nm.
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Figure 5.14: Microscope images of the microdisk laser (a) and the detector (b) after
contact metalization.

Dark current and Responsivity

First the IV curves of several photodetectors were measured with and without illu-
mination. From this data, the dark current and responsivity of the photodetectors
can be determined. Figure[5.15|shows the IV curves of photodetectors with lengths
varying from 20 to 80 pm when no light is injected in the waveguide. The dark
current measured at a reverse bias of 1.5 V varies from 230 nA to 10.7 uA and
increases with increasing detector length. Typically the dark current for etched In-
GaAs based detectors is in the range of a few nano Amperes [22], so the measured
dark current is more than two orders of magnitude larger than the typical value for
this material. Most likely this is caused by not timely passivating the structure,
resulting in a lot of surface states and therefore high surface recombination. By
careful passivation the dark current is expected to reduce. An assessment of the
temperature dependency of the dark current has not been performed, but in general
the dark current approximately doubles for every 10 °C increase in temperature.

To measure the responsivity of the photodetectors light from a tunable laser
was injected into the silicon waveguides via the fiber couplers. The optical power
was measured just before the fiber coupler and the power coupled into the wave-
guide was then calculated by using the fiber coupler efficiency. As the efficiency
depends on the alignment of the fiber with respect to the fiber coupler, there is some
uncertainty about the actual optical power in the waveguide. However, the fiber
was positioned using active alignment by real time monitoring the photocurrent of
the detector and therefore, the uncertainty is expected to be negligible.

The measured responsivities for different detector lengths and two different
silicon waveguide widths are shown in Figure [5.16] The shortest detectors with
a length of 20 pum have responsivities of 0.70 and 0.58 A/W for 500 nm and 3
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Figure 5.15: Measured IV curves for different detector lengths. The dark current increases
for longer detectors.

pm wide waveguides, respectively. When the detector length increases a slow in-
crement in responsivity is seen for the 500 nm wide waveguide, while in case of
the 3 pm wide waveguide the responsivity makes a large jump from 20 to 40 pm
followed by a slow increase for longer detector lengths. The reason for the large
jump might be that light is coupled to a different mode as found in the simulation,
thereby requiring a longer coupling length to couple light from the waveguide to
the detector. For both waveguide widths maximum responsivity was obtained for
the longest detectors, with values of 0.82 and 0.88 A/W for the 500 nm and 3
wm wide waveguides, respectively. Furthermore, from the experimental results
it was found that the responsivity of the detectors with a 500 nm wide wave-
guide is slightly lower compared to the detectors with a 3 um wide waveguide,
while the simulations showed similar results for both waveguide widths at detector
lengths above 20 um. However, in general the experimental results show reason-
able agreement with the simulation results. Based on the absorption values from
the simulations, slightly higher responsivities could be expected. This discrepancy
could be because in the real device light couples to other modes then found in the
simulation, which have smaller overlap with the absorbing InGaAs layer of the de-
tector. Another reason could be that the losses from the top metal and the quantum
wells are larger than expected. Finally, the simulations only account for optical
absorption and not for electrical efficiency. Recombination of generated carriers
could also lower the responsivity.

It should also be noted that the best responsivities measured were 0.71 A/W for
a 20 um length and 0.97 A/W for a 80 um long detector, both with a waveguide
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Figure 5.16: Measured responsivity versus detector length for a 500 nm and 3 pm wide
access waveguide.

width of 500 nm. However, these results were measured on different samples and
therefore this data was not used in Figure

Bandwidth

The frequency response of the detectors was measured with an Agilent N4373B
Lightwave Component Analyzer (LCA). The modulated optical output from the
LCA was coupled into the SOI waveguide via a fiber coupler, while the electrical
input from the LCA was connected to the detector through a bias-tee to measure
electrical RF response. A Keithley 2400 voltage source was used to apply a reverse
bias and to monitor the average photocurrent. Figure shows the frequency
response for a 20 and 80 um long detector. The 3dB bandwidth under a reverse
bias of -1.5 V was 9 GHz for the 80 pm long detector and around 16 GHz for the
detector with a length of 20 pm. The lower bandwidth for the 80 pm long detector
can be explained by the larger capacitance following from an increased mesa area.
In principle the series resistance should be lower for the longer detector as the
contact area increases, thereby compensating for the higher capacitance, but for
both detectors a series resistance of 100 +/- 10 Ohms was measured. The relatively
high resistance is most likely caused by the fact that no annealing was performed
on these samples. Even in the case of good contact resistance, the bandwidth of
the longer detector would still be lower as the load resistance would then be the
limiting factor.

It should be noted that the ripple in Figure is similar for both detectors.
This is most likely caused by a not perfect calibration of the network analyzer and
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Figure 5.17: Electrical response of a 20 (red curve) and 80 (black curve) pm long detector
with a 3 dB bandwidth of 9 and 16 GHz, respectively.

therefore not perfect de-embedding of the electrical cables and the bias-tee. From
the measured series resistance and 3 dB bandwidth we find that the capacitance of
the detector including the pads is 90 fF for the 20 um long detector and 175 {F for
the 80 pm long detector. These values are higher than the calculated values for the
parasitic capacitance of the detector which are 20 and 80 fF for the 20 and 80 um
long detector, respectively. However, in the calculation only the capacitance over
the intrinsic layer was taken into account, other parasitic effects were omitted.

Nevertheless, based on the experimental results on dark current, responsivity
and bandwidth, we can conclude that this detector can be used for realizing com-
pact optical interconnects on silicon with speeds exceeding 10 Gb/s.

5.4.2 Run 2: UGent clean room

In this run the focus was mainly on the realization of a complete interconnect based
on a microdisk laser with the compatible detector proposed here. As, the detector
itself was already demonstrated in the CMOS pilot line run, only detectors with
a length of 40 and 60 um were included in this design. The silicon waveguide
underneath the detector structure had a width of 500 nm. Two different samples
were fabricated, one with a bonding layer thickness of 250 nm (referred to as
sample 1) and another with with a thickness of 170 nm (referred to as sample 2).

Fiber-to-fiber transmission measurements were performed on reference wave-
guides on the chips. The efficiency of the fiber couplers was measured to be 25%
at a wavelength of 1550 nm for both samples.
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Figure 5.18: Measured IV curves with and without illumination for 40 and 60 um long
detectors on sample 1. It should be noted that different optical input power was used when
measuring the 40 and 60 pm long devices. The higher photocurrent for the shorter detector

is therefore due to a higher optical input power and not the result of higher responsivity.

Dark current and Responsivity

Again, first the dark current and responsivity of the detectors were characterized.
Figure [5.18] shows the IV curves measured on sample 1 with and without illumi-
nation. The dark current measured at a reverse bias of 1.5 V was 22 and 67 nA
for the 40 and 60 pum long detectors, respectively. These values are significantly
lower compared to the values measured on the samples fabricated in the CMOS
pilot line discussed in the previous section.

From Figure it can be seen that the shorter detector generates a larger
photocurrent than the longer detector, which may lead to the impression that the
shorter detector has a larger responsivity compared to the longer detector, but this
is not the case. The responsivity measurements were performed over different days
where different laser sources were used. The injected optical power was not the
same during these different measurement sessions. For the 40 pm long detector
the optical power in the silicon waveguide was 731 W, while for the 60 ym long
detector, it was only 105 pWW. Therefore, the responsivity for these detectors is
0.61 A/W both for the 40 and 60 pm long detector.

The IV curves with and without illumination measured on sample 2 are shown
in Figure [5.19] The dark currents were 227 and 205 nA for the 40 and 60 pm
long detectors, again measured at a reverse bias of 1.5 V. These values are slightly
worse then the other sample fabricated in this batch, but still better than the de-
vices processed in the CMOS pilot line. In the UGent process both samples were
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Figure 5.19: Measured IV curves with and without illumination for 40 and 60 um long
detectors on sample 2.

passivated with a 100 nm thin silicon nitride layer, while in the CMOS process the
devices were passivated with silicon dioxide. The passivation process should be
investigated in more detail to achieve reproducible and low dark currents.

The optical power in the silicon waveguide was 831.5 W for both detectors
on sample 2. From the measured photocurrents we find that the responsivities
for the 40 and 60 pm long detectors is 0.69 and 0.73 A/W. The responsivities on
sample 2 are slightly higher than the responsivities measured on sample 1. This
difference can be attributed to the thinner bonding layer thickness on sample 2,
resulting in stronger coupling.

Bandwidth

The 40 pm long detectors were incorporated in a design ready for integration with
a CMOS driver chip using a flip-chip approach. This integration approach had
some implications for the contact pads and therefore it was not possible to use
high-speed measurement probes and thus the bandwidth could not be measured
for these devices.

The bandwidth of four 60 um long detectors was measured with an Agilent
N4373D Lightwave Component Analyzer (LCA). Modulated light from the LCA
was injected in the detector via the grating coupler and the generated electrical
signal was collected via a signal-ground (SG) high speed probe and fed back into
the LCA. A bias-T was included to apply a reverse bias to the detector and read
out the average photocurrent. The response of these detectors is shown in Figure
[5.20/for 0 and -1 V bias. Clearly, very good uniformity is obtained for the different



INTEGRATED PHOTODETECTORS: DESIGN AND FABRICATION 171

0P/ W VARRA M .

Relative power [dB]
|
ul

-15 :
108 10°
Frequency [Hz]

Figure 5.20: Small signal response of four 60 pm long photodetectors for 0 V and -1 V
bias, showing very good uniformity. A bandwidth of 12 GHz and 18 GHz was obtained for
0 and -1 V bias, respectively.

detectors. A bandwidth of 12 GHz was obtained for the detectors when no bias
was applied, while a bandwidth of 18 GHz was measured for a bias of -1 V. Further
increasing the bias did not have any effect, indicating that the depletion width was
maximum at 1V reverse bias. The series resistance was measured to be 15 Ohm
for these detectors, which is significantly lower compared to the devices from the
CMOS run, despite the fact that again no annealing was performed on the samples.
This might be the result of a different cleaning step before metal deposition and/or
the different metal stack used here. The lower series resistance results in the higher
bandwidth measured here.

Large signal response

The large signal response was also measured for these detectors. An Anritsu
MP2101A signal generator was used to drive a Lithium Niobate optical modulator
from JDSU at a speed of 12.5 Gb/s. A tunable laser source set to a wavelength
of 1550 nm was used as optical input for the modulator. The output of the mod-
ulator was coupled into the silicon waveguide via the fiber coupler. Again an SG
high-speed probe was used to collect the generated photocurrent. A bias-T was
included where the DC input/output was used for biasing and monitoring the av-
erage photocurrent, while the RF output was fed into an electrical amplifier with a
bandwidth of 13.5 GHz before it was collected by a Lecroy WaveExpert 100H 100
GHz sampling scope . The eye diagram at a speed of 12.5 Gb/s is shown in Figure
[5.21fa). The optical power in the waveguide is O dBm. For this input power an
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(a)

Figure 5.21: Measured eye diagrams for a 60 um long detector for an optical input power
of 0 dBm (a) and -10 dBm (b).

open eye is obtained. When the optical power is decreased the eye starts to close
as can be seen in Figure [5.21|b) where the optical power in the waveguide is 10
dB lower. It should be noted that phase noise is added to the eye pattern, because
of issues with the trigger of the scope, while also amplitude noise was added due
to issues with the driver of the modulator.

5.5 Conclusions

In this chapter a detector design is proposed that allows for the compact integration
of microdisk lasers and detectors. This makes it possible to make compact bidi-
rectional optical links on a silicon chip. The design makes use of a single epitaxial
structure that contains the layers for the microdisk laser and the detector. Simula-
tions were carried out to analyze the performance of these detectors and showed
that it is possible to achieve both high responsivity and bandwidth.

An efficient fabrication process has been developed both for 200 mm CMOS
technology and for smaller scale technology using individual samples. In these
processes all fabrication steps for the microdisk laser and detector are carrier out
simultaneously, except for the etch step of the detector mesa. In the CMOS pro-
cess the passivation of the devices was done by PECVD oxide deposition. Due to
the conformal nature of the deposition, this also required for the development of a
planarization step of the oxide which was done using CMP. Furthermore, as gold
is not allowed in a CMOS environment a new Ti/TiN/AlCu metal stack for ohmic
contacts was developed. In the fabrication process used in the clean room of Ghent
University, the adhesive bonding process was changed such that the thickness con-
trol of the gap is no longer determined by the BCB, but by etching back the top
oxide on the SOI sample. This allows for better control of the critical gap between
the microdisk laser and the waveguide. Furthermore, a self-aligned process was
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developed for the critical top contact, resulting in perfect alignment.

Two runs resulted in working detectors: the first CMOS run and the fabrication
run in the UGent clean room. The detectors from the CMOS run showed respon-
sivities up to 0.97 A/W for 80 um long devices, but the dark current was with
minimum values in the order of a few hundred nA, quite high. This was attributed
to not timely passivating the detectors resulting in a large number of surface states.
A maximum small-signal bandwidth of 16 GHz was obtained. The detectors from
the UGent clean room run, had lower responsivities up to 0.69 A/W due to the
larger gap with the waveguide. Dark currents were an order of magnitude smaller
compared to the detectors from the CMOS run and a maximum bandwidth of 18
GHz was obtained.
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Optical Interconnects on Silicon

In the previous chapters we focused on the active building blocks for realizing
optical interconnects on silicon. Here we will focus on the realization of such a
complete compact optical interconnect based on these building blocks.

6.1 State-of-the-art on-chip optical links on silicon

Although until now most of the research work focused on the building blocks
for realizing optical interconnects, several optical interconnects on silicon have
been demonstrated in the literature. Here we will give a brief overview of some
important results presented in recent publications.

One of the first optical links on silicon based on silicon Mach-Zehnder mod-
ulators and Ge detectors was demonstrated by Luxtera [[1]. They demonstrated
a 4x10 Gb/s transceiver on a single die that was fabricated through a monolithic
integration approach with electronic circuits in a CMOS compatible process. How-
ever, the modulators are several millimeters long and have relatively large power
consumption. A similar configuration but with ring based silicon modulators is
becoming a popular approach. Both the ring modulators and the Ge detectors
have small footprints and thus dense integration can be achieved. One of the
first demonstrations of this approach was published by Chen and coworkers [2].
They demonstrated 3 Gbps data communication with 0.5 V modulator voltage
swing and 1 V detector bias. The total energy consumption was only 120 fJ/bit.
More recently, several platforms [3| |4] where silicon modulators and Ge detectors
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with bandwidths exceeding 25 GHz have been made available to the community
through multi project wafer (MPW) runs. The main drawbacks of using these sili-
con modulators is that the insertion loss is typically in the order of 6 dB. Therefore,
the off-chip laser sources can only be shared over a few modulators. Moreover,
because the sources are shared, they cannot easily be turned off and this has a
negative impact on the power budget. Furthermore, the optical bandwidth of the
ring modulators is small and they need to be tuned to match the wavelength of the
source, which requires power hungry heater structures.

When using a III-V heterogeneous integration approach, an obvious and easy
solution to make an optical interconnect on silicon is to use the same III-V material
stack for the laser and detector. However, efficient lasers are typically based on a
(multiple) quantum well approach. When such a material stack is also used for the
detector, the small overlap of the optical mode with the quantum wells requires
a long detector to achieve an acceptable responsivity. The bandwidth of these
long detectors is then limited by the large junction capacitance. Both lasers and
detectors processed together on a single sample have been demonstrated using this
approach [3]], although without an on-chip optical link. The laser could only be
operated under pulsed drive conditions and the threshold current was 180 mA for
a 500 um long laser. The detector had a length of 50 um and a responsivity of
0.23 A/W was obtained. The dark current was around 50 nA at 2V reverse bias.

Another possibility based on a heterogeneous integration approach, is to use
separate III-V dies for the lasers and the detectors. This ensures good performance
of both the lasers and detectors but they need to be spatially separated ans thus the
integration density is limited and compact transceivers cannot be realized. In [6]
an optical interconnect is demonstrated that uses a microdisk laser with InAsP
quantum wells as a source and an InGaAs based layer stack for the detector. The
laser had a low threshold current of 0.6 mA, but the output power was limited to
values below 3 pW in the silicon waveguide. The responsivity of the detector
was measured to be 0.35 A/W and the reported 3 dB bandwidth of the detector
was 33 GHz. The bandwidth of the complete optical link was not measured, but
the direct modulation bandwidth of this microdisk laser was reported elsewhere [7]]
and found to be 5 Gb/s. The bandwidth of the optical link is therefore limited by the
bandwidth of the microdisk laser. Another optical link on silicon using a similar
approach was demonstrated by Ohira and coworkers [8]. Here, GaInNAs/GaAs
laser diodes were integrated directly on the silicon substrate by a flip-chipping
approach. The detectors were fabricated by bonding of InGaAs/InP wafers on the
SOL. The threshold current of the lasers was around 50 mA and output powers of
several mWs were observed. However, the coupling efficiency from the laser to
waveguide was estimated to be around 62%. An MSM approach was used for the
detector and the responsivity of 0.74 A/W was obtained. For the complete optical
link an efficiency of 0.025 mA/mW was obtained and this low value was attributed
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to the high waveguide losses of 10 dB. No data was presented on the bandwidth
of the optical link.

6.2 Compact integration of microdisk lasers and de-
tectors

Here we will discuss two different link designs: a compact single link design with
electrical contacts close to the devices for direct probing and a design containing
multiple links, that can be driven by directly flip-chipping a CMOS control chip on
top. Both of these designs were fabricated in both the CMOS run and the UGent
clean room run, but due to some processing issues no complete interconnects were
obtained from the CMOS run. Therefore, the results discussed here are all from
the UGent clean room run.

6.2.1 Compact single optical link

This design consists of one microdisk laser, 2 detectors and a silicon waveguide.
A microscope image of the fabricated interconnect is shown in Figure [6.1] The
diameter of the microdisk laser in the interconnects circuits is 7.5 pm. The detec-
tor mesa has a width of 5 pm and a length of 60 pum. The height of the silicon
waveguide is 220 nm and the width is 450 nm such that it only supports the fun-
damental TE mode. For efficient coupling between the fundamental mode of the
microdisk and the waveguide mode, the width of the waveguide was tapered to
750 nm around the microdisk-waveguide coupling section. The same is done for
the detector where the waveguide width under the detector is 500 nm. In this opti-
cal link configuration the metal contact pads were designed such that the signaling
and pitch is compatible with high-speed ground-signal-ground (GSG) probes. The
waveguide is terminated after the detectors by fiber couplers. In principle a basic
optical interconnect would consist of a microdisk laser, ideally operating in the
unidirectional regime and only 1 detector. Several approaches are demonstrated in
literature to make the microdisk lasers unidirectional. Most approaches rely on us-
ing an external reflector in the silicon waveguide, e.g. through a Bragg grating [9]
or through a loop mirror [[10]. Another approach uses a so called racket-shape
where two access waveguides of the microdisk resonator are connected on one
side forming a feedback loop and combined using a 3 dB combiner on the other
side [11]]. This method also allows for selecting specific optical modes by changing
the phase in the feedback loop.

Here, detectors on both sides of the microdisk laser were used to gain insight
in the influence of external spurious reflections by e.g. fiber couplers. As a single
III-V epitaxial structure is used, it becomes possible to make efficient lasers and
detectors right next to each other and thus form a compact optical transceiver. This
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Figure 6.1: Microscope image of the full optical link, where detectors on both sides of the
microdisk laser are connected via a silicon waveguide.

is demonstrated in this design by placing the laser and detector only 150 pum apart
from each other as can be seen in Figure[6.1]

DC characterization

The fiber couplers on both sides can be used to characterize the detectors sepa-
rately from the microdisk laser by using an external laser source. This makes it
possible to determine the efficiency of the detectors. Once the efficiency of the
detectors is known, the performance of the microdisk laser can be determined by
measuring the photocurrent from the detectors while pumping the microdisk laser.
The performance of these detectors was already discussed in Chapter [5] and here
we will further focus on the performance of the optical link and the microdisk
laser.

First, the DC characteristics of several optical links were measured where both
CW and pulsed drive conditions for the microdisk laser were used. The links were
characterized by measuring the generated photocurrent at the detectors while a cur-
rent sweep was applied to the microdisk laser resulting in a current versus current
characteristic. The result of one of the best optical links is shown in Figure
where the black and red curves correspond with the left and right detector, respec-
tively. The solid lines represent CW operation, while the dashed lines represent
pulsed operation. The IV curve of the microdisk laser is also shown in this plot
(blue line) and from this the series resistance of the laser is found to be around
130 Ohm. This high contact resistance is a result of the small dimensions of the
top contact and not annealing the contacts. A Ti/Pt/Au metal stack was used for
these devices as described in Chapter ] and although these contacts are typically
ohmic as deposited, an annealing process can reduce the resistance of such a con-
tact by more than an order of magnitude [12]]. However, because of the risk of short
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circuiting the devices through such an annealing process, measurements were car-
ried out already before annealing. New measurements after annealing could show
slightly better results.

The output from the microdisk laser is bidirectional in pulsed as well as in CW
mode. In CW mode, the power is evenly divided between the left and right output
up to 2.3 mA drive current. Based on the complementary oscillations in the CW
LI curves at higher currents, there is clearly some coupling between the clockwise
and counterclockwise mode. The threshold current of the microdisk laser is 0.45
mA and the maximum generated photocurrent (single sided) is slightly above 100
1A at 4 mA drive current. The maximum slope efficiency is 40 A/mA. Taking
the responsivity of the detector into account, which was found to be 0.69 A/W, this
corresponds with a single sided maximum laser output of 145 ;W and a maximum
slope efficiency of 57 uW/mA, which is a record high output and efficiency for
these microdisks. At a 2 mA laser drive current the generated photocurrent is 61
and 66 p A for the left and right detector, respectively. The power efficiency of the
optical link from the microdisk laser to one detector is therefore slightly above 3%.
If the microdisk laser would be made unidirectional e.g. by an external reflector
as suggested above, the link efficiency could increase to 6%. It is also interesting
to note that the LI curve of the microdisk laser is much smoother compared to
the microdisk lasers discussed in Chapter [d] where the output of the microdisk was
collected via a fiber coupler. It was suggested that the oscillations in the LI curve
were attributed to reflections from the fiber coupler. In the present work, the facets
from the detectors were designed under a 7 degree angle to avoid reflections from
the III-V interface as much as possible. The smoother LI curves obtained here is
another confirmation that reflections from the fiber couplers, typically in the order
of -20 dB, can disturb the performance significantly. A new grating coupler design
with reflections lower than -50 dB proposed by [13]], would be better suited to
characterize integrated lasers.

As can be seen from Figure[6.1] the microdisk laser design used here has a large
top contact functioning as a heat spreader as discussed in Chapter[d Although, the
thermal resistance decreased by more than 25%, it is still obvious by comparing
the LI curves under pulsed and CW drive conditions that the microdisk lasers still
suffer from self heating effects.

For two optical links the LI curves under pulsed drive conditions were also
measured for higher currents and these results are shown in Figure [6.3] Both
optical links had the same design parameters and this is reflected in the thresh-
old current and slope efficiency just above threshold which are the same for both
links. The optical link represented by the dashed lines, shows relatively constant
bidirectional behavior, although there is some small discrepancy in output power
at drive currents above 2 mA. The other link represented by the solid lines, shows
bidirectional behavior up to about 2.2 mA, after which the left output (black line)
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Figure 6.2: Current versus current plot of the optical link. The black and red curves
correspond with the left and right detector, respectively. Solid lines represent CW
measurements, while dashed lines represent pulsed measurements. The IV curve is
indicated by the blue curve.

starts to saturate, while the slope efficiency of the right output (red line) starts to
increase. Between 7 and 8 mA this behavior seems to reverse. The average output
power over the left and right output however, remains constant in both cases. This
indicates coupling between the clockwise and counterclockwise mode for the link
represented by the solid lines. Both optical links reach an aggregated peak output
current of 560 p A at a drive current of 8 mA. Taking into account the responsivity
of the detectors, this comes down to a peak optical output power of the microdisk
lasers in these two links of 810 W . This result clearly indicates that thermal man-
agement and structures to make the microdisk laser unidirectional could improve
the performance significantly.

Two different samples with identical optical link designs were fabricated. For
these samples the gap between the silicon waveguide and the III-V microdisk laser
and detector was controlled by etching back the top oxide above the silicon wave-
guide, as explained in Section[5.3] A slightly different etching time was used for
each sample such that it resulted in two different gaps and therefore different cou-
pling conditions. For the first sample a gap of 200 nm was targeted, while for the
second sample the target was 250 nm. Based on cross sections made with an FIB it
was found that the first sample was slightly under target with a 160 nm gap, while
the second sample was on target. Identical optical link designs from these samples
were compared as the different gaps are expected to result in different threshold
currents and slope efficiencies for the microdisk laser and different responsivities
for the detector. The results of the optical link discussed above correspond with
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Figure 6.3: Current versus current plot for two different optical links (dashed and solid
lines) under pulsed drive conditions. The black and red curves correspond with the left and
right detector, respectively.

sample 1. The responsivity of the detectors on sample 2 are expected to be lower
because of the larger gap. Indeed, the responsivity of the detectors on sample 2
was found to be 0.56 A/W with dark currents of 20 nA at a reverse bias of 1 V. The
results of the full optical links are shown in Figure for comparison, where in
both cases the microdisk laser is working in CW regime. The solid lines represent
the link on sample 1 (which corresponds with the link discussed above), while the
dashed lines represent the link of sample 2. The black and red lines correspond
with the left and right detectors respectively. The link on sample 2 has a threshold
current of 0.22 mA and a maximum slope efficiency of 16 uA/mA. Correcting for
the detector responsivity this yields 29 uW/mA. In this case a record low thresh-
old current is achieved for these microdisks. If we compare the result from the
two samples we find that sample 1 has a better slope efficiency, but at the cost of
a higher threshold current. This is as expected because the thinner gap on sample
1 results in stronger coupling, which obviously results in higher output power but
also in a larger optical loss factor that needs to be overcome to reach the lasing
regime which is reflected in the higher threshold current.

Finally, another interesting result obtained from these optical links is shown
in Figure [6.5] Above threshold the microdisk laser is operating in a bidirectional
regime, where the total output power is evenly divided between the left and right
output. Then, around 2.4 mA there is some oscillation between the left and right
output, after which a sharp decrease in output power is observed for the left out-
put and a sharp increase for the right output, thereby entering a unidirectional
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Figure 6.4: Current versus current plot of two identical optical interconnects from sample
1 (solid) and sample 2 (dashed). Black and red lines correspond with left and right outputs.
Inset: zoom of the threshold currents.

regime. This behavior showing three different regimes in the LI curve indicates
possible bistable operation of the microdisk laser. Bistable operation can be ob-
tained in two mode lasers via gain saturation. A model to describe the occurrence
of bistability in microring- and microdisk lasers, that takes into account the carrier
reservoir, gain saturation and linear coupling between the clockwise and counter-
clockwise mode, was presented by Sorel et al. [[14]]. Bistability in microdisk lasers
with similar parameters as the devices described here has been studied through
simulation [15]] and was also experimentally demonstrated [[16]]. However, addi-
tional measurements are required for these devices to determine if they indeed
show bistable behavior, but this was outside the scope of this thesis.

high-speed characterization

Knowing the CW characteristics, the small signal response of the full optical link
was measured using an Agilent N5247A Performance Network Analyzer (PNA).
The modulated signal from the PNA was fed into the laser via a ground-signal-
ground (GSG) probe. Using an SG probe the detected signal at detector was fed
back into the PNA. A bias-T was used for both the laser and the detector, where the
detector bias was fixed to -1 V and the laser bias was swept from 1.4 to 1.9V (1.1
to 3.4 mA) in steps of 0.1 V. The response of the optical link versus laser bias is
shown in Figure[6.6]and the inset shows the 3 dB bandwidth versus the square root
of the laser output power. As expected an almost linear relation is observed. At a
bias of 1.9 V a 3 dB bandwidth of 7.6 GHz was measured. It should be noted that at
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Figure 6.5: Current versus current plot of an optical link showing three different operating
regimes: bidirectional output, oscillating output and unidirectional output regime.

higher frequencies the response increases again. As the distance between the laser
and detector signal pads is only 120 pm, this is most likely caused by coupling of
the microwave signal between the contacts via the sample’s substrate. At this point
no specific attention was paid to the impedance matching of the laser and detector
to a 50 Ohm load. As a result, the return loss for the laser was at best 4 dB, while
for the detector it was at best 2 dB indicating significant reflection. Reflection
problems could be avoided by using a dedicated laser driver and integrated TIA
for the detector.

Finally, a large-signal modulation was applied to the optical link. Similar as
for the small signal modulation, a bias-T was used where the laser was biased at
1.9 V while the detector was biased at -1 V. A 27 — 1 PRBS pattern from an Anritsu
pattern generator was used to directly modulate the laser. The modulation voltage
was set to 0.4 Vpp. The generated photocurrent from the detector was fed into
a 13.5 GHz electrical amplifier and collected by a 100 GHz LeCroy scope. The
large signal modulation response for a 10 Gb/s data rate is shown in Figure
A rise time with a mean value of 45 ps was measured, while the mean value of
the fall time was rather high with 60 ps. Although the bit pattern can be resolved,
the bit error rate is still poor at this point. This is most likely caused by the poor
impedance matching in combination with the low power levels associated with mi-
crodisk lasers, resulting in a low signal-to-noise ratio. It is therefore expected that
the performance can be improved by using a dedicated laser driver and integrated
TIA for the detector.
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Figure 6.7: Large signal modulation response of the full optical link for a 10 Gb/s 27 — 1
PRBS pattern.
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6.2.2 Optical interconnect design for integration with CMOS

Next to the direct single optical link design described in the previous section, also
a design consisting of multiple direct links was made. The purpose of this design
is to enable data transfer between different points on a CMOS chip and thereby
demonstrating a proof-of-concept for optical interconnects. The optical design
consists of 4 transceiver blocks that each contain 2 microdisk lasers as sources
and 2 detectors as receivers. The two microdisk lasers of a transceiver are both
directly connected via a silicon waveguide to a detector of another transceiver.
Each transceiver block can thereby communicate with two of the other transceiver
blocks. At the other side of the microdisk laser the waveguide is terminated with
a fiber coupler. The microdisk lasers are similar to the ones of the single optical
links discussed above, except for the fact that in this design III-V heaters were
placed around the microdisk cavity for wavelength tunability and no large heat
spreading top contact was included. Also the detector designs are similar to the
ones discussed in the previous section, although they are with a length of 40 um
a bit shorter. Furthermore, the electrical contacts of the sources and detectors are
arranged in such a way that the photonics chip can be integrated with a CMOS
chip through a flip-chipping process. A microscope image of the complete design
including all the contact pads is shown in Figure[6.8a). A more detailed image of
the optical part of the design is shown in Figure [6.8|b) and Figure [6.8]c) shows a
close-up image of a single transceiver block. This design was made in the context
of the European FP7 project WADIMOS, where collaborating partners were tak-
ing care of the CMOS chip design, processing, flip-chip integration, system level
simulations and so on.

Integration with CMOS electronics

The CMOS chip contains digital circuitry to generate the data to be transmitted
over the optical link, as well as analog drivers and amplifier structures for the lasers
and detectors, respectively. A flip-chip integration approach was foreseen for this
demonstrator to connect the CMOS electronics with the photonics chip. In total
3 levels of electrical connections can be identified: first there are the connections
between the CMOS and photonics, to drive the sources and read out data from
the detectors. Second, there are connections required from the CMOS chip to the
outside world, e.g. for power supply and testing of subcircuits such as the phase
locked loop. Finally, there are connections required to connect the photonics chip
to the outside world, e.g. to drive the heaters to tune the sources. Because of the
large number of design rules for the CMOS chip, it was decided to keep the pad
layout of the CMOS chip simple and to connect the CMOS chip to the outside
world via the photonics chip. Thus, flip-chipping the CMOS die on top of the
photonics die as shown schematically in Figure[6.9] The integrated package then
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Figure 6.8: Microscope images of the fabricated Optical Interconnects for integration with
CMOS. (a) Full overview including all the contact pads, (b) zoom on the 4 transceiver
blocks and (c) zoom in on one particular transceiver block showing the 2 microdisk lasers
and 2 detectors.
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Figure 6.9: Schematic showing the integration approach used here. The CMOS chip is
flip-chipped on top of the photonics chip. Stud bumps are used for electrical contacts
between the CMOS and photonics chip. Contacts to the outside world are achieved
through a wire bonding approach.

needs to be mounted on top of a PCB and all connections to the outside world are
then connected to the PCB through a wire bonding approach. Important aspects
here are the size of the CMOS die and the space required by the wire bonding
tool (indicated in Figure [6.9 by 1 and 2 respectively), as these two parameters
determine the pad positions for wire bonding. The final photonics chip layout is
shown in Figure [6.8|a) and an image of a flip-chipping demo of two CMOS dies
on top of a photonics die is shown in Figure[6.10}

Although this relatively easy flip-chipping integration approach is useful for
demonstrating a proof-of-concept of optical interconnects, it is also clear from the
large amount of contact pads required, that it is not scalable as the chip area for
more complex circuits will go to extreme values. Therefore, other integration ap-
proaches such as TSVs and 3D integration are required for more complex circuits.

DC characterization of the optical links

To characterize the optical links a current sweep was applied to the microdisk
lasers, just as was done for the compact single optical link discussed in the previous
section. On one end of the waveguide the photocurrent generated by the detector
is then measured, while at the other end the optical output is collected by a single
mode fiber through a fiber coupler. The responsivity of the 40 ym long detectors
in these designs was measured to be 0.69 A/W as discussed in Chapter[3} The fiber
couplers used in these designs are slightly different from the ones used in the single
microdisk laser designs as discussed in Section [#.3] The maximum efficiency of
these fiber couplers was measured to be 24% at a wavelength of 1550 nm.
Figure[6.1T] shows an example of the obtained results for two different optical
links. The result in Figure [6.11(a) corresponds with the optical link from the or-
ange marked transceiver to the pink marked transceiver in Figure [6.8(b) and the
result in Figure [6.T1[(b) corresponds with the optical link from the orange marked
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Figure 6.10: Image showing two CMOS chips flip-chipped on top of a photonics chip.
Image courtesy of CEA Leti.

transceiver to the blue marked transceiver. For both optical links the threshold
current of the microdisk laser is around 0.45 mA. For the link in Figure [6.11]a)
the maximum output power collected by the fiber is 12.8 4W and the maximum
detected photocurrent is 48 pA. Taking the efficiencies of the fiber coupler and the
detector into account, this leads to 53 and 70 pW of optical power in the silicon
waveguide. For the link in Figure [6.1T(b) we find maximum output values of 8.5
uW and 39 pA, corresponding to 34 and 57 W in the silicon waveguide.

In these optical links we also again see strong oscillations in the LI (or II)
curves. This is in strong contrast to the results of the single optical links where
detectors were placed on both sides of the microdisk laser. Although also in that
case some oscillations could be observed the effect was much less then for the
optical links here. In the design, measures were taken to avoid external reflections
by using a bend radius for the silicon waveguides of 10 um instead of the standard
value of 5 um. Also, low reflection fiber couplers were used instead of the standard
fiber couplers. However, as already mentioned in Section [4.3] about the single
microdisk laser designs, the low reflection fiber couplers used in this run were
based on simulations only and the design was not yet optimized. It is therefore
expected that the oscillations are still caused by reflections from the fiber couplers.

Another observation that can be made is that the thermal roll-over in the LI
curves of the microdisk lasers is stronger for the devices discussed here, compared
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to the single microdisk laser designs discussed in Section[d.3]and the single optical
links discussed in the previous section. Both these designs used a large top contact
on the microdisk laser that served as a heat spreader. In the design here, III-V ring
heaters were placed around the microdisk lasers to be able to tune the wavelength
and thus the heat spreading layer was absent resulting in a stronger thermal roll-
over.

With this design it is shown that with the integration approach used here it is
indeed possible to place microdisk lasers and detectors anywhere on the chip and
even side by side if necessary. In the next section we will briefly discuss more
complex designs that can be made using this approach.

6.3 Towards Optical Networks on Chip

In the previous section the feasibility of realizing compact optical interconnects us-
ing heterogeneously integrated microdisk lasers and detectors was demonstrated.
There are no spatial constraints for both the microdisk laser and detector and thus
basically any link circuit can be made. The optical links can be extended to form
Optical Networks on Chip (ONoC) by including additional building blocks next to
the source and detector. Designing such optical networks on chip requires analysis
on a (micro)architectural and physical level. On an architectural level the analysis
focuses on choosing the best network topology and routing algorithm based on
the system requirements. The physical level deals with the actual design of the
sources and detectors, waveguide layouts, router implementation and so on. In
between the architectural level and the physical level, in literature often denoted as
microarchitectural level, decisions need to be made on which parts of the network
will be implemented in the electronic or photonic domain, the type of arbitration
and flow control. The analysis on the (micro)architectural level is outside the scope
of this thesis and here we will focus on building blocks and implementation on the
physical level.

Amongst other multiplexing schemes, wavelength division multiplexing (WDM)
is an attractive scheme and received a lot of attention as it allows for utilizing
the full optical bandwidth of waveguides. In such a scheme, multiple wavelength
channels are used and each wavelength channel can be modulated with data. These
wavelength channels do not interfere with each other and therefore multiple wave-
length channels in a single waveguide can be used such that the integration density
can be increased. This WDM ONoC approach requires the implementation of
wavelength demultiplexers and routers in the physical layout. Both passive and
active solutions exist for these devices, but as power consumption is of prime im-
portance in these on-chip networks, passive solutions are preferred.
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Figure 6.11: Current and light versus current plot of two optical links in the configuration
for integration with CMOS. Threshold currents are 0.45 mA for both optical links. The
optical link in (a) has slightly higher output power. Oscillations in the LI curves are much
stronger compared to the optical links where detectors were placed on both sides of the
microdisk.
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Figure 6.12: Schematic illustration of a wavelength router. Taken from [|17]

Wavelength demultiplexer

Wavelength (de)multiplexers are based on structures with wavelength selective el-
ements. When multiple wavelength channels are used in a single waveguide, e.g.
by using a multi-wavelength laser, certain channels can be dropped from this wave-
guide to another waveguide, which could e.g. be connected to a receiver. When
a large integration density is required such as for ONoCs, compact structures are
preferred and this leads to either Mach-Zehnder interferometers or ring resonators.

Wavelength router

A wavelength router is a device with in general N input and output ports. Such
a device basically combines the functionality of a multiplexer and demultiplexer
and the principle of operation is schematically depicted in Figure [6.12] Wave-
guides that contain multiple wavelength channels are connected to the input ports
of the wavelength router. Then at each port the different wavelength channels are
demultiplexed into individual channels which are directed to the output ports. This
is done in such a way that at each output port a single wavelength channel from
each input port is collected and multiplexed onto the output waveguides. Thus,
from a given input port each output port can be reached by using the designated
wavelength.

6.3.1 ONoC demonstrators circuits

In the WADIMOS project several ONoC demonstrator circuits were designed. Un-
fortunately, due to fabrication and design issues we were not able to demonstrate
these circuits. In nearly all cases the fabrication issues occurred in the steps for
the active devices. Typical difficulties were the control of the etch depth of the mi-
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Figure 6.13: Mask layout of 4 8x8 Optical Networks on Chip, where in each design a
different wavelength router is used. (a) Including metal contact pads and (b) without metal
contact pads showing the possible size reduction.

crodisk laser and the control of the CMP step to planarize the surface after oxide
deposition. Nevertheless, we will briefly discuss the designs of these circuits. In a
first design, 8 transmitters are connected to an 8x8 wavelength router of which the
outputs are connected to 8 receivers. Each transmitter consists of an array of 8 mi-
crodisk lasers coupled to one silicon waveguide such that a multi-wavelength laser
is formed. The 8 output waveguides from the transmitters are then connected to
either an AWG or a ring network that serves as a wavelength router. The detectors
discussed in Chapter [5 serve as broadband receivers as no wavelength selective
circuit is included at the receiving side. Figure[6.13|shows 4 designs using this ap-
proach where each design uses a variation of the wavelength router. Figure[6.13]a)
shows the designs including the contact pads, while Figure[6.13(b) shows the same
circuits but without contact pads. Comparing Figure[6.13[a) and (b) it is clear that
the size of these designs is mainly determined by the contact pads. Therefore, we
can conclude that an advanced contacting scheme is required such as e.g. through
silicon vias as a flip chip approach is obviously not scalable.

In another design approach the complexity of the optical circuit is reduced and
is actually based on the multiple optical interconnects for integration with CMOS
discussed in the previous section. However, instead of a direct connection between
a microdisk laser and detector, now small wavelength routers and wavelength se-
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lective elements are included. Such a design variation is shown in Figure [6.14]
Again Figure [6.14[a) shows the schematic that includes all the metal pads, while
Figure[6.14b) only shows the optical circuit, which clearly can be reduced in size.
As can be seen from Figure [6.14(a) heaters are included to tune the wavelength
routers and wavelength selective elements. The circuit is designed in such a way
that each transceiver block can communicate with two other transceiver blocks.

The operation principle is as follows, each transceiver block has 2 lasers op-
erating at a different wavelength. The wavelength routers are tuned in such a way
that the ring is in resonance on one of the wavelengths. As a result the different
wavelengths will be routed to a different output port. At the receiving side of each
transceiver block, two rings are included that are tuned to A; and )Xo, respectively.
By including these demultiplexers and two separate detectors at the receiving side,
data from two different sources can be received simultaneously. The arrows in
Figure [6.14[b) indicate the flow for transmission from the pink transceiver to the
blue and orange transceiver.

Figure [6.15(a) shows a circuit that works on the same principle, but in this
case the rings in the wavelength routers and the wavelengths selective elements
are replaced by Mach-Zehnder interferometers.

Figure [6.15(b) uses a slightly different approach where the transmitters and
receivers are connected to a bus waveguide through ring resonators.

6.4 Conclusions

Using the microdisk laser and the detector described in Chapter[5 we here demon-
strated a compact optical link on silicon. These optical links were fabricated in the
clean room of Ghent University. The optical links were realized on two different
samples having a different gap between the active devices and the waveguide. The
sample with the 250 nm gap resulted in very low threshold currents of 0.22 mA
and a single sided slope efficiency of 29 uW/mA for the microdisk laser. While
on the sample with the 160 nm gap a threshold current of 0.45 mA and a single
sided slope efficiency of 57 uW/mA was obtained. Furthermore, it was also ob-
served that by using detectors instead of fiber couplers the LI curves were much
smoother. The small-signal bandwidth of the full optical link was measured to
be 7.6 GHz and is limited by the bandwidth of the microdisk laser. Large-signal
modulation was also performed at a rate of 10 Gb/s and the data could be resolved
at the detector.

An optical interconnect design for integration with CMOS electronics, con-
sisting of multiple direct optical links, was also demonstrated. A 2-dimensional
contact pad array was included for interfacing with the CMOS electronics through
a flip-chipping approach. In this design, fiber couplers were used on one end of
the waveguide coming from the microdisk lasers, while on the other end a detector
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Figure 6.14: Mask layout of a 2x2 Optical Network on Chip. (a) Full layout including
metal contact pads and heaters for tuning the wavelength selective elements and (b)
without metal contact pads showing the possible size reduction and also the flow of 2
different wavelength channels originating from the pink transceiver block.
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Figure 6.15: 2 variations on the 2x2 Optical Network on Chip shown in the previous
Figure, where in (a) MZIs are used as wavelength selective elements instead of rings and
in (b) the sources and detectors are connected to a bus waveguide through ring resonators.
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was used to form the optical link. Because of the presence of the fiber coupler,
again strong oscillations were observed in the LI curves.

By adding wavelength selective elements in the passive silicon layer, the op-
tical links can be extended to form Optical Networks-on-Chip. Several designs
have been made to demonstrate such networks, but these could unfortunately not
be experimentally demonstrated due to several fabrication errors. Nevertheless,
as numerous of these passive wavelength selective elements have already been
demonstrated and we here demonstrated the possibility for compact integration of
microdisk lasers and detectors on silicon, there is no fundamental issue preventing
to realize Optical Networks-on-Chip.
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Conclusions and outlook

7.1 Conclusions

With the increasing computational power and bandwidth, electrical interconnects
form a bottleneck at shorter and shorter distances. On-chip bandwidths in the
order of over 100 Tb/s are expected for 2022 and hence alternatives need to be
explored. Optical interconnects are a possible solution. Next to bandwidth, also
energy efficiency is a major issue for on-chip links and the available power budget
translates into an estimated energy efficiency of 10-30 fJ/bit.

In this work we investigated the feasibility of on-chip optical interconnects on
silicon based on a heterogeneous integration approach with III-V material. Com-
pact on-chip optical links on silicon using microdisk lasers as a source in combi-
nation with compatible detectors have been successfully demonstrated. Achieving
compact integration of sources and detectors is important when one wants to real-
ize bidirectional links. Compact integration is achieved by using a new epitaxial
structure that contains the required layers for an efficient detector on top of the thin
film required for the laser. This allows lasers and detectors to be fabricated right
next to each other.

Simulations were performed to investigate optical loss mechanisms in the mi-
crodisk lasers and optimized designs were made based on these results. Next to
this, rigorous 2.5 D axi-symmetric electro-optical simulations were performed to
get better insight in the charge carrier transport. The simulation was fitted to ex-
perimental results, increasing the reliability of the model. It was found that carriers
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injected in the center move towards the periphery through a drift and/or diffusion
current which enhances the stimulated recombination rate. However, this process
cannot sustain and as a result the output power first saturates, then carrier density
increases again such that the output power can also increase again.

Microdisk lasers with threshold currents as low as 0.22 mA have been demon-
strated and a total peak output power of 860 WV has been obtained under pulsed
drive conditions. In CW operation the laser suffers from severe self-heating result-
ing in early thermal roll-over limiting the total output power to a maximum of 300
uW ie. 150 pW single sided. A maximum small-signal bandwidth of 7.8 GHz
has been measured.

A detector structure on top of the thin film laser structure has been developed
and shows good performance compared to the standard III-V integrated detectors
on silicon. A maximum responsivity of 0.97 A/W and dark currents down to 20
nA have been demonstrated. Furthermore, a maximum small-signal bandwidth of
18 GHz was achieved. Nevertheless, further improvement of the responsivity and
bandwidth would be desirable.

An efficient fabrication process has been developed where all fabrication steps
for the microdisk laser and detector are carried out simultaneously, expect for the
detector mesa definition. Both the microdisk laser and detector were successfully
fabricated on a 200 mm waferscale in a CMOS pilot line facility at CEA-Leti.
However, several issues during processing prevented the realization of both mi-
crodisk laser and detectors on the same chip. Therefore, no optical link was ob-
tained on these samples.

Optical links on silicon were demonstrated on the samples fabricated in the
clean room of Ghent University. The bandwidth of the optical links was found to
be limited by the bandwidth of the microdisk laser. Next to single optical links also
multiple optical links on a photonics chip were designed and in such a way that
they allowed for a flip-chip integration approach with an electronic CMOS chip.
From this design it is clear that integration of a large number of interconnects will
be limited by the pad size and pitch when a flip chip approach is used. Therefore,
Electro-photonic integration schemes need to be further investigated.

Several issues with mainly the sources still exist. The self-heating of the mi-
crodisk lasers is a significant problem and has a large impact on the performance.
This is in fact a general problem for heterogeneously integrated lasers as they are
thermally isolated by the bonding layer. It has been shown that a heat spreader in
the form of a large top contact could reduce the thermal resistance by 25%, but
this is still not sufficient to prevent early thermal roll-over.

Also the energy efficiency needs to be further improved in order to meet the
requirements for on-chip optical interconnects. Mainly at the laser side further im-
provements are required. By reducing the threshold current the dissipated power
can be lowered and also the bandwidth might be enhanced by this and both help in



CONCLUSIONS AND OUTLOOK 203

decreasing the required amount of energy per bit. Therefore, future work should
focus on more efficient current injection schemes that can help to reduce the thresh-
old current.

The first iteration of multi-wavelength lasers based on cascaded microdisk
lasers showed strong coupling to higher order modes of adjacent microdisks. This
problem was further investigated by simulating the coupling between the access
waveguide mode and multiple disk modes. Based on these results the coupling
was optimized and this was experimentally confirmed with the second generation
of multi-wavelength lasers. A remaining issue here is the control of disk diameter
to get the lasing wavelengths on the desired grid. However, by using higher res-
olution lithography like electron beam or immersion lithography in case of mass
production, the diameter can be controlled more accurately.

Optical Networks-on-Chip (ONoCs) have been designed but due to processing
and design issues no measurement results could be obtained. However, numerous
passive circuits in silicon have already been demonstrated and because both the
microdisk laser and detector were successfully fabricated in a 200 mm CMOS
pilot line, there is no fundamental reason why ONoCs based on passive wavelength
selective elements in combination with the microdisk lasers and detectors should
not work.

7.2 Outlook

A proof-of-principle of an optical link on silicon has been successfully demonstra-
ted. However, additional work needs to be done...

The energy efficiency of the optical link needs to be improved by at least an
order of magnitude in order to be a feasible alternative for electrical interconnects.
Especially at the source an improvement is required. With the current devices a
uniform injection scheme is used. However, the carriers injected in the center of
the microdisk cavity are a large source for non-radiative Auger recombination. The
injection scheme therefore needs to be optimized such that carriers are confined to
the area where the light is propagating. Possible solutions are proton implant in
the center of the microdisk cavity or reducing the size of the tunnel junction by wet
etching it from the center. Another possibility would be to use optically transparent
contacts that can be placed at the periphery of the microdisk.

Reducing the diameter of the microdisk laser could also yield lower threshold
currents and hence improved energy efficiency, but this is limited by bend losses
due to the bottom contact layer and scattering losses due to sidewall roughness.
Using an optically transparent contact layer such as ITO or Graphene could allow
for compact microdisk lasers. However, the efficiency of the current injection
should be sufficiently high, as otherwise the high electrical resistance will result
in strong self heating of the microdisk laser. Also the dry etch process need to be
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optimized to reduce scattering losses.

Through Silicon Vias (TSVs) could potentially be used to make a thermal shunt
path to the silicon substrate, such that heat can be evacuated more efficiently.

At the detector side, it might be worthwhile to investigate the possibility of
preamplification by the laser stack below the detector. In the present devices, the
laser stack under the detector was not electrically contacted, but when this is done
preamplification could be achieved. This obviously, would come at the cost of
higher power consumption.

For efficient multi-wavelength lasers based on microdisks, the disk diameter
should be better controlled such that the lasing wavelengths are on the targeted
grid. This can be achieved by using e.g. ebeam lithography. In case of mass-
fabrication using CMOS technology improved performance can be expected when
amask grid of 1 nm is used instead of 5 nm. Furthermore, using immersion lithog-
raphy used in 300 mm CMOS lines, will also allow for better control of the disk
diameter.
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Process flow

B.1 Bonding

B.1.1 III-V preparation

Protection

Spincoat AZ5214E 2000 RPM, 40s

Softbake 100 C 3m

Cleaving

Cleave samples in desired size using the scriber microscope or by hand
Strip resist

Strip resist with acetone

Immediately rinse with IPA (don’t let the acetone vaporize)

blow dry with N2

Sacrificial layer removal, !Next step should follow immediately!
InP: dip in HCI watch color change.

InGaAs: dip in H2SO4:H202:H20 1:3:1 watch color change
Oxide deposition

PECVD
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B.1.2 SOI preparation

Strip resist

Strip resist with acetone

Immediately rinse with IPA (don’t let the acetone vaporize)

blow dry with N2

Cleaning

Particle lift-off standard clean 1 (SC-1) NH4OH:H202:H20 1:1:5 70 C 15m
Optional: etch back top oxide

Wet: BHF +/- 8m30s. Etch rate is +/- 122 nm/min. Duration depends on desired
thickness.

B.1.3 Bonding

Ultra thin +/- 50 nm above top oxide

Spin adhesion promoter AP3000 3000 RPM ACL 10, 40s
Spin BCB:Mesithylene 1:8 2000 RPM ACL 10, 40s
Bake 157 C 15m

Slow cool down to 80 C by turning off hotplate

Thin +/- 180 nm above waveguide

Spin adhesion promoter AP3000 3000 RPM ACL 10, 40s
Spin BCB:Mesithylene 3:2 2000 RPM ACL 10, 40s
Bake 157 C 5m

Bake 180 C 15m

Slow cool down to 80 C by turning off hotplate

Loading in CB6L

Recipe Thijs_v7_2

B.1.4 InP substrate removal

Protection

Spincoat AZ5214E 2000 RPM, 40s

Softbake 100 C 3m

Grinding

Mount sample on glass with purple wax

Grind till +/- 60-70 pm is left

Remove sample from glass with wax remover @ 120 C
Strip resist

Strip resist with acetone

Immediately rinse with IPA (don’t let the acetone vaporize)



PROCESS FLOW 215

blow dry with N2

Wet etch

HCI +/- 8m until bubbling stops.

Sacrificial layer removal ! next step should follow shortly!
InGaAs: dip in H2SO4:H202:H20 1:3:1 watch color change
InP: dip in HCI watch color change

B.2 Detector mesa

ECI 3027 litho detector mesa

Spincoat ECI 3027 4000 RPM ACL 10, 40s

Softbake 100 C 2m

Expose with MA6 50s

Post Exposure Bake 115 C Im

Develop MIF726 30s

Hardbake 115 C Im

Wet etch

H2S04:H202:H20 1:1:18 1m40s watch color change
DI water rinse 2m

B.3 Disk definition

Hardmask deposition
PECVD

MIR 701 litho hardmask ring
Spincoat TI prime

Bake 120 C 2m

Spincoat MIR 701 4000 RPM ACL 10, 40s
Softbake 100 C 1m

Expose with MA6 50s

Post Exposure Bake 110 C 1m
Develop MIF726 20s
Hardbake 130 C Im
Hardmask etch

RIE

BHF 30s

DI water rinse 2m

AZ5214E 1R litho top contact
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NO TI prime!

Spincoat AZ5214E 4000 RPM ACL 10, 40s
Softbake 100 C 3m

Expose with MAG6 12s

Reversal bake 120 C 3m

Flood exposure 52s

Develop AZ400K:H20 1:3 15s
Metal deposition
H2S04:H202:H20 1:1:50 5s
Ebeam evaporator Ti/Siox 60/40 nm
Lift-off in DMSO

Rinse with IPA and blow dry

Disk etching

1% HF dip 2-3s

H2S04:H202:H20 1:1:30 5s

ICP stop leaving around 100 nm InP

B.4 Metal contacts

AZ5214E IR litho bottom contact

NO TI prime!

Spincoat AZ5214E 2000 RPM ACL 10, 40s
Softbake 100 C 3m

Expose with MAG6 12s

Reversal bake 120 C 3m

Flood exposure 52s

Develop AZ400K:H20 1:3 15s

Metal deposition

RIE sioxetch 1 m @ 35 C
H2S04:H202:H20 1:1:30 10s Ebeam evaporator Ti/Pt/Au 25/50/100 nm
Lift-off in DMSO

Rinse with IPA and blow dry

B.5 Island

MIR 701 litho island
NO TI prime!
Spincoat MIR 701 2000 RPM ACL 10, 40s
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Softbake 100 C 1m30s
Expose with MA6 60s

Post Exposure Bake 110 C 1m
Develop MIF726 20s
Hardbake 130 C 1m

island etching

ICP etch

Strip resist

02 plasma 600W 30m

B.6 Passivation and planarization

BHF dip 10s

PECVD oxide+nitride 100nm

Spincoat AP3000 4000 RPM ACL 10, 40s
Spincoat BCB 3022-35 4000 RPM ACL 10, 40s
Cure in oven standard recipe 260 C 1h

B.7 Open contacts

AZ5214E 1R litho vias

Spincoat AZ5214E 2000 RPM ACL 10, 40s

Softbake 100 C 3m

Expose with MAG6 10s

Reversal bake 120 C 3m (higher temperature for less undercut)
Flood exposure 50s

Open vias

RIE BCB Look under microscope RIE sinx

B.8 Contact metal

AZ5214E 1R litho vias

Spincoat AZ5214E 2000 RPM ACL 10, 40s
Softbake 100 C 3m

Expose with MAG6 10s

Reversal bake 120 C 3m

Flood exposure 52s

Metal deposition
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Univex Ti/Au 40/500 nm
Lift-off in DMSO

Rinse with IPA and blow dry
Anneal 420 C 30s



Mask layouts

Here we will briefly discuss the different mask layouts used throughout this work.

C.1 Layoutsrunl1

An overview of the complete mask layout for the first run is shown in Figure [C.1]
The two areas indicated in the figure contain the microdisk lasers and detectors that
were described in Section[d.1]and [5.4.1] respectively. Figure[C.2]shows a close-up
of the mask layout of the microdisk laser and detector used in this run. For the
microdisk laser a large bottom contact area was used. The bottom contact slab
was also extended over the waveguide with a sharp angle, to avoid reflections that
could occur if an abrupt change would be used. In this run all metals are defined
in a single metalization step and therefore an opening in the bottom contact is
required to be able to route the top contact. The detector design still contained an
abrupt junction at the interface between the waveguide and the bottom contact in
this run.

C.2 Layouts run 2
This run focused on the design of Optical Networks-on-Chip. 6 different layouts

for 2x2 ONoCs were made that allow for flip-chip integration with CMOS elec-
tronics. 4 different layouts were made for 8x8 ONoCs, with higher complexity in
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Figure C.1: Overview of the mask layout for the first fabrication run.

the optical level but without the possibility for flip-chip integration with electron-
ics. An overview of this mask layout is shown in Figure Next to the ONoC
circuits, individual microdisk lasers were designed of which an example is shown
in Figure[C4] In this microdisk laser design the bottom contact layer was reduced
in size compared to the design in run 1, resulting in a significant decrease in de-
vice dimensions. Based on preliminary simulation results on microdisk-waveguide
coupling, the width of the waveguide in the coupling section was adjusted. Fur-
thermore, the simulation results on metal losses were used to optimize the size of
the contacts.

C.3 Layouts run3

This final run contained several 2x2 ONoC designs, multi-wavelength lasers based
on microdisk laser arrays, compact optical links and individual microdisk lasers.
An overview of the complete mask is shown in Figure It should be noted
that only 1 2x2 ONoC is displayed here, because the designs were interleaved to
reduce the cost of the SOI samples. During post-processing it was decided which
of the designs was processed further. A detailed overview of the mask layout of the
microdisk laser and detector is shown in Figure[C.6] In this process two separate
steps were used to define metals and therefore the top and bottom metal contacts
can overlap. For the microdisk laser this results in more uniform carrier injection.
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Figure C.2: Detailed overview of the mask layout for the microdisk laser and detector in
the first fabrication run.
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Figure C.3: Overview of the mask layout for the second fabrication run.
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Figure C.4: Detailed overview of the mask layout for the microdisk laser in the second
fabrication run.
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Figure C.5: Overview of the mask layout for the third fabrication run.

This also allows for the use of a large top contact which can act as a heat spreader.
In the detector design the bottom contact layer is now angled to avoid reflections
at the interface between the waveguide and the detector structure. Because contact
lithography was used in this process the mesa width was increased from 3.5 to 5
wm. From simulations it was found that the effect on the performance is negligible.
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Figure C.6: Detailed overview of the mask layout for the microdisk laser and detector in
the third fabrication run.
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