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Samenvatting

Geintegreerd fotonica combineert verschillende geminiaturiseerde optische
elementen op kleine chips om geavanceerde functionaliteiten en nieuwe toe-
passingen mogelijk te maken. Deze toepassingen zouden onmogelijk of eco-
nomisch onhaalbaar zijn met discrete componenten. Toepassingen varié-
ren van zenderontvangers voor glasvezel-telecommunicatie, chip gebaseerde
bio-sensing en spectroscopie tot geminiaturiseerde atoomklokken en lineaire
optische kwantumcomputers. Colloidale kwantumdots (QD’s) zijn halfge-
leiderkristallen van enkele nanometers groot. In deze kleine ‘dots’ treedt
kwantumopsluiting van de elektronen op, waardoor ze een emissie- en ab-
sorptiespectrum krijgen dat bepaald wordt door hun grootte. Een kostenef-
fectieve productie van deze QDs is mogelijk dankzij natte-chemie synthese
van verschillende halfgeleidermaterialen. Op deze wijze kunnen colloidale
QDs verkregen worden met absorptie- en emissie-energieén doorheen het
zichtbare en infrarode spectrum. Deze QD’s zijn een aantrekkelijke lichtbron
voor fotonische toepassingen bij zichtbare golflengtes, dankzij hun smalle
emissielijnbreedtes en luminescentie-kwantumopbrengsten die 100% bena-
deren. Bovendien maken hybride integratiemethodes zoals spin-coaten en
inkjetprinten een schaalbare productie mogelijk van QD-gebaseerde appa-
raten. Hoewel onderzoeksgroepen talrijke concepten op basis van colloidale
QD’s hebben aangetoond, is het commerciéle succes tot nu toe grotendeels
beperkt gebleven tot de beeldschermindustrie.

In dit proefschrift onderzoeken we nieuwe concepten in de combinatie
van colloidale halfgeleider QD’s met passieve geintegreerde fotonische scha-
kelingen. Deze combinatie maakt zowel conventionele opto-elektronische ap-
paraten mogelijk, alsook nieuwe concepten voor single-foton bronnen. Deze
laatste zijn van cruciaal belang in kwantumfotonische toepassingen.

Licht-emiterende diode gebaseerd op nanogestructureerde
kwantumdots

Single-foton bronnen zijn onmisbare bouwstenen voor veel opkomende kwantum-
optische technologieén. Lange tijd waren de meest gebruikte monofotoni-
sche bronnen gebaseerd op spontane parametrische down-conversie. Door
gebruik te maken van een aankondigingsproces (heralding) biedt deze tech-
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niek pure en niet te onderscheiden enkelvoudige fotonen. Deze enkelvou-
dige fotononen worden echter op willekeurige tijdstippen uitgezonden. De
overgang van deze probabilistische single-foton-emissie naar een determinis-
tische emissie is lange tijd een aanzienlijke uitdaging geweest. Slechts zeer
recent is de fabricage van epitaxiale kwantumdots dusdanig verbetert dat
hun toepassingen in verschillende kwantumfotonische technologieén moge-
lijk is geworden. Vanwege hun relatief ondiepe kwantumopsluitingspoten-
tiaal moeten deze QD-bronnen echter bij cryogene temperaturen worden
gebruikt. Voor praktische toepassingen zou het nuttig zijn om alternatieve
single-foton bronnen te ontwikkelen die zowel deterministisch zijn én bij
hogere temperaturen kunnen worden gebruikt.

Door hun grotere opsluitingspotentiaal zijn colloidale QD’s beloftevol als
efficiente single-foton bronnen op kamertemperatuur. Het eerste deel van
dit proefschrift handelt over een nanogestructureerde, QD-gebaseerde licht-
emitterende diode (QD-LED). Met deze QD-LEDS trachten we single-foton
emissie te verkrijgen via gelijkstromige elektrische excitatie, in plaats van de
gebruikelijke optische aandrijving. We demonstreren de emissie van enkele
CdSe/CdS core-shell QD’s, gepositioneerd in een rechthoekige rooster. Het
signaal van deze QDs was evenwel te zwak om zogenaamde anti-bunching op
te meten, een kenmerkende eigenschap in de tijdsspanne tussen opeenvol-
gende single-foton emissies. Uit verder onderzoek blijkt de vorming van ne-
gatieve trionen verantwoordelijk voor deze verminderde kwantumopbrengst
op vlak van luminescentie. Voor deze trionen - aangeslagen toestanden met
een overtollige ladingsdrager - is niet-radiatieve Auger recombinatie het pri-
maire ontbindingsmechanisme. We bespreken in het eerste hoofdstuk verder
de verschillende noodzakelijke wijzigingen aan het apparaat die tot een hel-
dere elektroluminescentie zouden kunnen leiden. In de literatuur is aange-
toond dat het vervlakken van de opsluitingspotentiaal in de kern van QD’s
door middel van een gelegeerd omhulsel de niet-radiatieve Auger recombina-
tie aanzienlijk vertraagd kan worden. Dit kan de interne kwantumopbrengst
van QD-LED’s te verhogen. Het verminderen van de Auger rate vermindert
echter ook de zuiverheid van de single-foton emissie van QDs. Dit treedt in
het bijzonder op bij gebruik van een hoger excitatievermogen. Technieken
gericht op het behoud van een neutrale ladingstoestand van de emitters zijn
daarom geschikter. Het introduceren van een nanometer-dunne isolatielaag
tussen de QD’s en de elektroneninjectielaag kan de injectie van positieve
en negatieve ladingen in de QD’s balanceren. Deze zogenaamde tunnel-
barriére vertraagt de efficiénte elektroneninjectie tot een niveau dat door
de elektronengat-injectielagen kan worden geévenaard. Een andere moge-
lijkheid om ladingsinjectie in evenwicht te houden, is het introduceren van
verschillende QD-schillen. Deze schillen veranderen het geleidingsvermo-
gen en de banduitlijning van de verschillende lagen. Voor onze apparaten
vonden we dat CdSe/CdS/ZnS QD’s met een dikkere ZnS-shell efficiénte
single-foton bronnen kunnen zijn onder elektrische excitatie.

Terwijl de single-fotonemissie onder gelijkstroming elektrisch aandrij-
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ven werd aangetoond door een concurrerende onderzoeksgroep, onderzoch-
ten wij apparaten met een gemanipuleerde uitstraalrichting als alterna-
tieve toepassing van de ontwikkelde technieken. De verworven expertise
in het nanostructureren van de quantum dots stelde ons bovendien in staat
om golfgeleider-gekoppelde elementen te ontwikkelen. Deze worden in het
tweede deel van dit proefschrift behandeld.

Golfgeleider-gekoppelde QD-LED’s en detectoren

De tweede onderzoeksvraag richt zich op het elektrisch aanslaan van col-
loidale QD’s. Dit is reeds geruime tijd een struikelblok binnen de onder-
zoeksgemeenschap. In deze thesis presenteren we een nieuw concept dat
enkele belangrijke problemen van eerder gepubliceerde implementaties uit
de weg ruimt. De recente demonstratie van optische winst uit colloidale
QD’s met behulp van een gelijkstromige elektrische bias maakt duidelijk
dat deze QD’s in prinicpe geschikt zijn voor het bouwen van lasers. De
huidig beschikbare QD-LED lagen zijn echter ontwikkeld voor toekomsitige
beeldschermapplicaties. Het is zeer moeilijk gebleken om in deze lagen een
optische caviteit te ontwikkelen met voldoende laag verlies. Eerdere pogin-
gen trachtten indexgeleiding van de optische mode in het actieve materiaal
te bereiken, in combinatie met een periodisch gestructureerde ladingstrans-
portlaag voor een verdeelde terugkoppeling van deze mode. Deze benade-
ring lijdt echter onder een fundamentele beperking van efficiénte hybride
anorganische/organische QD-LED concepten. Door het gebruik van de or-
ganische elektrongat-transportmaterialen is de bereikbare stroomdichtheid
beperkt tot ongeveer 1 A /cm? in vlakke lagen. Een hoger stroomverbruik is
noodzakelijk om optische winst van een elektrische bias waar te nemen, met
gerapporteerde maxima tot 20 A/cm?. Terwijl een dunne QD-laag vereist
is om zulke stroomdichtheden te bereiken, is een dikke QD-laag nodig om
de optische mode te kunnen geleiden. Bijgevolg lijden implementaties die
gebruik maken van indexopsluiting in dunne QD lagen aan hoge passieve
optische verliezen. Deze verhinderen de lasing operatie in sterke mate.

Als alternatief hebben we een nieuw ontwerp ontwikkeld met een QD-
LED-structuur in het evanescente veld van de geleide optische modus. Dit
vermindert aanzienlijk de passieve optische verliezen ten gevolge van dunne
QD-lagen, en maakt bovendien verschillende implementaties voor optische
terugkoppeling mogelijk. Dankzij deze nieuwe apparaatarchitectuur heb-
ben we een recordstroomdichtheid van 100 A /cm? aangetoond. Deze hoge
stroomdichtheid maakt gestimuleerde emissie mogelijk, en dus uiteindelijk
lasing operatie. De golfgeleider-gekoppelde QD-LED’s zijn evenwel nog be-
perkt door enkele zijeffecten die optische transparantie belemmeren. Toch
zijn we sterk overtuigd dat onze aanpak een belangrijke uitdaging oplost in
het bouwen van een elektrisch aangedreen laser met behulp van colloidale
QD’s. We rapporteren verder een maximaal on-chip vermogen van bijna
2 nW voor de QD-LED gekoppeld in een single-mode golfgeleider. Boven-
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dien tonen we foton-detectie aan via dezelfde implementatie, met een lage
donkere stroom van 1.576 A /cm? bij een omgekeerde bias van 7 V.

Op voorwaarde dat verder onderzoek leidt tot een sprong in de presta-
ties, verwachten we dat deze apparaten toepassingen zullen vinden in chip-
gebaseerde absorptiespectroscopie en bio-sensing. Cruciaal voordeel hierbij
is dat deze chips op grote schaal en aan lage kost kunnen gemaakt wor-
den in bestaande halfgeleiderfabrieken. We hebben dan ook een Europese
octrooiaanvraag ingediend ter valorisatie van deze colloidale nanokristal-
technologieén voor geintegreerde fotonica-toepassingen.

iN waveguide

7I\]ETiN nanowire .

7

SiN waveguide

Figuur 1: (a) Golfgeleider-gekoppelde QD-LED’s en detectoren. (b) Colloi-
dale PbS/CdS QD’s geplaatst in de antennespleet. (c¢) Golfgeleider-gekoppelde
supergeleidende-nanodraad dectector.

Integratie met supergeleidende detectoren

Het derde deel van dit proefschrift handelt over de ontwikkeling van een
nieuw integratieplatform. Dit bestaat uit de combinatie van colloidale
QD single-foton stralers met een plasmonische antenne, supergeleidende-
nanodraad single-foton dectectoren (SNSPD’s) én hoogwaardige siliciumni-
tride passieve fotonische componenten op één enkele chip.

De ongeévenaarde prestaties van SNSPD’s op het gebied van systeem-
detectie-efficiéntie, donkerstroom en tijdsresolutie maken ze onmisbaar voor
vele kwantumoptica-experimenten. FEr is vooruitgang geboekt bij de inte-
gratie van epitaxiale QD’s met SNSPD’s op dezelfde chip, maar het vrij
grote optische verlies in de golfgeleiders is een belangrijk obstakel voor de
ontwikkeling van complexere optische circuits. Daarom is hybride integratie
met geschikte single-foton stralers en laag-verlies golfgeleiders noodzakelijk
om te voldoen aan de strenge eisen van kwantumoptische protocollen. Fen
korte stralingslevensduur van QD emitters is noodzakelijk voor een hoge
single-foton emissiesnelheid. Hiertoe maken we gebruik van zogenaamde
Purcell enhancement, waarbij deze emitters op een plaats met hoge lokale
toestandsdichtheid (LDOS) gezet worden. Deze verhoogde LDOS treedt
bijvoorbeeld op in diélektrische holtes of nabij plasmonische antennes en
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vermindert de stralingslevensduur zonder enige wijziging aan te brengen
aan de emitter zelf.

Het is welgekend dat de Purcell enhancement zeer sterk is in de nanometer-
grootte spleet tussen een plasmonische vlinderantenne. We gebruiken deze
structuur om de microseconde-lange stralingslevensduur van IR-stralende
colloidale PbS/CdS QD’s te verbeteren, vervolgens de foton-emissie recht-
streeks te koppelen aan siliciumnitride golfgeleiders en ten slotte het tijds-
verval van de fotoluminescentie te meten met SNSPD’s die zich op dezelfde
chip bevinden. Dankzij deze meting op één chip hebben we een maximale
stralingstoestandsdichtheid (LRDOS) van 200£50 gedemonstreerd voor QD’s
die specifiek in de antennespleet zijn geplaatst. Bovendien zijn we er in ge-
slaagd om het spectrum van het tijdsverval van de fotoluminiscentie afkom-
stig van de PbS/CdS quantum dots uit te meten bij cryogene temperaturen.
Hiertoe maakten we gebruik van planaire concave rooster-spectrometer, die
eveneens geintegreerd zit in de siliciumnitride chip.

In toekomst zullen echter betere emitters dan deze colloidale PbS/CdS
QDs nodig zijn. Een hogere kwantumefficiéntie op vlak van fotolumines-
centie is nodig om met individuele single-foton bronnen te kunnen werken.
Gelukkig is het hier ontwikkelde on-chip platform eenvoudig aan ta passen
naar nieuw ontwikkelde kwantumstralers.

Toekomstige onderzoeksperspectieven

Perovskiet nanokristallen bieden een alternatieve oplossing voor integreer-
bare single-foton stralers. Recent is men erin geslaagd om via foton-correlatie
Fourier spectroscopie een defaseringstijd op te meten die gelijkaardig is aan
de radiatieve levensduur van deze kristallen. Dit maakt coherente single-
fotonstraling mogelijk. De meeste kwantum-optische protocollen vereisen
namelijk niet-onderscheidbare enkelvoudige fotonen, en dit is momenteel
niet haalbaar met colloidale QD emitters.

Toekomstig onderzoek gebaseerd op de ontwikkelingen in dit proefschrift
kan leiden tot een chip-gebaseerd platform dat de nano-gestructureerde
LEDs combineert met de Purcell enhancement van plasmonische antennes
bovenop siliciumnitride golfgeleiders. Op deze manier kan de elektrolume-
niscentie van perovskiet nanokristallen gekoppeld worden aan siliciumni-
tride golfgeleiders met een laag verlies. De enkelvoudige fotonen kunnen
dan gemanipuleerd en gedetecteerd worden op dezelfde chip. Elektrische
excitatie van deze fotonen biedt bovendien het grote voordeel dat er geen
aandrijflaser aanwezig is. De fotonen van deze laatste moeten dus ook niet
onderdrukt moeten worden, verdwaalde fotonen vormen namelijk een groot
struikelblok voor chip-gebaseerde kwantumoptica.

Belangrijke uitdaging om grotere circuits voor lineaire optische kwan-
tumcomputers mogelijk te maken blijft dan nog de onderlinge coherentie
tussen verschillende single-foton bronnen. In tegenstelling hiermee lijkt het
demonstreren van elektrisch aangedreven lasing uit colloidale QD’s binnen
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handbereik te liggen.

Naast het oplossen van de resterende problemen in de huidige ontwerpen,
kan toekomstig onderzoek zich richten op het aanpassen van de ladingstoe-
stand van de QD’s om lasing te bereiken. Het is eerder aangetoond dat
bij negatief geladen QD’s de laserdrempel aanzienlijk kan worden verlaagd.
Transiénte absorptiespectroscopie kan dan wel gebruikt worden om de op-
tische winst van nanokristallen in oplossing te meten, de exacte landings-
toestand en injectiemechanismes van QD emitters gekoppeld aan een vaste
stof golfgeleider blijft ongekend terrein. Fotoluminescente levensduurspec-
troscopie bij tot voorkort ongekende stroomdichtheden kan een waardevol
hulpmiddel bieden om de QD-lading te op te meten en een geschikt wer-
kingsregime voor een elektrisch aangedreven colloidale QD-laser te vinden.



Summary

Integrated photonics research is aimed at combining miniaturized optical
elements on small chips, to achieve advanced functionality or applications,
which would not be possible, or economically unfeasible with discrete com-
ponents. Applications range from transceivers for fiber-optic telecommu-
nication, chip-based bio-sensing and spectroscopy to miniaturized atomic
clocks and linear optical quantum computing. Colloidal quantum dots
(QDs) are nanometer-sized semiconductor crystals with a characteristic size-
dependent emission and absorption spectrum, which originates from the
quantum confinement effect. Scalable wet-chemical synthesis allows for a
cost-effective production and based on different semiconductor materials,
colloidal QDs can span a wide range of absorption and emission energies in
the visible and infrared. Especially for visible photonics, these QDs have
become an attractive light source, with narrow emission linewidths and
luminescence quantum yields approaching 100%. Straight-forward hybrid
integration methods such as spin-coating or ink-jet printing enable scalable
device fabrication. Yet, while research groups have demonstrated numer-
ous device concepts based on colloidal QDs, commercial success has so far
largely been limited to the display industry.

In this thesis we explore a new approach, combining colloidal semi-
conductor QDs with passive integrated photonic circuits, to demonstrate
both conventional optoelectronic devices and also concepts for single-photon
emitters, necessary for quantum photonic applications.

Nano-patterned QD light emitting diodes

Single-photon sources are indispensable building blocks for many emerg-
ing quantum-optical technologies. For a long time, the most commonly
used single-photon sources were based on spontaneous parameteric down-
conversion. By utilizing a heralding process, this technique offers pure and
indistinguishable single photons, however at random points in time. Mov-
ing from probabilistic single-photon emission to more practical deterministic
emitters, has been a considerable challenge. Only recently, epitaxial quan-
tum dots have reached a sufficient maturity level, enabling applications in
several quantum photonic technologies. However, due to the their relatively
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shallow confinement potential, these QD sources have to be operated at
cryogenic temperatures. For practical applications it would be beneficial,
to develop alternative single-photon sources which are deterministic, but
can also be operated without an expensive cryostat.

Owing to a larger confinement potential, colloidal QDs can be efficient
room-temperature single-photon emitters. In the first part of this thesis we
report on a nano-patterned QD light emitting diode (QD-LED), with the
aim of achieving single-photon emission from dc electrical pumping, instead
of commonly used optical excitation. We demonstrate emission from few
CdSe/CdS core-shell QDs, patterned in a rectangular array. But due to
a weak signal it was not possible to measure anti-bunching, characteristic
of single-photon emission. Investigating the device physics, we identified
the formation of negative trions as the reason for the reduced luminescence
quantum yield. For these excited states with an excess charge carrier, non-
radiative Auger recombination is the primary decay mechanism. We then
discuss several modifications to the device, that could be implemented to
mitigate the issue and retain bright electroluminescence.

In literature, it has been shown that smoothing the confinement poten-
tial in core-shell QDs by means of an alloyed shell can significantly slow
down non-radiative Auger recombination. This can be used to increase the
internal quantum yield of QD-LEDs. However, reducing the Auger rate
also reduces the purity of the single-photon emission from QDs, when us-
ing higher excitation powers. Therefore, alternative techniques, aimed at
preserving the neutral charge state of the emitters are more suitable. One
possibility to balance the injection of positive and negative charges into the
QDs, is to introduce a nanometer-thin insulating layer between the QDs
and the electron-injection layer. This tunneling barrier slows down the effi-
cient electron injection, to a level which can be matched by the hole injec-
tion layers. Alternatively, modifying the conductivity and band alignment
of the layers and introducing different QD shells can help to balance the
charge-injection. For our devices we found that CdSe/CdS/ZnS QDs with
a thicker ZnS shell could be efficient single-photon emitters under electrical
excitation.

While single-photon emission from dc electrical pumping was demon-
strated by a competing research group, we also explored devices with engi-
neered emission directionality as an alternative applications of the developed
techniques. In addition, lessons learned from the nano-patterning process
benefited the development of waveguide-coupled devices presented in the
second part of this thesis.

Waveguide-coupled QD-LEDs and detectors

As a second research objective, we targeted electrically pumped lasing from
colloidal QDs, which has long been sought after by the research community.
While further improvements are needed to reach this goal, we present a
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new device concept, which solves several issues of previous implementations
found in literature.

The recent demonstration of optical gain from colloidal QDs using a
dc electrical bias, has shown the feasibility of building a laser. Yet, it has
proven difficult to engineer a low-loss optical cavity around established QD-
LED stacks, developed for next-generation display applications. Previous
attempts have used index confinement in the active material, combined with
a patterned charge transport layer providing distributed feedback. How-
ever, this approach suffers from a fundamental limitation of efficient hybrid
inorganic/organic QD-LED concepts. Due to the use of organic hole trans-
port materials, the attainable current density is limited to approximately
1 A/cm? in planar devices. Moderate current focusing is necessary to ob-
serve optical gain from an electrical bias, with a previously reported maxi-
mum of 20 A/cm?. While it is possible to invert only thin QD layers with
the available current density, a thick QD film is needed to support a con-
fined optical mode. Consequently, devices employing index confinement in
thin QD layers suffer from increasing passive optical losses, which strongly
compromise lasing operation.

As an alternative, we developed a novel design with a QD-LED structure
in the evanescent field of a guided optical mode, allowing to significantly re-
duce passive optical losses for thin QD layers and enabling multiple means of
optical feedback. Importantly, thanks to the inherent current focusing archi-
tecture of the devices, we achieved a record current density of 100 A /cm?,
putting stimulated emission within reach. While the waveguide-coupled
QD-LEDs are currently still limited by adverse effects hampering the ob-
servation of optical transparency, we believe that our approach solves a key
challenge in building an electrically pumped laser using colloidal QDs.

We further report a maximum on-chip power of almost 2 nW in a single-
mode waveguide for the QD-LED and also demonstrate photo-detection
with the same devices, with a low dark current of 1.5 x 1076 A /cm?, at
a reverse bias of 7 V. Provided that further improvements are going to
lead to a leap in performance, we anticipate that these devices will find
applications in chip-based absorption spectroscopy and bio-sensing, as they
can be post-processed on foundry-fabricated waveguide platforms, at a low
cost. Consequently, a European patent application was filed to facilitate the
valorization of colloidal nanocrystal technologies for integrated photonics
applications.

Integration with superconducting detectors

In the third part of this thesis we developed an integration platform to
combine colloidal nanocrystal single-photon emitters with plasmonic an-
tennas, state-of-the-art superconducting nanowire single-photon detectors
(SNSPDs) and high-performance silicon nitride passive photonic compo-
nents on a single chip.
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Figure 1: (a) Sketch of a waveguide-coupled QD-LED. (b) SEM image of colloidal
PbS/CdS QDs placed in the gap of a plasmonic bowtie antenna. (¢) SEM image
of a waveguide-coupled superconducting nanowire detector.

The unrivaled performance of SNSPDs in terms of system detection ef-
ficiency, dark count rate and temporal resolution makes them indispensable
for many quantum optics experiments. Progress has been made in inte-
grating epitaxial QDs with SNSPDs on the same chip, but the rather large
waveguide loss is a main hindrance to the development of more complex
photonic circuits. Therefore, hybrid integration approaches with suitable
single-photon emitters and low-loss waveguides are necessary to fulfill the
stringent requirements of quantum optics protocols. A short radiative life-
time of QD emitters is further crucial for a high single-photon emission rate
and Purcell enhancement of emitters placed in dielectric cavities or in the
high local density of states (LDOS) field of plasmonic antennas is a com-
mon way to reduce the radiative lifetime, without the need for engineering
the emitter itself. In this work we used the widely studied plasmonic gap
antenna in a bowtie shape to improve the microsecond radiative lifetime of
IR-emitting colloidal PbS/CdS QDs, coupling the emission directly to sil-
icon nitride waveguides and measuring the photoluminescence decay trace
with SNSPDs located on the same chip. With this chip-based measurement
we demonstrated a maximum radiative local density of states (LRDOS) en-
hancement of 200450 for QDs deterministically placed in the antenna gap.
In addition, using a silicon nitride planar concave grating spectrometer, we
performed on-chip lifetime spectroscopy of the PbS/CdS QDs at cryogenic
temperatures.

However, more suitable emitters than the colloidal PbS/CdS QDs in the
present implementation, crucially with a higher PL quantum yield would
be needed to work with individual single-photon emitters. Importantly, the
developed chip-based platform is flexible to changes and newly developed
emitters can be readily integrated.
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Future research perspectives

Alternative solution-processable single-photon emitters could be perovskite
nanocrystals. Recently, photon-correlation Fourier spectroscopy has been
used to reveal dephasing times on the order of the radiative lifetime for
these particles, which enables coherent single-photon emission. The indis-
tinguishability of the emitted single photons is required for many quantum
optic protocols, but currently still out of reach for other colloidal QD emit-
ters.

As future research, based on the developments presented in this thesis,
one could imagine a chip-based platform that combines the nano-patterned
LED devices with the Purcell enhancement from plasmonic antennas on
top of silicon nitride waveguides. This way, the electroluminescence from
perovskite nanocrystals could be coupled to low-loss silicon nitride compo-
nents, manipulated and detected on the same chip. Electrical excitation
has the advantage that it eliminates the need for an effective suppression
of the pump laser, which otherwise is a major hurdle for quantum optics
on a single chip. Still, to create the envisioned large-scale circuits for linear
optical quantum computing, another major challenge is to establish mutual
coherence between many individual single-photon sources.

In contrast to that, the goal of demonstrating electrically pumped lasing
from colloidal QDs seems within reach. Next to solving remaining issues in
the current devices, future research could be aimed at deliberately modifying
the charge state of the QDs to achieve lasing. It has been shown in literature
that in negatively charged QDs the lasing threshold can be significantly
reduced. While solution based transient absorption spectroscopy can be
used to identity suitable nanocrystal gain materials, the exact charge state
and injection mechanism of the emitters in our waveguide-coupled QD-LEDs
remains unexplored. Photoluminescense lifetime spectroscopy at previously
unavailable current densities could be a valuable tool to discern the QD
charging and identify a suitable operation regime for an electrically pumped
colloidal QD laser.






Chapter 1

Introduction

This dissertation explores new integration concepts, combining colloidal semi-
conductor QQDs with passive photonic circuits, demonstrating both conven-

tional optoelectronic devices and also concepts for single-photon emitters,

necessary for quantum photonic applications. This introductory chapter pro-

vides a brief overview of integrated photonics research and the photophysics
of semiconductor QDs.

1.1 Integrated photonics

In analogy to the omnipresent electronic integrated circuits (ICs), which
have revolutionized many aspects of modern society, integrated photonics is
aimed at combining miniaturized optical elements on small chips to achieve
advanced functionality or applications, which would not be possible with
discrete components. [1]

To date, research and commercialization opportunities for integrated
photonics are vast, spanning a broad range of topics from chip-based spec-
troscopy |2| to miniature atomic clocks. [3] The biggest success however has
been the use of integrated photonics for fiber-based optical telecommuni-
cation with millions of deployed units. |4} |5] Similar to the use of different
process technologies for diverse applications of electronic ICs, a variety of
integrated photonics platforms have been established, each which distinct
advantages and drawbacks. [6] Native III-V platforms allow for a facile in-
tegration of lasers and waveguides, while silicon and silicon nitride plat-
forms benefit from mature fabrication technologies previously developed for
electronic ICs, but rely on the heterogeneous integration of suitable light
sources. Due to its broad transparency range and low waveguide loss, |7]
silicon nitride has recently received a renewed interest for applications both
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in the visible and infrared. Other emerging platforms include lithium nio-
bate on insulator, which features low waveguide losses and fast pure phase
modulators. [§]

Depending on the application requirements, different advantages of in-
tegrated photonic circuits can make the difference. For bio-sensing and
spectroscopy using disposable chips and cost effective mass manufacturing
is of the essence. |2]| Specialised quantum photonic applications on the other
hand especially benefit from the inherent phase stability and miniaturization
of components. Large-scale experiments become possible on a small chip,
which would otherwise fill a room, when implemented with discrete compo-
nents. [9] Commonly though, heterogeneous integration becomes necessary,
when components from different photonic platforms are required. For ex-
ample, quantum photonic applications may need a 2-level system emitting
non-classical states of light and low-loss passive components, but also a
suitable pump laser to drive the system. Single-use bio-sensors based on
spectroscopy at visible wavelengths could benefit from cost-effective post-
processing of light sources and detectors on silicon nitride photonic wave-
guides. [2]

In the past, the majority of research has been focused on the heteroge-
neous integration of established epitaxial III-V materials. |10} 11| This is an
obvious choice for many wavelength ranges, since there are efficient diode
lasers available for infrared wavelengths based on InP [12] and GaAs, [13] as
well as in the visible based on GaN [14} [15] and AlGaInP. [16] However, as
can be seen from Figure summarizing the available light sources from
a major commercial supplier, [17] for a range of wavelengths in the visible,
efficient diode lasers (DL) are not available and second harmonic generation
(SHG) is the only option. Hence, there is a need for a novel gain material,
which can close this gap.

Colloidal semiconductor nanocrystals also known as colloidal quantum
dots (QDs) are a possible alternative to conventional epitaxial III-V mate-
rials. These nanometer-sized crystals have a characterisitic size-dependent
emission and absorption spectrum, which originates from the quantum con-
finement effect. Scalable wet-chemical synthesis allows for a cost-effective
production [18, [19] and based on different semiconductor materials, col-
loidal QDs can span a wide range of absorption and emission energies in
the visible and IR, as shown in Figure Colloidal QDs are especially ef-
ficient emitters for visible wavelength ranges, and photoluminescence (PL)
quantum yields approaching 100% have been achieved for different mate-
rial systems. [20} 21] The combination of a narrow emission spectrum and
the high PL quantum yield has enabled the use of colloidal QDs as effi-
cient color converters in displays, [25] which is currently the biggest market.
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Figure 1.1: Available wavelengths of different laser solutions from Toptica Pho-
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Figure 1.2: Size-dependent band-edge absorption energies of different colloidal
semiconductor QDs. Data for CdS, PbS, PbSe nanocrystals was taken from refer-
ence [22], the sizing curve for CdSe cores was reported in [23], data for InAs QDs
is from reference [24].

While electroluminescence from QD light emitting diodes has been an ac-
tive area of research for a quite a while, these devices have not reached
the maturity for a commercial application yet. Apart from applications in
the display industry, colloidal QDs have also been successfully employed for
many other purposes. The improved photostability of QDs compared to
traditional organic flourophores has aided fluorescence microscopy and
the tuneable absorption spectrum has enabled efficient photo-detectors
and other spectroscopic applications. |29
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There have also been significant developments with respect to lasing
from colloidal QDs, which are of particular interest for integrated photon-
ics. Starting from early demonstrations of lasing using femtosecond optical
pumping |30, [31] an improved understanding understanding of the synthesis
and QD physics has lead to the demonstration of nanosecond [32], microsec-
ond |33| and continuous wave lasing. 34} [35] Recently, also optical gain from
direct current electrical pumping has been shown. [36] Yet, until now an elec-
trically pumped laser using colloidal QDs is still missing. While for many of
the optically pumped devices an application for integrated photonics is not
straightforward, the demonstration of a disc laser with the emission coupled
to a silicon nitride waveguides [37] has been a major achievement.

1.2 Fundamentals of colloidal QDs

An in-depth understanding of the QD synthesis and photo-physics has
proven essential to reach the performance required for many advanced ap-
plications. This brief overview is aimed at providing a basis for the research
presented in Chapter Q4] but is in no way meant to be complete. A more
extensive review can be for instance found in references |38 [39].

Since the first observation of a blue-shift of the absorption spectrum of
CuCl nanocrystals in a glass matrix [40] and the subsequent development of
a theoretical model, [41] the research field has progressed tremendously. The
introduction of synthesis techniques based on the pyrolysis of organometal-
lic precursors by injection into a hot coordinating solvent, allowed for a
controlled nucleation and growth of nanocrystals, resulting in narrow size
distribution of the QDs. [42] Organic ligands covering the surface of the
nanocrystal are used to control the reaction and prevent agglomeration,
when the QDs are dispersed in a solvent. In addition, the ligands passi-
vate trap states at the surface and help to suppress the commonly observed
photoluminescence blinking. [43] The development of shelling procedures,
where the semiconductor nanocrystal core is embedded in a shell material
with a wider bandgap, reduced the influence of the nanocrystal surface on
the photophysical properties of colloidal QDs. |44} 45] As a result, photo-
luminescence quantum yields approaching 100% and virtually blinking-free
emission can be achieved, |20} 21| which is a key requirement for many
applications of colloidal QD emitters.

In a first approximation, the QD band-edge absorption energy E differs
from the bulk bandgap E y.ix by the quantum confinement of both electrons
and holes as well as the Coulomb interaction [46]
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where 7 is the radius of the semiconductor nanocrystal, m} and mj are the
electron and hole effective mass, e is the elementary charge £ is the reduced
Plack constant and e is the dielectric constant of the semiconductor material.

In practice, already to explain the absorption and emission spectrum
of the colloidal CdSe/CdS QDs in Figure , this model needs to be ex-
tended. Clearly, there is a pronounced red-shift of the photoluminescence
peak compared to the lowest energy absorption feature of about 50 meV,
which is commonly referred to as Stokes shift. While the data in Fig-
ure was acquired using non-resonant excitation at 400 nm and also
suffers from inhomogeneous broadening of the spectra due to the QD size
distribution, this effect persists for resonant excitation in fluorescence line
narrowing (FLN) experiments. In addition, for colloidal nanocrystals, the
excited state lifetime increases significantly at cryogenic temperatures. [47]
These observations can be explained by the existence of an optically passive
“dark” exciton state, for which the direct optical excitation or emission is
spin-forbidden. [48, |49] In fact, in most semiconductor systems the ground

a b
“bright’
F =1
_ 15 15 2 cdark’
H : NAz2 §ae
> 1 1. T
2 2
g g
Z 05 0.5 §
T Y
0. 0.

Ground state

Energy (eV)

Figure 1.3: (a) Solution absorption and photoluminescence (PL) emission of the
CdSe/CdS QD sample used for the experiments described in Chapter (b)
Bright-dark excition model introduced to explain the Stokes shift under resonant
excitation and long excited state lifetimes at cryogenic temperatures [47]

state is a “dark” exciton, [49] however usually the bright-dark splitting is
smaller than the thermal energy, even at liquid helium temperatures, lead-
ing to an equal population of the states. The strong spatial confinement in
colloidal QDs increases the splitting energy AFE, which can be theoretically
explained in the framework of a multiband effective mass theory. [50] In
this framework, for spherically symmetric crystals, the first quantum size
level of electrons is a doubly degenerate 1.5, state and the first quantum size
level of the holes is a 153/, state, which is fourfold degenerate with respect



1-6 INTRODUCTION

to the projection of its total angular momentum. This results in a 8-fold
degenerate 153,515, exciton ground state for spherical nanocrystals with a
symmetric crystal structure. The electron-hole exchange interaction splits
this 8-fold degenerate state in an upper optically active exciton state (total
angular momentum F' = 1) with 3-fold degeneracy and a lower optically
passive state (total angular momentum F = 2) with 5-fold degeneracy. In
addition, for deviations from a spherical symmetry, due a crystal structure
without spherical symmetry, or a non-spherical shape of the QD, a further
splitting occurs. For CdSe-based QDs this results in a 2-fold degenerate
optically passive “dark” exciton state with a total angular momentum pro-
jection F, = +2 and an optically active “bright” state with F, = +1 split
by AE as visualized in Figure [I.3p. Conservation of the angular momen-
tum projection for the transition to ground state accounts for the F, = +2
states to be optically passive in the dipole approximation, because emit-
ted or absorbed photons cannot have an angular momentum projection of
+2. However, the “dark” exciton can still recombine via a phonon assisted,
momentum-conserving transition, albeit with a significantly longer associ-
ated lifetime. [47H49]

The radiative lifetime of an excited state, or the equivalent spontaneous
emission rate 7,.q,q can be derived from “Fermi’s golden rule” |51} [52]
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where e is the elementary charge, n is the refractive index, ¢g is the vac-
uum permitivity, mg is the electron rest mass, c is the speed of light, Fj,.
is the local field correction factor, © is the overlap integral between elec-
tron and hole wave functions, E is the transition energy and |(153/2|p[15¢)|
is the Kane interband matrix element. A transition between two states is
also commonly characterized by the associated oscillator strength f. Gen-
erally, upon non-resonant excitation of a higher energy state, rapid phonon-
assisted cooling brings the conduction band electron down to the lowest
energy excited states, resulting in a thermal population of the band-edge
exciton states. While for a neutral exciton only radiative recombination to
the ground state is possible, which enables PL quantum yields approach-
ing 100%, for other excited states sketched in Figure also non-radiative
Auger recombination pathways exist. [53], |54]

These excited states and their respective radiative and non-radiative re-
combination pathways are especially important when considering stimulated
emission from colloidal QDs. Due to the 2-fold degeneracy of the band-edge
exciton in CdSe-based QDs an excitation level of (N) > 1 is necessary for
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stimulated emission to overcome absorption. Hence, a fraction of QDs needs
to have two excitations, which is commonly referred to as bi-exciton gain.
The bi-exciton can also decay non-radiatively though, via Auger processes
in which a remaining charge carrier takes up the energy instead of a photon.
Similar to the case of non-resonant excitation, rapid cooling subsequently
brings the QD back to its band-edge exciton state. Since the efficiency of
Auger processes scales with the cube of the charge carrier density, the ef-
fect is significantly enhanced in colloidal nanocrystals, compared to their
bulk semiconductor counterparts, leading to fast non-radiative decay of the
bi-exciton state. It has been shown that while the Auger rate generally
scales with the inverse volume of a QD, [53| this limitation can be over-
come by modifying the shape of the confinement potential. [55] Alloying
the interface of a core/shell QD to create a smooth confinement potential
can significantly reduce the Auger recombination rates, |56] which greatly
benefits LED [57] and lasing applications. |36]
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Figure 1.4: Neutral and negatively charged QD ground states and their respective
excited states, namely the neutral exciton (X), the bi-excition (XX), the negative
trion (T™) and the doubly charged negative trion (T~ 2)

While charged QDs are detrimental for applications which rely on a high
PL quantum yield, such as the colloidal QD light emitting diodes discussed
in Chapter 2| charging of QDs can actually benefit lasing applications. 58]
Figure focuses on QDs with one or two excess electrons in the con-
duction band, since those are relevant for the discussion in the subsequent
chapters. A negatively charged trion T~ can recombine non-radiatively
via an Auger process, which reduces the quantum yield and observed PL
decay rate. [54] Yet, since there are fewer Auger pathways available, the
non-radiative decay is slower than for the bi-exciton. Considering stimu-
lated emission, the theoretical threshold excitation is reduced to (N) > 0.5.
For the doubly charged negative trion the Auger rate is closer to the biex-
citon, but since band-edge absorption is already forbidden for the ground
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state QD ™2, thresholdless gain has been predicted. |58] The effect of QD
charging on the gain threshold has successfully been used to demonstrate
low-threshold optically pumped lasers, [59] and will be further discussed in
Chapter [3] and [f

1.3 Structure of this thesis

Following this brief introduction of the research background and funda-
mental physical processes in colloidal QDs, the remainder of this thesis is
organized in three main chapters. Each of these chapters concerns a dif-
ferent application of colloidal QDs, requiring the development of advanced
integration processes.

In Chapter [2| we discuss the fabrication and characterization of a nano-
patterned light-emitting diode (QD-LED), aimed at showing single-photon
emission from electrically pumped individual QDs. We demonstrate emis-
sion from few QDs, patterned in a rectangular array and identify weak
emission from negatively charged trions as a main hindrance to observing
photon anti-bunching, characteristic of single-photon emission. We further
discuss several modifications to the device that could be implemented to
mitigate the issue and retain bright electroluminescence from neutral exci-
tons.

As a second research objective, the developments presented in Chapter [3]
target electrically pumped lasing from colloidal QD, which has long been
sought after by the research community. While further improvements are
needed to reach this goal, we present a new device concept, which solves sev-
eral issues of previous implementations found in literature. Importantly, we
achieved a record current density of 100 A /cm? for the waveguide-coupled
QD-LEDs and also demonstrate photo-detection with the same devices,
which show a low dark current of 1.5 x 1075 A/cm?, at a reverse bias
of 7V.

Thirdly, in Chapter [f] we developed an integration platform to combine
colloidal nanocrystal single-photon emitters with state-of-the-art supercon-
ducting nanowire single-photon detectors (SNSPDs) and high-performance
silicon nitride passive photonic components, as well as plasmonic bowtie
antennas to enhance the radiative rate of the emitters. We show a max-
imum radiative local density of states (LRDOS) enhancement of 200+50
for QDs deterministically placed in the antenna gap and further performed
wavelength-resolved lifetime spectroscopy on a single chip.

The concluding Chapter [5| aims to put the work presented in this thesis
in perspective, compared to the current state-of-the-art found in literature.
This includes a discussion of the prospects of colloidal nanocrystal single-
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photon sources for quantum photonic applications and an outlook on further
research towards electrically pumped lasing from colloidal QDs.

1.4 Publications

1.4.1 Publications in international journals

L. Elsinger, R. Petit, F. Van Acker, N. K. Zawacka, I. Tanghe, K. Neyts,
C. Detavernier, P. Geiregat, Z. Hens and Dries Van Thourhout. Waveguide-
Coupled Colloidal Quantum Dot Light Emitting Diodes and Detectors on a
Silicon Nitride Platform. (submitted)

L. Elsinger, R. Gourgues, L. E. Zadeh, J. Maes, A. Guardiani, G. Bulgarini,
S. F. Pereira, S. N. Dorenbos, V. Zwiller, Z. Hens, and D. Van Thourhout.
Integration of Colloidal PbS/CdS Quantum Dots with Plasmonic Anten-
nas and Superconducting Detectors on a Silicon Nitride Photonic Platform.
Nano Letters, 19(8), 5452-5458, (2019)

C. Op de Beeck, B. Haq, L. Elsinger, A. Gocalinska, E. Pelucchi, B. Cor-
bett, G. Roelkens, and B. Kuyken. Heterogeneous III-V on silicon nitride
amplifiers and lasers via microtransfer printing, Optica 7, 386-393 (2020)

S. Bisschop, P. Geiregat, L. Elsinger, E. Drijvers, D. Van Thourhout, Z.
Hens, and E. Brainis. Fabrication and characterization of SiNz/Au cavities
with colloidal nanocrystals, Opt. Express 26, 6046-6055 (2018)

1.4.2 Patent applications

A European patent application has been filed (EP20172462.2), based on the
innovative device concepts presented in Chapter

1.4.3 Publications in international conferences

L. Elsinger, I. Tanghe, F. Van Acker, N. K. Zawacka, R. Petit, K. Neyts, C.
Detavernier, P. Geiregat, Z. Hens, and D. Van Thourhout. A Waveguide-
Coupled Colloidal Quantum Dot LED on a Silicon Nitride Platform. in
Conference on Lasers and Electro-Optics, OSA Technical Digest (online)
(Optical Society of America, 2020), paper STh1J.8

L. Elsinger, R. Gourgues, I. E. Zadeh, J. Maes, A. Guardiani, G. Bul-
garini, S. F. Pereira, S. N. Dorenbos, V. Zwiller, Z. Hens, and D. Van
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Thourhout. Wavelength-resolved Purcell enhancement of PbS/CdS quan-
tum dots measured on a chip-based platform. In Photonic and Phononic
Properties of Engineered Nanostructures X, volume 11289, page 1128914.
International Society for Optics and Photonics, 2020.

C. Op de Beeck, L. Elsinger, B. Haq, G. Roelkens, and B. Kuyken. Hetero-
geneously Integrated Laser on a Silicon Nitride Platform via Micro-Transfer
Printing. in Frontiers in Optics + Laser Science APS/DLS, OSA Technical
Digest (Optical Society of America, 2019), paper FTu6B.1.

C. Op de Beeck, L. Elsinger, B. Haq, G. Roelkens, and B. Kuyken. To-
wards the Integration of C-band Amplifiers on Silicon Nitride Waveguides
via Transfer Printing. in Frontiers in Optics + Laser Science APS/DLS,
OSA Technical Digest (Optical Society of America, 2019), paper FTu5C.6.

L. Elsinger, R. Gourgues, I. E. Zadeh, J. Maes, V. Chandrasekaran, G.
Bulgarini, V. Zwiller, Z. Hens, and D. Van Thourhout. Onchip Spectroscopy
of PbS/CdS Colloidal QDs using Superconducting Nanowire Single Photon
Detectors (SNSPDs) on a Silicon Nitride Photonic Platform. Poster pre-
sented at nanoGe Fall Meeting in Torremolinos, Spain, 2018.

L. Elsinger, T. Vandekerckhove, N. K. Zawacka, N. Le Thomas, Z. Hens,
and D. Van Thourhout. Nano-patterned quantum dot-LED structures with
enhanced photoluminescense emission directionality. In 23rd Annual sym-
posium of the IEEE Photonics Benelux Chapter, 2018.

L. Elsinger, R. Gourgues, 1. E. Zadeh, J. Maes, V. Chandrasekaran, G.
Bulgarini, V. Zwiller, Z. Hens, and D. Van Thourhout. Integration of col-
loidal QDs with plasmonics and superconducting nanowire detectors on a
silicon photonic platform. Poster presented at the Tenth International Con-
ference on Quantum Dots in Toronto, Canada, 2018.

L. Elsinger, Y. Zhu, W. Xie, I. Tanghe, S. Bisschop, V. Chandrasekaran, E.
Brainis, P. Geiregat, Z. Hens, and D. Van Thourhout. A Hybrid SiN-QDOT
Platform for Visible Photonics. in Conference on Lasers and Electro-Optics,
OSA Technical Digest (online) (Optical Society of America, 2018), paper
SWA4l 4.

L. Elsinger, E. Drijvers, V. Chandrasekaran, W. Xie, Z. Hens, and D.
Van Thourhout. Incorporation of colloidal quantum dots into the gap of
plasmonic bowtie antennas. In Proceedings Symposium IEEE Photonics
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Chapter 2

Nano-patterned colloidal

quantum dot light emitting
diodes

Due to their large confinement potential, colloidal quantum dots (QDs) can
be efficient room-temperature single-photon emitters. Here, we developed a
nano-patterned QD light emitting diode, with the aim of achieving single-
photon emission from dc electrical pumping, instead of commonly used op-
tical excitation. We observed electroluminescence (EL) emission from few
CdSe/CdS QDs, patterned in a rectangular array. But it was not possible
to measure the anti-bunching characteristics of single-photon emission, due
to a weak signal. Investigating the device physics, we found negative trion
emission to significantly impair the EL quantum yield and present possi-
ble remedies to benefit future devices. As an alternative application of the
developed techniques, we further explored devices with engineered emission
directionality. The results presented in this chapter have in part been pub-
lished in reference (1] and [2].

2.1 Introduction

Single-photon sources are indispensable building blocks for many emerg-
ing quantum-optical technologies. |3| For a long time, the most commonly
used single-photon sources were based on spontanteous parameteric down-
conversion. By utilizing a heralding process, this technique offers pure
and indistinguishable single photons, however at random points in time. [4]
Moving from probabilistic single-photon emission to more practical deter-
ministic emitters has been a considerable challenge. Only recently, epitax-
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ial quantum dots have reached a sufficient maturity level as single-photon
emitters, [5] enabling applications in several quantum photonic technolo-
gies. [6H{8] However, due to the their relatively shallow confinement poten-
tial, these QD sources have to be operated at cryogenic temperatures. For
practical applications it would be beneficial, to develop alternative single-
photon sources which are deterministic, but can also be operated without
expensive cryostats.

Among other promising room-temperature emitters, [3| colloidal QDs
are especially interesting due to recent improvements of their single-photon
emission purity and stability, |9} |10] while solution processing allows for a
flexible integration. [11] The aim of the work presented here was to show
single-photon emission from colloidal QDs using electrical excitation. How-
ever, in course of the project we became aware of a publication from another
research group, which demonstrates our research objective, [12] using a sim-
ilar approach. Yet, while the researchers also employ a colloidal QD light
emitting diode (QD-LED), their approach is completely random, without
any control over the position of the emitter. Using the nano-patterning
technique presented here, in contrast, individual QDs can be placed at a
predetermined position of the sample.

In Table we compare the results presented in reference [12] with
other electrically driven single-photon sources operated at room tempera-
ture. Compared to neutral nitrogen-vacancy centers (NV?) in diamond [13]
and optically active defects in silicon carbide [14], colloidal CdSe/CdS ex-
hibit a high single-photon purity, characterized by a second-order auto-
correlation function g?(t = 0) close to zero. In contrast, the relatively long
radiative lifetime 7 reduces the attainable single-photon rate and for prac-
tical applications, pulsed operation as shown in [14] is advantageous.

CdSe/CdS QDs [12]|NVO in diamond [13]]defects in Sic {14]]

g*(t=0) 0.05 (dc) 0.45 (dc) 0.2 (pulsed) |
7 (ns) 40 13 3
A (nm) 625 575 745

Table 2.1: Comparison of different room-temperature single-photon emitters un-
der electrical excitation.

The demonstration of single-photon emission from a QD-LED in refer-
ence [12] shows the viability of our approach and future research could be
aimed at reducing the radiative lifetime, e.g. by means of Purcell enhance-
ment as demonstrated in Chapter @] However, due to persistent issues with



NANO-PATTERNED QD-LED 2-3

parts of the fabrication process performed by a collaborating research group
and the reduced scientific impact, we shifted the focus to other research ob-
jectives. In this chapter we discuss process developments for nano-patterned
QD-LEDs, which formed the foundation for further research presented in
Chapter[3land[d Also, the investigation of the QD-LED properties provided
a basis for the waveguide-coupled devices presented in Chapter [3]

2.2 Single-photon emission from colloidal

CdSe/CdS QDs

For colloidal CdSe/ZnS QDs it was first shown, that they emit single pho-
tons at room temperature, upon non-resonant excitation with a pump laser.
[15) |16] The fact that efficient Auger recombination suppresses the bi-
excition emission, allows for high count rates, while preserving the single-
photon characteristics of the emission.

Here, we used colloidal CdSe/CdS QDs with reduced photoluminescence
intermittency instead, |[17] which were synthesize(ﬂ according to literature
procedures |18 [19] and have an inhomogeneously broadened photolumines-
cence (PL) spectrum as shown in Figure 2.Th. Details on the QD synthesis
can be found in Appendix To characterize the single-photon emission
properties of the CdSe/CdS QD sample, we spin-coated a dilute solution
on a quartz substrate. Using a home-built microscope set-up with a high-
resolution immersion objective (x100 magnification) and a 400 nm pump
laser, we recorded the PL emission of an individual QD. As can be seen in
Figure 2.3, the emission of a single dot is homogeneously broadened with
a full width at half maximum (FWHM) of 20 nm. The inhomogeneously
broadened ensemble PL spectrum on the other hand has a FWHM of 45 nm.
While the spectrum of an individual QD can be accurately represented by
a Gaussian fit, the ensemble spectrum features a characteristic red tail.

We then used a Hanbury-Brown-Twiss experiment [20] as sketched in
Figure 2.Ip to record the second-order auto-correlation function

{E)I({E +1))
(Ie=)* -

where I(t) is the intensity of the emitter recorded at a time ¢. The so-called

g*(t) = (2.1)

anti-bunching of g2(¢) at ¢t = 0 is indicative of a single-photon source (SPS),
with the value of g?(0) determining the purity of the single-photon emission.
Due to the finite dead time of single-photon resolving avalanche photo-diode

IThe CdSe/CdS QD synthesis was performed by Dr. Emile Drijvers, at the time
associated with the physics and chemistry of nanocrystals (PCN) research group of Ghent
University.
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(APD) detectors, it is necessary to split the emission from the SPS and
use two detectors to resolve short time-delays t. We used time-correlated
single-photon counting (TCSPC) electronics (Picoquant Hydraharp) with
an electronic delay to record the time-binned data in Figure and d.
Note that with suitable detectors characteristics, it is also possible to record
the auto-correlation function with a single detector .
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Figure 2.1: Properties of invididual CdSe/CdS QDs. (a) Comparison of the PL
emission spectrum of a single QD with an ensemble of QDs, exhibiting inhomo-
geneous broadening. (b) Sketch of a Hanbury-Brown-Twiss set-up used for the
characterization of the second-order auto-correlation function g*(t), comprising
a single-photon source (SPS) and two avalanche photo-diode detectors (APDs).
Unlike the sketch indicating a delay in the optical path, we used an electrical delay
in the experimental implementation. (c) Second-order auto-correlation function
for an individual CdSe/CdS QD, measured using CW and (d) pulsed excitation.

Using continuous-wave (CW) excitation, for a two-level system ¢*(t) can
be approximated as

@) =1- ce(rtT Ol (2.2)



NANO-PATTERNED QD-LED 2-5

where 7 is the excitation rate and 7 is the radiative lifetime of the system.
For low excitation powers » — 0 this turns into

@) =1- cem It (2.3)

which we used to fit the normalized data recorded for an individual Cd-
Se/CdS QD in Figure . Without any background subtraction, we ob-
tained a value of ¢g(0) = 0.09 + 0.01, which is in agreement with values
reported in reference [12]. As a PL lifetime of the CdSe/CdS QD we ex-
tracted 7 = 17 ns. Using pulsed excitation, we further recorded the trace in
Figure 2.1, which was normalized by fitting the side-peak at tg = —100 ns
with

g2 (t) = celimtolm (2.4)

Also fitting the central peak with Equation we then extracted g%(0) =
0.09 £0.02 and 7 = 17 ns, in good agreement with the measurement using
CW excitation. The confirmation of a high single-photon purity for the PL
emission from individual CdSe/CdS QDs was a promising starting point for
developing an electrical excitation scheme.

2.3 Nano-patterning of a QD layer

Next to pure single-photon emission, for practical applications a method
to position the emitters on a substrate is highly desirable. Previously, a
process has been developed to nano-pattern a QD layer down to a single-dot
level. [11] Based on this work, we developed a process to work in conjunction
with a QD-LED, as will be shown in Section [2.5]

First, we implemented the process outlined in reference [11| using a
50 kV e-beam lithography system (Raith Voyager) and optimized the QD
patterning on a silicon substrate. We therefore coated a ~30 nm thin posi-
tive resist (ZEP 520A, Zeon Chemicals) on the sample, exposed it with an
area dose of 120 uC/cm?, followed by a 30 s development in n-amyl acetate.
A subsequent 5 s dry etch of the resist in Oo plasma was found to improve
the quality of the QD patterning. Langmuir-Blodgett (LB) deposition [22]
(Nima 312D LB trough) was used to coat the sample with a dense monolayer
of CdSe/CdS QDs (see Figure ) The deposition technique relies on the
fact that due to oleic acid ligands on the surface of the QDs, a monolayer
is formed on top of a polar solvent (de-ionized water). Pressure control
(25 mN/m) allows to compress QDs, to form a dense monolayer. Pulling
the substrate slowly out of the solvent, two samples can be coated with a
QD monolayer at the same time, when mounting them back-to-back. To
achieve a dense QD monolayer as shown in Figure 2:2p, it is essential that
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the QD sample posses a high size-uniformity, suppressing island formation
with larger QDs in the center and smaller ones on the outside. Besides, to
avoid the formation of incomplete layers, excess ligands have to be removed
from the QD sample dispersed in toluene, prior to the deposition. Also, the
solvent for the deposition has to be chosen carefully, to prevent excessive
ligand stripping. The lift-off was performed in a 1:4 mixture of acetone
and toluene, aided by ultrasonic agitation and followed by a prolonged rinse
with isopropyl alcohol (IPA), to avoid the re-deposition of QDs. Figure
shows CdSe/CdS QDs patterned in the shape of the Ghent University De-
partment of Information Technology logo. Structures with a feature size
down to ~20 nm can be successfully resolved, with the limiting line edge
roughness being determined by the QD diameter of ~10 nm.

Constant speed

Solvent

0 mm 0 ° 18.00 KV/3.20

Figure 2.2: Nano-patterning of a colloidal QD monolayer. (a) Sketch of the
Langmuir-Blodgett deposition technique, which allows to coat uniform QD mono-
layers on both sides of a sample. (b) SEM top-view of a nano-patterned layer of
monodisperse CdSe/CdS QDs, showing the logo of the Ghent University Depart-
ment of Information Technology. The technique allows to reliably pattern feature
sizes down to 20 nm, with a limiting line edge roughness determined by the size
of the QDs.

As shown in reference 7 the same process can also be used to place in-
dividual QDs in a defined pattern on a substrate. Using a dot dose of 0.5 fC
and otherwise the same process parameters as described above, we deposited
single CdSe/CdS QDs on a silicon substrate with a probability of ~40% as
shown in Figure High-resolution SEM images (Figure ) can be used
to count the number of QDs, the resulting patterning probabilities (Fig-
ure[2.3p) are best described by a binomial fit. Due to non-deterministic
elements in the deposition process, the single-dot patterning probability
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is limited to ~40% with the method. To overcome this limitation, the
processing would have to be modified, e.g. using electrostatic self-assembly
techniques. However, the techniques reported in literature [23]24] make use
of large dielectric silica shells enclosing the QDs, consequently rendering it
impossible to electrically inject charge carriers into the QDs. Thus, meth-
ods relying on a silica encapsulation are not suitable for a nano-patterned
QD-LED.
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Figure 2.3: Single-dot patterning of colloidal CdSe/CdS QDs. (a) SEM top-view
of an array with individual patterned QDs with magnified insets showing (1) a
single QD and (2) two QDs. (b) Patterning statistics showing a probability of 40%
for patterning of single QDs and a corresponding fit with a binomial distribution.

The presented technique employing LB deposition has the advantage
that it can provide a QD monolayer, regardless of the patterned shape. How-
ever, to achieve a uniform layer, the QD sample has to be mono-disperse and
ligands must not be removed from the QD surface in the polar solvent used
for the deposition. In addition, while it is possible to also coat multiple
layers using Langmuir-Blodgett deposition, it is more intricate and time-
consuming than spin-coating QDs. For that reason, we developed an alter-
native lift-off process for nano-patterning colloidal QDs using spin-coating.
We therefore used a positive e-beam resist (AR-P 617.09, Allresist), with
a thickness depending on the desired QD thickness. A 10 min soft-bake at
200°C, an exposure dose adjusted to the pattern density and development
in a dedicated developer (AR 600-55, Allresist) resulted in a high-resolution
resist pattern. QDs were spin-coated from toluene, with concentration and
spin-speed determining the resulting QD layer thickness. Lift-off in ace-
tone produced a well-defined QD pattern, with only minimal re-deposition
of QDs, as can be seen from the SEM images in Figure 2.4 The nano-
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patterned CdSe/CdS QD film in Figure also shows a drawback of the
method though. While a uniform layer can be achieved for a large-area
pattern, the bright areas of charged QDs indicate a thicker layer next to
resist sidewalls, which were removed during the lift-off. This result is typ-
ical for spin-coated materials and might preclude the patterning technique
for some applications, but in a lot of cases this effect can be compensated,
when properly accounted for. For example, the array of nano-patterned pil-
lars of PbS/CdS QDs in Figure is highly uniform and individual pillars
with a diameter of only 75 nm were well-resolved. Besides being less sensi-
tive to the size dispersion of the QD sample, the QD nano-patterning using
spin-coating also works for samples with a moderate surface profile. LB
deposition on the other hand requires a planar surface for a high-resolution
pattern, which can present a major limitation for more evolved device pro-
cessing. For the device applications presented in this thesis we used both
techniques, based on their respective advantages.

mag = HV | WD it

t| mag
M TLD 25 000 x 18.00 KV 5.0 mm -0

Figure 2.4: Nano-patterning of QDs using spin-coating. (a) SEM top-view of a
patterned CdSe/CdS QD structure with two different feature sizes. (1) Large area
with a uniform QD layer. (2) Nano-patterned grating of QDs, the bright regions
originate from pronounced charging of the QDs and indicate areas with a thicker
QD layer. (b) Array of nano-patterned PbS/CdS QDs, with the inset showing an
individual 75 nm diameter QD pillar.

2.4 Colloidal QD light emitting diodes

Since the first demonstration of electroluminescence (EL) from colloidal
QDs, tremendous progress has been made to improve brightness and
quantum efficiency of colloidal quantum dot light emitting diodes (QD-
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LEDs), bringing display and solid-state lighting applications within reach.
High-performance devices have been reported for different device architec-
tures, in particular hybrid devices employing a combination of organic and
inorganic charge transport layers have proven successful. [26] Internal quan-
tum efficiencies approaching 100% have been reported for different layer
stacks. [27] 28]

We based our QD-LED design on a so-called inverted?| layer stack, [27]
where electrons are injected from the side of the glass substrate coated
with a transparent conductive oxide. Figure 2.5b shows the theoretical
band alignment of the different layers. We used sputter-deposited indium
tin oxide (ITO) on a glass slide as a common n-contact electrode and a
thin layer of ZnO for efficient electron injection into the QDs. However,
instead of solution-processed ZnO nanocrystals typically employed in liter-
ature, [26({28] we used atomic layer deposition (ALD) to coat a dense ZnO
layer, ensuring compatibility with the nano-patterning process outlined in
the next section.
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Figure 2.5: (a) Emission energies of the QD-LED device for different bias voltages
on a logarithmic scale. (b) Theoretical band alignment of the different layers in
the QD-LED stack with reference to the vacuum level and energy levels denoted
in units of eV.

The 20 nm thin ZnO layer was deposited using an ALD process adapted
from literature, |29] based on thermal ALD with diethylezinc (DEZ) used
a precursor and distilled water vapor as reactantﬂ Additional details on
the ALD process can be found in Appendix [A4] Literature suggests that

2The term “inverted” originates from the fact that, in the first QD-LED devices, holes
were injected from the side of the transparent conductive oxide. Hence, a stack using
electron injection from ITO instead, is considered inverted.

3ALD was performed by Dr. Jakob Kuhs, at the time associated with the Conformal
Coating of Nanomaterials research group of Ghent University
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the conductivity of a ZnO layer deposited by thermal ALD can be adjusted
through the deposition temperature. |30, 31] We could reproduce this ob-
servation and obtained a conductive layer with a resistivity on the order of
1072 Q cm (measured with a 4-point probe) for a deposition temperature of
220°C, which is in good agreement with literature reports. [30] The observed
n-type conductivity in ZnO due to native oxygen vacancy defects [32] can
be spoiled when the thin films are simultaneously exposed to Os plasma and
elevated temperatures, as for example in a common plasma cleaning tool
(Tepla 600). Exposure to Os plasma at room-temperature in a reactive ion
etch (RIE) chamber on the other hand, only had a minor effect on the con-
ductivity. The ZnO layer deposited on a silicon sample was poly-crystalline
with a preferential c-axis orientation, as can be seen from x-ray diffraction
(XRD) measurements (2-theta scan in Figure 2.6h). We further used el-
lipsometry, to extract the complex refractive index of the layer, which is
displayed in Figure [2.6b. The observed onset of an increasing absorption
for a wavelength of 375 nm is in good agreement with the theoretical ZnO
band gap of 3.3 eV. Note that these measurements were performed for ZnO
deposited on a silicon substrate, while in the actual devices ZnO was coated
onto ITO.
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Figure 2.6: (a) 2-Theta XRD scan revealing the preferential c-axis orientation of
the deposited ZnO layer. (b) Complex refractive index (n,k) from ellipsometry
measurements with the dashed line indicating the ZnO band gap at 3.3 eV.

After patterning of the ZnO layer using optical contact lithography (TI-
35E, Microchemicals) and an inductively coupled plasma (ICP) dry-etch
in CHy and Hy chemistry, we spin-coated a layer of CdSe/CdS QDs com-
prising 2-3 monolayers. Subsequently, small molecule organic layers for
hole injection were deposited by thermal evaporation in a dedicated depo-
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sition chamber (Trovato) connected to a gloveboxEl The layers, consist-
ing of 65 nm NPB and 15 nm HAT-CN (sublimed grade, Lumtec), were
capped by a 100 nm aluminum p-contact metal, evaporated with a separate
shadow mask. To avoid degradation of the organic layers, due to oxygen
and moisture outside of the glovebox environment, we further encapsulated
the samples with a glass cover plate and an UV-curable glue incorporating
additional getter material.

Figure 2.7 shows bright and uniform emission from a QD-LED device for
a bias voltage of 7 V, observed under ambient lighting. The emissive area
had a size of approximately 2 mm x 3 mm and the sample was mounted on
a microscopy glass slide to ease the handling. Figure shows the corre-
sponding emission spectrum recorded with an Ocean Optics spectrometer.
For a bias voltage of 8 V, there is a main peak for an energy 1.95 eV, which
originates from the electroluminescence of the CdSe/CdS QDs. The addi-
tional emission peaks at 2.97 eV and 2.85 eV, amounting to approximately
5% of the QD emission intensity, we assign to emission from the organic
charge transport layers. For a bias of 2.8 V on the other hand, no emission
from the organic layers can be observed, as can be expected, considering
respective emission energies determined by the separation of HOMO and
LUMO levels in NPB and HAT-CN (see Figure 2.5b).

Figure 2.7: Bright and uniform emission from a QD-LED device for a bias of
7 V observed under ambient light. The emissive area has a size of approximately
2 mm x 3 mm and the sample was mounted on a microscopy glass slide to ease
the handling.

The turn-on behavior of the QD-LED is reported in Figure Com-

4Organics and p-metal evaporation was performed by Dr. Michiel Callens, at the time
associated with the Liquid Crystals and Photonics research group of Ghent University.
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pared to the photoluminescence (PL) recorded using a 365 nm UV LED to
pump the QDs, the EL emission spectrum for a bias of 2.8 V is slightly red-
shifted and broadened. We used Gaussian fits (see Figure[2.8h) to determine
a central wavelength A. of 631 nm (634 nm) and a corresponding FWHM
of 41 nm (44 nm). The recorded normalized intensity, integrated over the
whole emission spectrum, in Figure 2.8k shows an optical turn-on for a volt-
age of 2.1 V. Unfortunately, the electrical turn-on behavior in Figure 2:8p
was obscured by a parasitic leakage due to issues with the patterning of the
ZnO layer. We extracted a respective resistance of 4.1 k) from a linear fit
of the current for bias voltages from 0-2 V.
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Figure 2.8: Turn-on behavior of the QD-LED. (a) Comparison of the photolumi-
nescence (PL) emission spectrum and electroluminescence (EL) for a bias voltage
of 2.8 V. Dashed lines indicate Gaussian fits and the extracted central wavelengths.
(b) Electrical turn-on behavior, obscured by a leakage current due to issues with
the processing of the electrodes. A resistance of 4.1 kQ) was extracted for the
parasitic channel, through a linear fit of the current for a bias voltage up to 2 V.
(c) Optical turn-on behavior of the QD-LED.

For a different QD-LED sample, we further investigated the spectral
shift of the emission for increasing bias voltages. Figure shows a shift
and broadening of the EL spectrum, when increasing the bias voltage from
3V to 7 V. The central wavelength A. shifts from 630 nm to 636 nm, with
a corresponding increase of the FWHM from 38 nm to 47 nm. Figure [2.9]
shows the equivalent peak energies as a function of the bias voltage, which
can be translated into an applied electric field, assuming a uniform voltage
drop across the 100 nm thin device. The respective values for the FWHM
can be found in Figure 2.9k and we compared these values to the PL spec-
trum of a monolayer (ML) of the same CdSe/CdS QD sample deposited on
a glass substrate.

We hypothesise, that the observed red-shift and spectral broadening of
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the emission for increasing forward bias voltages is due to the quantum con-
fined Stark effect (QCSE), as previously observed for colloidal CdSe based
QDs. [33, [34] For a layer of randomly oriented CdSe/CdS QDs, this would
imply a quadratic dependence of the peak energy on the applied electric
field. Note that while in conventional optoelectronic devices an increasing
forward bias would not be across the active layer, organic ligands covering
the colloidal QDs present an additional barrier. This may justify the as-
sumption of an uniform electric field, when forward biasing the QD-LEDs.
The order of magnitude of the dependence extracted from a quadratic fit to
the data in Figure 2.9p is in good agreement with values reported for indi-
vidual QDs. [33]. However, the fit of the EL data fails to accurately predict
the PL of a QD monolayer on a glass substrate. In addition, the extracted
FWHM displayed in Figure 2.9 for a forward bias of 3V is less than for the
PL of a monolayer on a glass substrate, which points to additional effects
influencing the QD EL spectrum. It should be noted that issues with the
Gaussian fit due to the pronounced red tail of the emission spectrum might
be in part responsible for the observed effect. As suggested in reference [34],
for a QD-LED structure similar to our devices, the electric field affecting
the QDs might not be linear with the applied bias voltage, causing a further
deviation from the quadratic behavior expected for a QCSE shift.

An alternative explanation for the red-shift could be a increase of the
temperature in QD layer due to Joule heating and non-radiative recombina-
tion occurring in the active layer. This has been investigated for structurally
similar organic light emitting diodes (OLEDs), for which temperatures of
up to 60°C have been measured at the diode junction. [35] However, due
to the large heat capacity of the whole sample this effect should be slow,
on the order of one minute. [36] In contrast, the spectral shifts measured
for our QD-LED samples were quasi-instantaneous, with the acquisition of
the spectrum only taking a few seconds. Nevertheless, to provide conclusive
evidence that heating effects on the emission of the QDs are negligible, [37]
measurements of the PL emission spectrum under reverse bias of the QD-
LED, as performed in reference [34] would have been helpful.

2.5 Nano-patterned QD-LED

Based on the results obtained for a large-area QD-LEDs presented above, we
aimed to fabricate nano-patterned QD-LEDs. Simply applying the nano-
patterning techniques presented in Section would however result in a
large leakage current. We therefore adapted the process, including a pat-
terned dielectric layer.

Figure outlines the main processing steps necessary to fabricate a
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Figure 2.9: Shift of the QD-LED emission spectrum for larger bias voltages. (a)
Comparison of the EL emission spectrum for a bias voltage of 3 V and 7 V. Dashed
lines indicate Gaussian fits and the extracted central wavelengths. (b) Shift of the
emission peak energy (quadratic fit represented by the dashed line) and (c) the
full width at half-maximum (FWHM) extracted from Gaussian fits. Reference
values in (b) and (c) were measured on a monolayer (ML) of the same QD sample
deposited on SiOs.

nano-patterned QD-LED. We again started from a glass substrate, coated
with sputter deposited ITO and a ZnO ALD layer, on which we deposited an
additional 5 nm Al,O3 layer, serving as a dielectric spacer. The AlyO3 was
deposited by thermal (220°C) ALD according to a literature process, [38|
employing trimethylaluminum and distilled water vapor as precursors. De-
tails can be found in Appendix [A74] Using optical contact lithography and
an ICP etch in CH4 and Hy chemistry, we then patterned the ITO and ALD
layers to form large-area contacts. Subsequently, we spin-coated a 50 nm
thin positive e-beam resist (ZEP520A, Zeon Chemicals) as well as a 50 nm
conductive polymer (AR-PC 5091, Allresist). With an exposure dose of
120 ©C/cm? in a 50 kV e-beam system (Raith Voyager) and 30 s develop-
ment in n-amyl acetate we achieved a high-resolution pattern (Figure[2.10R).
After a 5 s Oz plasma exposure, we used dilute KOH (pH 12) heated to 50°C
to selectively etch the dielectric Al,O3 layer (Figure[2.10b and Figure[2.11h).
Employing Langmuir-Blodgett deposition, as introduced in Section we
coated the sample with a monolayer of CdSe/CdS QDs (Figure[2.10k). After
lift-off in a 1:4 mixture of toluene and acetone, aided by ultrasonic agita-
tion, we achieved a self-aligned pattern of QDs on ZnO, where the dielectric
Al,03 spacer was etched (Figure and Figure ) Eventually, we
finialized the samples with the evaporation of organic hole injection layers
and an aluminum p-contact as described previously in Section 2.4 Fig-
ure shows SEM micrographs of the sample after critical processing
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steps.
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Figure 2.10: Main processing steps to fabricate nano-patterned QD-LEDs. (a)
E-beam lithography with a thin positive resist on a glass sample coated with a
sputtered ITO n-contact and an ALD layer of ZnO and Al;Os. (b) Selective
wet-etch of the dielectric Al,O3 layer. (c) Langmuir-Blodgett deposition of a
monolayer of CdSe/CdS QDs. (d) Lift-off results in QDs selectively deposited in
the etched areas. (e) Thermal evaporation of organic layers for hole transport
(NPB) and hole generation (HAT-CN), as well as an aluminum p-contact.

Figure 2.11: SEM micrographs of a dummy sample on a silicon substrate after
different processing steps. (a) Top-view after the wet-etch of the dielectric AloOg3
ALD layer. (b) Angled view showing the self-aligned deposition of a CdSe/CdS
QD monolayer in the etched area.

Figure displays a schematic layout of the sample consisting of four
separate devices, that can be electrically contacted with a common ITO n-
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contact and individual aluminum p-contacts. As mentioned in Section [2.4]
the active device area was encapsulated using a cover glass and UV-curable
glue incorporating getter materials. To be able to image the nano-patterned
QD-LED samples with a high-resolution oil immersion objective (see the
schematic cross-section in Figure [2.12p), we had to match the thickness of
the glass substrate to the short working distance of the objective. One pos-
sibility to achieve that, was to do the whole fabrication on 150 ym thin glass
substrates, which poses a challenge for the processing, since the samples are
brittle and can break quite easily. Another option, which allowed to use
thicker glass samples, pre-coated with ITO, was to thin down the samples
only after completing the first processing steps, using chemical-mechanical
polishing (CMP) to achieve a polished surface.

Cover glass ) ) Obj!

150 um Glass substrate

ITO | Epoxy o000 Al

ITO n-contact
EEEE
Al p-contacts

Epoxy Cover glass

Figure 2.12: (a) Schematic layout of the nano-patterned QD-LED sample, show-
ing a common ITO n-contact and four individual Al p-contacts for different areas
containing patterned QDs. The active device area was encapsulated using a cover
glass and UV-curable epoxy resin incorporating getter materials. (b) Schematic
cross-section outlining the device characterization using a high-resolution oil im-
mersion objective lens.

We then characterized the nano-patterned QD-LED sample, applying a
voltage bias with a source measurement unit (Keithly 2450). Figure [2.13a
shows the emission recorded for a bias voltage of 7 V and 10-fold magnifica-
tion of an optical microscope (Olympus), revealing the electroluminescence
of pm-size features. The spectrum in Figure[2.13p, recorded with an Ocean
Optics spectrometer, reveals that for a bias voltage of 5 V, CdSe/CdS QDs
(1.93 eV) are the sole sources of emission. However, for a bias voltage of
7 V, additional emission peaks at 2.82 eV and 2.97 eV appear, which we
assign to the organic charge transport layers. The emission of the organic
layers amounts to approximately 10% of the recorded intensity, which is
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double than what we reported for conventional QD-LEDs in Section [2:4]
This observation could be linked to the different active layer thickness. The
nano-patterned QD-LEDs only comprise a QD monolayer, whereas there
are 2-3 layers in the devices presented previously.

b Nano-patterned QD-LED
1 o7v
0.5
2
‘0
c
L
£
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1.8 2.0 22 24 26 28 3.0
Energy (eV)

Figure 2.13: Emission from a nano-patterned QD-LED. (a) Large-area emission
observed with an optical microscope with low magnification and a large working
distance for a bias voltage of 7 V. (b) Emission energies plotted on a logarithmic
scale for different forward bias voltages.

The electro-optic characterization of the nano-patterned QD-LED re-
vealed an optical turn-on for a voltage bias around 3.5 V (Figure [2.14p).
The electrical turn-on (Figure M) was again obscured by a leakage cur-
rent. Fitting the measured current for voltages from 0-2 V, we extracted a
resistance of 330 ). Similar to the leakage current reported in Section
we attribute this to issues with patterning of the electrodes. But also an in-
complete QD layer, due to problems with the Langmuir-Blodgett deposition,
can cause additional leakage channels. In addition, also the nano-patterned
QD-LEDs display a distinct red-shift and broadening of the emission spec-
trum for increasing forward bias, as shown in Figure 2.14h. From Gaussian
fits of the EL spectrum for a 5 V (7 V) bias we extracted a central wave-
length of 636 nm (642 nm) and a FWHM of 46 nm (54 nm).

With a high-resolution microscope (Nikon Ti Eclipse) we investigated
the EL emission of the nano-patterned QD-LEDs in more detail. Using a
first objective with a 50-fold magnification and biasing the sample at 5 V, to
avoid emission from the organic layers, we obtained the micrographs shown
in Figure The patterned structures providing orientation on the sam-
ple can clearly be distinguished from the dark areas, comprising the dielec-
tric Al,Ogz spacer. Yet, the emission from the nano-patterend structures was
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Figure 2.14: Turn-on behavior of the nano-patterned QD-LED. (a) Comparison
of the emission spectrum for a bias voltages of 5 V and 7V. Dashed lines indi-
cate Gaussian fits and the extracted central wavelengths. (b) Electrical turn-on
behavior, obscured by a leakage current. A resistance of 330 §2 was extracted for
the parasitic channel, through a linear fit of the current for a bias voltage up to
2 V. (c) Optical turn-on behavior of the QD-LED.

not uniform and multiple brighty and dark spots can be distinguished. The
bright spots were fluctuating in time, as can be seen from the micrographs
in Figure and b, which were taken a few seconds apart under the same
conditions. Comparing the indicated spot, a clear on/off blinking behav-
ior can be observed. It is however unclear, how many CdSe/CdS QDs are
involved in this blinking behavior. Since a pronounced fluorescence inter-
mittency is an effect commonly observed in single-dot spectroscopy, [39] one
might suspect that the EL blinking in our nano-patterned QD-LEDs would
also point to emission from individual emitters. However, the patterned
orientation marks are relatively large, comprising thousands of QDs (see
Figure )7 suggesting that the blinking might originate from charging
and de-charging of an ensemble of QDs instead.

Increasing the integration time and enhancing the contrast and bright-
ness, we recorded the images of PL and EL emission in Figure for
the same sector of the sample. For the photoluminescence image in Fig-
ure [2.16p, next to the orientation pattern, emission from randomly posi-
tioned re-deposited CdSe/CdS QDs can be seen in the center of the square.
For the EL emission in Figure[2.16p on the other hand, a well-defined array
of emission spots appeared, with a spacing of 5 pm defined by lithography.
From SEM images of nano-patterned dummy samples we could estimate
that some of the spots might originate from individual CdSe/CdS QDs.
Counting QDs on the actual nano-patterned QD-LED sample was unfortu-
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Figure 2.15: EL blinking observed with a high-resolution (x50) objective. (a)
Emission for a bias voltage of 5 V showing part of the nano-patterned QD-LED

in a low-emission (off) state. (b) Same part of the device a few seconds later in a
high-emission (on) state.

nately not possible, due to pronounced charging hindering the acquisition
of high-resolution SEM images.

Figure 2.16: Comparison of the PL and EL emission of a nano-patterned QD-
LED, observed with a high-resolution (x50) objective. (a) Photoluminescence
of patterned CdSe/CdS QDs used for orientation as well as emission from re-
deposited emitters in the center of the square. (b) Electroluminescence for a 5 V
bias from the same device area, revealing emitters patterned on a 5 pm grid.

To investigate, whether the nano-pattered QD-LED structure shown in
Figure actually comprises individual single-photon emitters, we con-
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ducted further experiments’] recording the second-order auto-correlation
function g2(t) as explained in Section Unfortunately, it turned out
that there was too much background from the orientation markers of the
QD-LED sample, making it impossible to obtain anti-bunching for the QD
electroluminescence. For any future samples it would be highly beneficial to
either increase the distance between the markers and the individual QDs,
or to implement separate contacts. That way, the emission from the mark-
ers could be switched off, while recording the autocorrelation function for
an individual emitter. Adding a spatial filter in the form of a pin-hole to
the home-built microscope set-up helped to limit the background, but also
then we did not observe a dip in the second-order autocorrelation function.
We further tried to look for indiviual QD emitters using optical excitation
with a 400 nm pulsed laser, which was also unsuccessful. Comparing the
recorded trace in Figure 2.I7h to the PL anti-bunching of an individual
CdSe/CdS QD on a SiOs substrate (Figure ), a strikingly different
photoluminescence lifetime becomes apparent. Fitting the peak with a sin-
gle exponential according to Equation [2.4] a PL lifetime of 7 = 2 ns can
be extracted for the emitters in a nano-patterned QD-LED. For the indi-
vidual CdSe/CdS QDs on a glass substrate the extracted lifetime was 17 ns
instead. One possible explanation for the discrepancy could be a largely
different excitation power, causing the formation of bi-excitons for the case
of the nano-patterned QD-LED. Since varying the power of the excitation
laser did not change the observed behavior, this seems unlikely. We there-
fore suspected, that an additional non-radiative decay channel reduces the
PL lifetime and quantum yield for the QDs in the nano-patterned LED.

To gain more insight into the device physics, without relying on the
rather intricate nano-patterning process, we then compared the PL life-
time for a monolayer and a multilayer QD-LED. To record the PL decay,
we used a 400 nm pulsed excitation laser, a single-photon resolving APD
detector and time-correlated single-photon counting (TCSPC) electronics.
Figure[2.1§ displays the normalized data after background subtraction, com-
paring different QD-LED devices without any applied voltage bias. To fit
the data we used a stretched exponential

t

ct)=a ei<§)ﬁ. (2.5)

This accounts for a distribution of decay times for 8 < 1 and turns into a
single- exponential decay for 8§ = 1. We then extracted the mean lifetime 7

5The Hanbury-Brown-Twiss experiments on the nano-patterned QD-LEDs were per-
formed in the course of a secondment at the IBM research center in Rueschlikon, Switzer-
land, together with Dr. Michael Becker and under the supervision of Dr. Thilo Stoeferle
and Dr. Rainer Mahrt.
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Figure 2.17: Comparison of the of the PL second-order auto-correlation function
under pulsed excitation for (a) CdSe/CdS QD emission from the nano-patterned
QD-LED and (b) an individual CdSe/CdS QD on a SiO; substrate. The lifetimes
were extracted by a single-exponential fit of the respective peaks.

from the fitted parameters according to
7=—TI(3), (2.6)

using the gamma function I'. Already from the PL decay curves in Fig-
ure 2.18]it is obvious that the monolayer and the multilayer QD-LED show
a strikingly different behavior.
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Figure 2.18: Photoluminescence decay measured for two different unbiased QD-
LEDs, plotted on a (a) double-logarithmic and (b) the commonly used semi-
logarithmic scale. The QD-LED comprising 2-3 layers of CdSe/CdS QDs clearly
exhibits a slower PL decay than the monolayer QD-LED.

In Figure we compared the parameters extracted from the fit for
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the different devices under different biasing conditions. Note that the elec-
troluminescence observed for a forward bias above the turn-on around 2 V
only adds to the background of the measurement, which was subtracted
from the data prior to the fit. For the monolayer QD-LED, the extracted
mean lifetime (Figure 2.1%h) was around 3 ns and largely independent of
the bias voltage. For the QD-LED comprising 2-3 layers of CdSe/CdS QDs
(Figure[2.19p) on the other hand, the extracted lifetime was longest (15 ns)
for the case of a 0 V bias. With increasing forward bias, the extracted
mean PL lifetime continuously dropped, with a minimum value of 10 ns
for a forward bias of 7 V. Under reverse bias, a clear trend is less evident.
There is an initial drop for a voltage of -1 V and a subsequent recovery of
the mean lifetime to a value of 14 ns, for a maximum reverse bias voltage
of -8 V. We suspect that this is an artefact induced by first measuring the
device with a forward bias. Assuming that the QD-LED takes some time
to recover its initial state, measuring with a bias of -1 V right after the
7 V bias can explain the observed behavior. Concurrently, the stretching
exponent 3 decreases from a value 0.78 to 0.64 for the multilayer QD-LED,
when changing the bias from 0 V to 7 V, indicating a broader distribution of
lifetimes (Figure ) For the case of the monolayer QD-LED in contrast,
the stretching exponent is close to one, regardless of the biasing conditions

(Figure 2.19d).

From these results we deduct that the CdSe/CdS QDs comprising the
first monolayer are in a different emissive state, characterized by a single-
exponential decay with a lifetime of ~3 ns. This is in good agreement with
the 2 ns lifetime extracted for the nano-patterned QD-LED in Figure 2.17h.
It further appears that the biasing condition of the QD-LED only has a
minor influence on the QDs in the first monolayer. The PL decay extracted
for a multilayer QD-LED is multi-exponential, pointing to the presence of
at least a second fraction of emitters with a longer PL lifetime. The fact
that for increasing forward bias the extracted average lifetime is reduced,
indicates that more QDs transition to the state with a short lifetime. Hence,
we reason that the first monolayer of CdSe/CdS QDs is negatively charged.
The extracted lifetime of 3 ns is in agreement with previous studies of the
negative trion T~ emission for colloidal CdSe/CdS QDs using electrochem-
ical charging. [40] In literature, there are reports for inverted QD-LEDs
using ZnO nanocrystals as electron injection layer, which also assign the PL
lifetime reduction for a thin CdSe/CdS QD layer (1-2 monolayers) to nega-
tive trions. [41] In other reports, the authors reason that positive trions are
involved instead. [27] While the lifetime of positive trions can be similar, as
observed in single-particle studies, [42] we argue that the lifetime reduction
for a large forward bias in Figure clearly points to negative trions for
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the case of our nano-patterned QD-LEDs.
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Figure 2.19: Parameters extracted from a stretched exponential fit of the PL decay
for two different QD-LED samples, depending on the applied bias voltage. Mean
lifetime (a) for the monolayer QD-LED and (b) the sample comprising 2-3 layers
of QDs. Stretching exponent 3 for (a) monolayer and (b) multilayer QD-LED.

The emission from negative trions should still exhibit anti-bunching of
the second-order autocorrelation function, characteristic for single-photon
emission. However, since the PL quantum yield is significantly reduced,
due to fast non-radiative Auger recombination, the measurement becomes
more difficult and we reason that the results presented in Figure 2.17h were
recorded for an ensemble of weakly emitting charged CdSe/CdS QDs. In
light of the observation that emission of the nano-patterned QD-LED is
mostly from the negative trion state, also the EL blinking in Figure 2.15]can
be explained. We conjecture that the appearance of a bright emissive spot
arises from the de-charging of one or more CdSe/CdS QDs in the device,
resulting in bright neutral exciton emission lasting for a few seconds.

In literature, multiple approaches have been discussed to mitigate the
effect of QD charging on the emission quantum yield of QD-LEDs. |41, |43
46| In Section we compare several possibilities that would be compatible
with the nano-patterning process we developed. Unfortunately, we were not
able to implement any of these methods due to prolonged issues with the
deposition of the organic layers and the subsequent abandonment of the
project.

2.6 Properties of QD monolayers

In the following study of QD monolayers, we explored the possibility of
limiting QD charging using an additional ZnS shell. We therefore coated two
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different QD samples (CdSe/CdS and CdSe/CdS/ZnS) on SiO5 and also on
a substrate coated with a ZnO ALD layer, recording the photoluminescence
spectra and lifetimes, as shown in Figure[2.20|and Figure[2.2I] Since the set-
up used for the experiments was not designed to handle thin-film samples,
it was not possible to reliably compare intensity values between different
samples, hence we only study the normalized data hereinafter.

Figurecompares the wavelength-resolved PL decay of the CdSe/CdS
QD sample used for the nano-patterned QD-LED presented above. There
is a clear difference between the traces recorded for a monolayer deposited
on bare SiO5 in Figure and b and for a substrate comprising a 20 nm
Zn0O layer in Figure and d, suggesting that the QDs already get at
least partially charged when deposited on ZnO. Same as before, we used a
stretched exponential fit (Equation [2.5)) to extract a mean lifetime 7 and
the stretching exponent §. The instrument response function (IRF) was
measured by reflecting the 400 nm pulsed excitation laser directly to the
detector.

The extracted wavelength-resolved PL lifetimes and respective PL spec-
tra in Figure [2.21] are consistent with negative trion emission from QD
monolayers coated on top of an ALD ZnO layer. Figure shows a
4 nm blue-shift of the emission spectrum, when coating CdSe/CdS QDs
on ZnO. This blue-shift is expected for trion emission and originates from
Coloumb repulsion for multicarrier states, which raises the energy compared
to the approximation of non-interacting carriers. [47] For CdSe/CdS/ZnS
QDs in Figure the blue-shift is reduced to 2 nm, indicating a re-
duced charging with the additional ZnS shell. Figure and d show the
wavelength-resolved mean lifetimes, for clarity we additionally report the
values for the central emission wavelength in Table 2.2] The data clearly
shows that PL lifetime reduction is less severe for CdSe/CdS/ZnS on a ZnO
substrate. Yet, the effect is still present, indicating that the ~1 nm thin ZnS
shell cannot fully prevent tunneling of electrons from the ZnO layer into the
QDs. The stretching exponent in Figure and f further shows that, in
contrast to the monolayer QD-LED reported above, for QD monolayers on
a 20 nm ZnO layer the charging is incomplete. In particular, we observe a
mean lifetime of 7 ns and 5 ~ 0.5 for the CdSe/CdS QDs on ZnO, while
for the monolayer QD-LED the decay is single-exponential with 7 ~ 3 ns
(Figure . Hence, the improvement for CdSe/CdS/ZnS QDs observed
here, might be reduced when the QDs are incorporated in the full QD-LED
stack.

Furthermore, the wavelength-resolved data in Figure shows signa-
tures of energy transfer within the QD monolayer. [48] For the CdSe/Cd-
S/ZnS QDs on SiO, it is apparent that only for the red tail of the emission
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Figure 2.20: Wavelength-dependent PL decay of a CdSe/CdS QD monolayer on
different surfaces. (a) Double-logarithmic and (b) semi-logarithmic plot for a SiO2
substrate. (c¢) Double-logarithmic and (d) semi-logarithmic plot for the same QD
sample on top of a thin layer of ALD ZnO. The data was fitted with stretched

exponentials.
QD sample Substrate|A. (nm)| Sx, |7, (ns)

SiO9 628 (0.82] 30

CdSe/CdS
Zn0O 624 10.49 7
SiO9 615 [0.79| 25

CdSe/CdS/ZnS
Zn0O 613 [0.75| 15

Table 2.2: Comparison of the extracted central wavelengths ., stretching expo-
nents $ and mean PL lifetimes 7 for QD monolayers on different substrates.
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Figure 2.21: Spectroscopic analysis of the effect of QD shelling. (a) PL spectra
of a dense CdSe/CdS QD monolayer on SiOz and on ZnO. The dashed lines

represent a Gaussian fit and the extracted central wavelength.

(b) Respective

spectra for a CdSe/CdS/ZnS QD monolayer. (c) Mean lifetime extracted from a
stretched exponential fit for the CdSe/CdS and (d) CdSe/CdS/ZnS QD sample.
(e) Corresponding stretching exponent for the CdSe/CdS and (f) CdSe/CdS,/ZnS
QD sample.
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around 680 nm, the PL decay is approximately single-exponential with a
lifetime around 60 ns. This can be explained by the fact that for the largest
QDs there are no lower-energy QDs available for Forster resonant energy
tranfer (FRET). For the smaller dots in the sample on the other hand, en-
ergy transfer to larger QDs is an additional loss channel, which lowers the
observed PL lifetime. For larger dots, this energy transfer in return increases
the PL lifetime. Additionally, the size-dispersion of these CdSe/CdS QDs,
in particular shell thickness variations, can cause the same trend in the PL
lifetime. [49] Due to the quasi type II band alignment of CdSe core and CdS
shell, the hole is localized in the core, whereas the electron wavefunction
spreads into the shell. Consequently, for a thicker shell the electron-hole
wavefunction overlap is reduced, in turn reducing the radiative lifetime.
While the wavelength-dependence of the stretching exponent 8 < 1 points
to a pronounced influence of energy transfer, an additional study of the QD
sample in solution would have been helpful to clearly separate these effects.

A similar PL lifetime reduction was observed, when a QD monolayer was
coated with a layer of silicon nitride by plasma-enhanced chemical vapor de-
position (PECVD), a technique which is commonly employed to integrate
QDs in photonic devices. |50, [51] Figure shows there is a red-shift of
the emission spectrum, due to the SiN deposition. The SiN layer used for
this study was only ~30 nm thin, ruling out any dielectric effects on the
QD emission. We therefore interpreted the change in the emission spec-
trum as a consequence of smaller QDs being more likely damaged by the
plasma exposure. [52] The corresponding decrease of the mean lifetime and
stretching exponent displayed in Figure [2.22b and c respectively, can be
explained assuming energy transfer in the QD monolayer. |[48] The PECVD
of SiN leads to an increased fraction of non-emissive dark QDs in the sam-
ple, hence energy transfer from bright to dark QDs introduces an additional
non-radiative decay channel, which can be observed as a decrease of the
mean PL lifetime.

2.7 Nano-patterned structures with
directional PL

As an alternative application for the nano-patterning technique presented
before, we further investigated the possibility of modifying the emission
directionality of a QD-LED by patterning the QDs to form a bulls-eye grat-
ing. [53] Unfortunately, at the time, the organics deposition necessary to
fabricate QD-LEDs, was not available. Therefore, we investigated the pho-
toluminescence of devices instead, making use of an evaporated layer of
Al;O3 (Leybold 560) to mimic the refractive index of the organic layers.
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Figure 2.22: Influence of PECVD on a QD monolayer. (a) PL emission spectrum
of a CdSe/CdS QD monolayer on a SiO; substrate, before and after the deposition
of a 30 nm thin layer of PECVD SiN. (b) Wavelength-dependent mean lifetime
of the CdSe/CdS QDs extracted from a stretched exponential fit of the PL decay
and (c) corresponding stretching exponent.

Figure[2.23h shows a sketch of the fabricated structure. The emission angle
6 is determined by the Bragg condition

m
A
where A is the period of the patterned grating, A is the emission wave-
length of the CdSe/CdS QDs, m is the scattering ordertable and n.sy is
the effective index of the lateral waveguide mode. We further optimized the
Al;Oj3 layer thickness ¢ for maximum out-coupling efficiency using FDTD
simulations (Lumerical).

To fabricate the grating structures we modified the self-aligned electron-
beam lithography process presented in Section 2.5 Starting from a glass
substrate coated with 20 nm ALD ZnO and 20 nm PECVD SiO,, we used
one lithography step, combining reactive ion etching (RIE) of the SiO5 layer
and a subsequent lift-off of spin-coated CdSe/CdS QDs (see Section .
Figure shows a FIB/SEM cross-section of the nano-patterned QD
structure on a dummy sample, Figure an angled top-view of a bulls-
eye grating. The QDs were subsequently covered with a 100 nm Al;O3 layer

sing =nefp — (2.7)

and an aluminium mirror. For mass-production, more scalable nano-imprint
lithography could be applied instead of the electron-beam lithography step.
>3]

Since we fabricated the device with an AlyO3 layer instead of the or-
ganics necessary to obtain EL emission, we investigated the directionality
of the PL emission only. Therefore, we excited the QDs with a UV-LED
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Figure 2.23: (a) Sketch of the device stack, resembling a QD-LED, but with an
Al, O3 dielectric instead of the organic layers. (b) SEM micrograph of a FIB cross-
section through a dummy sample revealing the nano-patterned QD layer on top
of ZnO. The image in (b) is turned upside down with respect to the sketch in (a).

Figure 2.24: (a) Angled SEM top-view of CdSe/CdS QDs patterned in the form
of a bulls eye grating. (b) The red color channel in the image plane visualized
with a x10 objective shows an increased brightness of the structures with a grating
period of 375 nm and 400 nm.
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emitting around 405 nm. After passing a 500 nm short pass filter we used
an objective with x50 magnification and a numerical aperture of 0.8 for ex-
citation and collection of the QD emission. A 600 nm long pass filter was
inserted to block the reflected excitation light before imaging the Fourier
plane on a Thorlabs camera. Comparing the brightness of the emission for
different grating periods in the image plane in Figure 2.24p suggests that
a grating period between 375 nm and 400 nm should be ideal. Also, the
corresponding unprocessed Fourier plane images in Figure 2:25h show an
increased intensity for emission angles near 6 = 0°.
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Figure 2.25: (a) Unprocessed Fourier plane images from a x50 0.8 NA objective
for different grating periods (b) Angular dependence of the far field intensity
1(0) after correction for the transmission function of the microscope system and
integration over de¢.

After correcting for the microscope transmission function, using the
Fourier plane image collected from a part of the sample where there was
only the aluminium mirror and no QDs, the picture becomes even clearer.
Figure shows the angular dependence of the far field intensity I(0) af-
ter integration over d¢. Here, a period of 375 nm gave the highest intensity
near § = 0°. Also the emission directionality for the other grating periods
is in good agreement with the predicted values from the Bragg condition
(Equation , assuming an effective index of n.ry = 1.68 for the central
emission wavelength A = 630 nm of the CdSe/CdS QDs.

2.8 Conclusion and outlook

In summary, we fabricated and characterized nano-patterned QD-LEDs,
which can be scaled down to single emitters for quantum-optics applications.
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Alternatively, we showed that the technique can also be used to modify
the emission directionality of QD-LEDs. While similar CdSe/CdS QDs
have been shown to exhibit pure single-photon emission under electrical
excitation, |12] we identified QD charging as a main hindrance to observe
anti-bunching from our devices.

In literature, several possibilities have been discussed to overcome the
detrimental effect of QD charging on the EL efficiency. For instance, it has
been shown that smoothing the confinement potential in core-shell QDs by
means of an alloyed shell can significantly slow down non-radiative Auger
recombination. |54, [55] In reference [41], the authors show how this can
be used to increase the EL quantum yield. However, reducing the Auger
rate also increases the bi-exciton quantum yield, which in turn will reduce
the purity of the single-photon emission. Therefore, alternative techniques,
aimed to preserve the neutral charge state of the emitters in the QD-LED
device are more suitable.

One possibility to balance the injection of positive and negative charges
into the QD layer is to introduce a nanometer-thin insulating layer between
the QDs and the ZnO electron-injection layer [12}/43|. This tunneling barrier
slows down the efficient electron injection from ZnO, to a level which can
be matched by the organic hole injection layers. Alternatively, modifying
the conductivity and band alignment of the ZnO layer and introducing
different QD shells can help to balance the charge-injection. [41] |44}46]
These techniques have also enabled high-efficiency InP based QD-LEDs, [56]
presenting a heavy metal free alternative to the CdSe based QDs used here.

In Section we discussed the introduction of CdSe/CdS/ZnS QDs
as a possible remedy to benefit future devices. Following up on the work
presented in this chapter, it might be worthwhile to explore Purcell en-
hancement using plasmonic antennas as demonstrated in Chapter [ in con-
junction with electrical excitation. Reducing the relatively long radiative
lifetime 7 of colloidal quantum dots, could significantly increase the attain-
able single-photon rate.
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Chapter 3

Waveguide-coupled colloidal
quantum dot light emitting
diodes and detectors on a
silicon nitride platform

Colloidal quantum dots (QDs) have become an attractive light source for
visible photonics, in particular their widely tunable emission wavelength,
inexpensive wet-chemical synthesis and straight-forward hybrid integration
can make the difference. Here, we demonstrate the first integrated light-
emitting diodes based on CdSe/CdS QDs, with the emission directly coupled
to a silicon nitride waveguide. We report a record current density of up to
100 A/em? and a maximum on-chip power of almost 2 nW in a single-mode
waveguide. Operated as detectors, the photodiodes have a low dark current
of 1.5 nA/cm?. We anticipate the devices to find an application in chip-
based absorption spectroscopy and bio-sensing, as they can be post-processed
on foundry-fabricated waveguide platforms, at a low cost. In addition, we
believe that our approach provides the missing low-loss wavegquide layer, nec-
essary for building an electrically pumped laser using colloidal @Ds. The re-
sults have in part been presented at a conference (1 and a full length journal
paper has been submitted. In addition, a Furopean patent application has
been filed (EP20172462.2), based on the innovative device concept outlined
in this chapter.
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3.1 Introduction

Colloidal semiconductor nanocrystals or QDs are appealing gain materi-
als for optical amplifiers and lasers. Especially in the case of optically
pumped lasers, multiple studies have demonstrated the combined advan-
tages of a tunable emission spectrum, high material gain and a suitability
for solution-based processing. [2-H4] In addition, reliable approaches to fabri-
cate QD-based microlasers have been established [5, |6] and pathways identi-
fied to shift from femtosecond pulsed excitation to continuous-wave optical
pumping, |7, 8] at power levels around 10 kW /cm?, compatible with cheap
blue laser diodes. The demonstration of electrically pumped QD lasers,
on the other hand, still remains a challenge. Building on the progress in
colloidal QD light emitting diodes [9] (QD-LEDs), optical gain has been
achieved with DC electrical pumping, by implementing a current focus-
ing approach. [10] However, to attain lasing operation, LED designs that
support the high current densities required to sustain population inversion
must be integrated with a low-loss cavity. One approach to address this, is
to use index confinement in the active material, combined with a patterned
charge transport layer providing distributed feedback. [11] However, in such
a device a sufficiently thick QD film is needed to support a confined optical
mode. For thin QD layers, which can be inverted with the available current
density, increasing passive optical losses strongly compromise lasing opera-
tion. As an alternative, we propose a novel design with a QD-LED structure
in the evanescent field of a guided optical mode, allowing to significantly
reduce passive optical losses for thin QD layers and enabling multiple means
of optical feedback.

In this work, we demonstrate the first waveguide-coupled QD-LED,
the basic building block for future laser designs. We therefore combined
an adapted CdSe/CdS QD-LED structure with silicon nitride (SiN) inte-
grated photonics. SiN recently emerged as a versatile platform for on-chip
visible and infrared photonics, with applications in bio-sensing and spec-
troscopy. [12]. While SiN enables high performance passive components
with propagation losses as low as 1 dB/m [13], the heterogeneous integration
of active components is essential for advanced functionality. For example,
fast Pockels modulators [14] and III-V amplifiers and lasers |15| [16] have
been integrated on silicon nitride, as well as optically-pumped QD lasers. |5]
To extend this work to integrated QD-LEDs, we started from an efficient
so-called inverted QD-LED stack, [9,|17] consisting of a QD film in-between
organic materials for hole injection and ZnO nanocrystals for electron in-
jection. However, straightforward integration of this stack on top of a SiN
waveguide would induce prohibitive propagation losses of several dB/um.
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A key to overcoming this issue, was developing a low-loss ZnO n-contact
layer. In combination with the inherent current focusing architecture of
our waveguide-coupled QD-LEDs, this enabled a record current density of
100 A/cm?, while minimizing passive losses. Furthermore, the presented
devices can also be operated as integrated photodiodes, making them a
versatile building block to functionalize SiN integrated photonics. At the
same time, our work constitutes a major step on the way to an electrically
pumped QD laser.
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Figure 3.1: (a) Schematic model of the waveguide-coupled quantum dot light
emitting diode (QD-LED), consisting of a silicon nitride waveguide covered with
a low-loss ZnO electron transport and injection layer. Colloidal CdSe/CdS QDs
are used as active material and organic layers for hole transport and injection.
(b) Band alignment of the different layers used in the waveguide-coupled QDLED
referenced to the vacuum level.

3.2 Design and simulation

Figure shows the device cross-section, with an overlay of the funda-
mental transverse electric (TE) waveguide mode profile. The silicon nitride
waveguide with width w and height h is overcoated with a 10 nm thin
ZnO n-contact layer. Silicon oxide acts as a side-cladding of the waveguide,
enabling the uniform deposition of a ~20 nm colloidal CdSe/CdS quan-
tum dot layer. The QDs with a core/shell diameter of 3.7/7.5 nm were
optimized for a high intrinsic gain and a low threshold. Organic hole
transport layers with a total thickness ¢t and an aluminum p-contact com-
plete the device. To optimize the geometry and find a suitable trade-off
between coupling efficiency and propagation loss, we performed finite ele-
ment (FE) and finite difference time domain (FDTD) simulations with a
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commercial software package (Lumerical). The colloidal CdSe/CdS QDs
can be approximated as isotropic dipole emitters, due to their random ori-
entation in the device. [19] However, only one polarization couples efficiently
to the fundamental TE waveguide mode. The average coupling efliciency
Bavg, for quantum dots on top of the waveguide has a maximum for narrow
single-mode waveguides, due to higher mode overlap compared to wider
multi-mode waveguides. Yet, this does not mean that single-mode wave-
guides will perform better, since there will be more electrically contacted
emitters on top of a wider waveguide. A more meaningful figure of merit is
W X Bavg, Which is proportional to the total spontaneous emission coupled to
the fundamental TE mode. Results for different geometries are displayed in
Figure[3:2b, using a first-order interpolation between simulated values. The
dashed black lines mark the onset of higher order TE modes for the simu-
lation wavelength of 650 nm. It can be seen, that the coupled spontaneous
emission depends weakly on the width and reaches a maximum for a height
between 100 nm and 150 nm. For wider multi-mode waveguides, part of
the spontaneous emission is coupled to the higher-order modes. However,
for integrated photonics applications single-mode devices are preferred, to
avoid spurious effects originating from mode mixing. All simulations were
performed with refractive index values of the organic layers, ZnO and silicon
nitride extracted from ellipsometry measurements. The values obtained for
a wavelength of 650 nm were ntcra = 1.74, nyps = 1.74, ngar.cn = 1.79,
nzno = 1.89, ngin = 1.94. To accurately determine the loss of the optimized
ZnO layer, we performed cut-back measurements, extracting an imaginary
refractive index of kz,0 = 2.5 x 107* (see Figure )

Figure [3.2F visualizes the influence of the p-contact metal on the wave-
guide loss, for fixed dimensions of the silicon nitride waveguide (w =1 pm,
h = 300 nm) and assuming loss-less organic layers. The metal loss com-
ponent shows the expected dependence on the overlap with the evanescent
field, resulting in an exponential decay of the loss with the thickness t.
Only for a sufficient separation, determined by the thickness of the organic
layers, reasonable loss can be achieved. For example, for an organic layer
thickness of ¢ = 500 nm, simulations predict a metal loss of 4 dB/cm,
which was confirmed by cut-back measurements. We therefore fabricated
a sample according to the description in Section but without deposit-
ing any QDs and a total thickness ¢ = 500 nm of the organic layers. We
then measured the waveguide transmission spectrum using a supercontin-
uum source (NKT Photonics, SuperK Extreme), coupling the broadband
emission to the chip via a grating coupler (see Figure ) and an optical
fiber (SM780) and recording the transmitted power with an optical spec-
trum analyzer (Advantest, 8381A). Figure compares the transmission
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Figure 3.2: Simulation results of coupling efficiency and waveguide loss for differ-
ent geometries. (a) Mode profile of the fundamental TE mode for the fabricated
geometry and a simulation wavelength of 650 nm. (b) Figure of merit for the
power coupled to the fundamental TE mode, for a given organics thickness of
t = 600 nm. (c) Waveguide loss originating from the p-contact metal for a given
width (w =1 pm) and height A = 300 nm) of the silicon nitride. (d) Dependence
of the passive waveguide loss on the geometry, for a given organics thickness of
t = 600 nm. First-order interpolation of the simulation results was used for the
display in (b) and (d), the dashed lines represent the cut-on of higher order modes
for the simulation wavelength.



3-6 WAVEGUIDE-COUPLED QD-LED

measurements for different device lengths, from which we extracted an ex-
cess loss of 443 dB/cm for the organic layers and p-contact metal using a
linear fit.
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Figure 3.3: Extraction of the loss induced by the p-contact metal. (a) Grating
coupler transmission spectrum. (b) Transmission measured for different device
lengths.

The organic layers should also not be thicker than needed to suppress the
loss from the p-contact metal, since this would unnecessarily increase the
series resistance of the device. Also, there is a practical limitation of the ma-
terial thickness, which can be deposited during one continuous evaporation
step. Hence, we fixed the parameter at ¢ = 600 nm. This corresponds to a
simulated excess loss of 2 dB/cm due to the aluminum layer for w = 1 um
and h = 300 nm. Figure shows the dependence of the total wave-
guide loss on the width and height of the silicon nitride, for an organics
thickness of ¢ = 600 nm. Clearly, thin silicon nitride waveguides give rise to
increasing losses, due to the larger mode overlap with the ZnO layer and the
p-contact metal. A height of 300 nm provides a good trade-off between loss
and coupling efficiency. Also, narrower single-mode waveguides show higher
passive losses due to a larger mode overlap with the ZnO layer on the wave-
guide sidewalls and the unpumped quantum dots next to the waveguide,
which were included in the simulation of passive losses, since they will only
cause absorption. Table summarizes the different loss contributions for
the fundamental TE mode with the fabricated dimensions, including QDs
on top of the waveguide as reported below. Transverse magnetic (TM)
waveguide modes are strongly suppressed in the design, due to their larger
overlap with the aluminum p-contact layer, resulting in simulated passive
waveguide losses exceeding 180 dB/cm.
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Wavelength (nm) 610 (band-edge)|642 (EL peak)|650
SiN (dB/cm) <1 <1 <1
ZnO (dB/cm) 9 9 9

Al p-contact (dB/cm)|1 2 2
QDs (dB/cm) 405 44 14
Total (dB/cm) < 416 < 56 < 26

Table 3.1: Estimated waveguide loss contributions for the fundamental TE mode
with the fabricated dimensions, assuming QD absorption in absence of electrical
or optical pumping.

3.3 Fabrication process development

3.3.1 Silicon nitride waveguides

Based on the simulation results we targeted dimensions of w =1 um, h =
300 nm and ¢ = 600 nm for the fabrication. We started from silicon samples
cleaved from a 6" wafer, coated with a 1 pm thermal SiOy layer (Siegert
Wafer) and deposited a 300 nm silicon nitride layer by plasma enhanced
chemical vapor deposition (PECVD) at a substrate temperature of 270°C
(Advanced Vacuum Vision 310 PECVD). In a first e-beam lithography step
with our 50 kV system (Raith Voyager), we patterned metal markers using
a positive resist (ARP-6200.09, Allresist), using an area dose of 200 uC/cm?
and development in n-amyl acetate. We then evaporated 50 nm Au on top
of a sputtered 3 nm Ti adhesion layer (Leybold Univex) and performed a
lift-off in a dedicated resist remover (AR 600-71, Allresist), using ultrasonic
agitation. To pattern the waveguide layer, we again used a positive resist
(ARP-6200.09, Allresist), an area dose of 160 C/cm? and development in
n-amyl acetate. Reactive ion etching (RIE) in CF4 and Hy chemistry was
followed by a resist strip in Oy plasma (Advanced Vacuum Vision 320 RIE).
Supplementary information on the fabrication of the SiN waveguides can be
found in Appendix[A7]] To ease the prototyping, the results presented here
use in-house fabricated waveguides. But it would also be possible to do the
following post-processing steps (see Figure —i) on waveguides processed
by a foundry, since 300 nm is a commonly available standard thickness for
silicon nitride. |20]
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Figure 3.4: Main processing steps for fabricating waveguide-coupled QD-LEDs.
(a) Low-frequency PECVD of a 300 nm SiN waveguide layer on a silicon sample
with 1 pum thermal SiOs. (b) Patterning of the waveguides using electron-beam
lithography and a dry etch. (c¢) Atomic layer deposition (ALD) of the ZnO electron
injection layer and AlyOg passivation. (d) Local removal of AloO3 and patterning
of the Ti/Au/Ti n-contact metal using optical lithography and a lift-off process.
(e) Patterning of the ZnO layer using optical lithography and a wet etch. (f)
High-frequency PECVD of a 350 nm SiO» layer. (g) Local removal of SiO2 using
electron-beam lithography and a dry etch, wet removal of the Al,Og3 layer to ex-
pose the ZnO electron injection layer. (h) Local deposition of CdSe/CdS colloidal
qunatum dots using a lift-off process. (i) Thermal evaporation of organic hole
injection and hole transport layers, as well as an aluminum p-contact.
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3.3.2 Atomic layer deposition of ZnO

Unlike conventional inverted LED designs found in literature, |9, |17] we do
not use a combination of a transparent conductive oxide and ZnO nanocrys-
tals for electron injection. Instead, to reduce passive optical losses, we em-
ployed atomic layer depositiorﬂ (ALD) to conformally coat the waveguides
with a 10 nm thin layer of polycrystalline ZnO, serving as a electron trans-
port and injection layer. Subsequently, we deposited a 15 nm Al,O3 ALD
layer, acting as passivation and etch-stop layer. The ALD processes were
adapted from established protocols found in literature |21} 22|, using di-
ethylezinc as a precursor for the ZnO deposition and trimethylaluminum for
Al;O3. Distilled water vapor was used as reactant for both thermal ALD
processes. Further details on the ALD process parameters can be found
in Appendix [A74] The deposition was performed in the same home-built
stainless steel pump-type reactor, that was used for the devices presented in
Chapter[2] However, here we reduced the temperature of the sample holder
to 150°C, resulting in a decreased intrinsic n-type conductivity of the ZnO
layer and a correspondingly lower optical loss. After the ALD deposition,
we performed a short annealing step, reaching a maximum temperature of
400°C for 30 s in Ny and Hy atmosphere.

To accurately determine the waveguide loss introduced by the 10 nm thin
ZnO layer, we performed cut-back measurements for a ZnO coated wave-
guide (w = 1 pm, h = 300 nm), covered with a 1 pm SiOs cladding. We
therefore fabricated a separate sample that contained SiN spiral waveguides
of different length and grating couplers (see Figure ) We measured
the waveguide transmission using a supercontinuum source (NKT Photon-
ics, SuperK Extreme), coupling the broadband emission to the chip via an
optical fiber (SM780) and recording the transmitted power with an optical
spectrum analyzer (Advantest, 8381A). Figure compares the loss ex-
tracted for a sample before and after the rapid thermal annealing (RTA)
step described above, for a wavelength of 640 nm. The annealing step signif-
icantly reduces the waveguide loss from 19.6+0.9 dB/cm to 7.0£0.6 dB/cm.
We then used finite element simulations (Lumerical Mode) to calculate the
imaginary refractive index of k = 2.5 x 10™* used for the simulations in
Section corresponding to a waveguide loss of 7 dB/cm.

The fabricated samples also included metal contacts with varying sepa-
ration, for transfer length measurements (TLM), as shown in Figure [3.5p.
Using DC probes and a source measurement unit (Keitly 2450) we obtained
a sheet resistance of 1.240.1 kQ /00 for typical samples after completing
all processing steps. Although the ZnO layers are already conductive as-

1Deposition of the ALD layers was performed by Robin Petit, associated with the
Conformal Coating of Nanomaterials (CoCooN) research group of Ghent University.
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deposited, we suspect that during the annealing step diffusion of Al from the
Al, O3 passivation layer into the ZnO layer causes additional Al-doping [23)|
and therefore the observed reduction of the sheet resistance.
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Figure 3.5: Material characterization of the optimized ZnO layer. (a) Cut-back
measurements show a drastic reduction of the waveguide loss after the rapid ther-
mal annealing (RTA) step. (b) Result of a typical transfer length measurement
(TLM) to extract the sheet resistance of the 10 nm ZnO layer, before and after
RTA.

3.3.3 Patterning of the n-contact metal and ZnO

To pattern the n-contact metal (20 nm Ti/100 nm Au/20 nm Ti) we used
optical contact lithography (Karl Suss MA-6 mask aligner) and a lift-off
process. To ease the processing, we made use of an image reversal resist
(Ti-35E, Micro Chemicals), for which the developer also etches the AloO3
passivation layer. To allow for a 4-5 min long development and simultaneous
etching in dilute buffered KOH (AZ400K, Micro Chemicals), diluted 1:3
with de-ionized (DI) water, we had to adapt the standard recipe for the
resist. We found that for a power density of 5 mW /cm? at 320 nm in our
mask aligner, a first exposure of 100 s, a 3 min post-exposure bake on a
hotplate set to 125°C and a subsequent 200 s flood exposure produced good
results. The lift-off was performed in an acetone puddle, without ultrasonic
agitation.

The first 20 nm Ti layer of the metal contact ensures a good band align-
ment and an Ohmic contact to the ZnO electron injection layer (see Fig-
ure B.Ib). From TLM we extracted a typical contact line resistance of
3.4 Qcm, as shown in Figure [3.:5p. We found that due to the improved di-
rectionality, e-gun evaporation (Leybold 560) of the layer gives better results
than sputter deposition, for which artifacts were found at the boundaries of
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the metal contact. These artifacts, which originate from Ti being deposited
on the resist sidewalls, caused pinholes in the p-contact metal deposited in
the last fabrication step, in turn severely affecting the device performance
outside of an inert atmosphere. The central 100 nm Au layer provides a high
conductivity of the n-contact metal lines, while keeping the surface profile
of the device low and the final 20 nm Ti layer ensures a good adhesion of
the subsequently deposited SiO4 layer.

Next, we patterned the ZnO electron injection layer using optical con-
tact lithography with a positive resit (AZ5214, Micro Chemicals) and again
making use of the over-development procedure described above to remove
the AlyO3 passivation. Then we used a 30 s wet-etch in 37% hydrochloric
acid (HCl), diluted 1:50 with DI water, to selectively remove all ZnO from
the SiN waveguide structures. The high selectivity of this wet-etch process
ensures that the original SiN device performance can be completely recov-
ered. Figure shows the resulting boundary between a ZnO covered
waveguide and a section where the ALD layers were removed. To prepare
the sample for the next processing step, we first removed the resist in ace-
tone and any remaining residue during a 10 min Oy plasma cleaning step
(Advanced Vacuum Vision 320 RIE).

3.3.4 SiO, planarization etch and QD deposition

Serving as a dielectric barrier and side-cladding of the SiN waveguide, we de-
posited a 350 nm SiOs layer by PECVD, at a temperature of 150°C. Detailed
parameters of the deposition process can be found in Appendix [AT:4] To
provide the required overlay accuracy for the following planarization etch,
we used electron-beam lithography with a positive resist (ARP-6200.13,
Allresist), a dose of 160 uC/cm? and 90 s developement in n-amyl acetate.
Using a dry etch we locally removed the SiOs, stopping at the AlyOg3 etch-
stop layer. Subsequently, the Al,O3 was removed using a wet-etch, exposing
the ZnO electron injection layer.

It turned out that this planarization etch was one of the most critical
processing steps in the device fabrication and quite a lot of effort went into
finding a reliable procedure. For the reactive ion etch in CF4, SFg and
Hy chemistry, we made use of an etch monitor (Intellemetrics LEP500).
Figure shows the recorded sample reflection during the etch, using the
980 nm laser installed in the tool. We therefore created openings of 200 pm
x 200 pm in the resist, where we focused the laser beam. The signal dis-
played in Figure [3.6] shows the expected sinusoidal behaviour over time,
indicating the removal of SiO5 with a constant rate. A slight change in the
slope can be observed when the etch reaches the AlsO3 etch-stop layer, at
which point we manually terminated the etch. The use of the etch monitor
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greatly simplifies the dry etch procedure, compensating for variations in the
thickness of the deposited SiOs layer and in the etch rate.
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Figure 3.6: Reflected laser intensity recorded by the etch monitor during the
removal of SiO2 on top of the waveguide. A slight change in the slope indicates
when the etch reaches the AloO3 etch-stop layer.

To reduce the process variability and avoid the deposition of etch residue
on the samples, it furthermore proved essential to start the etch with a
well-conditioned RIE chamber. We therefore first performed a cleaning
procedure, consisting of a 15 min SFg plasma step, followed by 15 min of
O5 plasma. Then we ran the SiOs etch recipe for 5 min without any sample
in the chamber. Prior to the SiO5 etch, we removed un-developed resist with
a 20 second O plasma step. After the etch we used a 10 min Os plasma
exposure to remove the remaining resist mask and etch residue. Figure[3:7h
shows the SEM top-view of a sample at this point in the fabrication process,
with the exposed ALD layers appearing smooth and uniform, indicating a
successful removal of the SiO; layer. For the sample in Figure 3.7p on the
other hand, the SiOs etch was incomplete, resulting in visible residue on
top of the SiN waveguide. In addition, it can be seen from Figure 3.7, that
for this sample the developed area of the resist was too wide, causing the
SiO4 cladding to be etched next to the waveguide as well.

We then used dilute buffered KOH (AZ400K diluted 1:3 with DI wa-
ter) to remove the remaining AlyO3 etch-stop layer and expose the ZnO
n-contact. Figure shows a sample after this processing step, with the
Zn0O layer covering the SiN waveguide only showing minor imperfections.
For the sample in Figure in contrast, there are a multitude of holes in
the ZnO layer, indicating a failed process due to poorly chosen parameters.
Subsequently, we locally deposited a ~20 nm layer of CdSe/CdS quantum
dots by spin-coating them from toluene, using a lift-off procedure with a
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1um

Figure 3.7: SEM top-view of different samples after the SiO2 planarization etch.
(a) Sample after successful RIE, before the Al;O3 wet-removal. The SiN wave-
guide appears bright due to the conformal ZnO coating and the etched area is
aligned well to the underlying waveguide. (1) SiO; residue on top of the wave-
guide is only present near the edge of the etched area. (2) SiOz side-cladding
next to the waveguide. (3) SiO2 residue re-deposited next to the waveguide. (b)
Sample after an incomplete RIE, before the AloO3 wet-removal. The dark pattern
on top of the waveguide indicates the presence of dielectric SiOs. (4) Etch residue
likely due to insufficient chamber cleaning. (5) Etched SiO» side-cladding due to
an overly wide developed area. (c) Sample after successful removal wet-removal
of the Al,O3 etch-stop layer. (6) Only minor imperfections are present in the
ZnO layer. (d) Sample after a failed SiO2 planarization etch due to incorrect etch
parameters. The ZnO layer exhibits many holes and likely a significantly reduced
conductivity.
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positive e-beam resist (AR 617.06, Allresist). The area dose for this process
was 160 uC/cm? and we used a dedicated developer (AR 600-55, Allresist)
and lift-off in acetone, aided by ultrasonic agitation. Figure [3.8p shows a
sample after this processing step, with a uniform layer of CdSe/CdS QDs
covering the side-clad SiN waveguide.

As an alternative to patterning the QDs using an e-beam lithography
step, we also explored the option of using optical contact lithography for
that purpose. We therefore used an image reversal resist (TI-35E, Micro-
chemicals) with the processing parameters described above, just after the
SiO; RIE step. This way, the wet-removal of the Al;Og3 etch-stop layer can
be done just before the deposition of the QDs, ensuring a clean surface of
the ZnO electron injection layer.

3.3.5 Organic layers and p-contact metal

For the deposition of the p-contact layers we used thermal evaporation in
a dedicated deposition chamber (Trovato) with a base pressure of 1.5 x
10~% mbar, connected to a glove boxE| We rotated the sample holder with
12 rpm during shadow-mask evaporation of the organic layers, in order to
obtain more uniform layers. The average depositon rate for the of 70 nm
TCTA layer (sublimed grade, Ossila) was 1.1 A/s, for the 500 nm NPB
layer (sublimed grade, Ossila) 1.9 A/s and for the 30 nm HAT-CN layer
(sublimed grade, Ossila) 1.7 A/s. For the final 300 nm aluminum p-contact
layer the average deposition rate was 2.3 A /s, without any rotation of the
sample holder.

Figure shows a focused ion-beam (FIB) cross-section of a device
after the last processing step. The bright ZnO layer is clearly visible, con-
formally coating the SiN waveguide. To the left of the waveguide there is
a smooth transition to the SiOg side-cladding, allowing a uniform deposi-
tion of the CdSe/CdS QD layer. However, to the right of the waveguide, a
slight misalignment in the electron-beam lithography step prior to the SiOq
planarization etch caused the SiOs side-cladding to be etched. In the sub-
sequent QD deposition step the etched trench was partly filled. This illus-
trates a drawback of the planarization method used in this work, requiring
the highest possible alignment accuracy. While the use of electron-beam
lithography and a reduced fabrication yield is acceptable for small-scale
prototyping, for the mass fabrication of devices, more reliable wafer-scale
techniques employing chemical mechanical polishing (CMP) would be pre-
ferred. However, a small imperfection as shown in Figure [3.8c should not

2Deposition of the organic layers and p-contact metal was performed by Frederik
Van Acker, associated with the Liquid Crystals and Photonics (LCP) research group of
Ghent University.
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significantly impact the device performance. Using finite element simula-
tions (Lumerical Mode) we found that the impact of the QDs in the etched
trench on the overall waveguide loss is neglible.

Another issue we encountered in the device fabrication was the formation
of pinholes in the aluminum p-contact metal, visible in the FIB cross-section
in Figure [3:8d. The step in the surface profile due to the SiN waveguide
etch and the deposition of the n-contact metal directly translates to the
p-contact metal, which appears to be cracked. This is a major issue for
our devices, since the p-contact metal also serves as the only encapsulation
of the devices during the characterization in an atmospheric environment.
Pinholes in the layer lead to an ingress of atmospheric moisture and oxygen,
quickly deteriorating the performance of the organic layers. For devices
which suffer from pinholes in the p-contact metal, we observed a significant
reduction of the attainable current density, compared to the values reported
in the next section. We found that shifting the n-contact metal about 1 pm
away from the trench defining the SiN waveguide and using a large-area
deposition of the CdSe/CdS QDs helped smoothing out the surface profile.
Combined with a 300 nm thick alumium layer, this significantly reduced the
pinhole density, leading to a better device performance.

3.4 LED characterization

The SEM micrograph in Figure[3.9k shows a FIB cross-section of a waveguide-
coupled QD-LED, with the annotated sketch next to it outlining the dif-
ferent layers. The large aluminum p-contact metal, covering an area of
approximately 0.4 cm X 1 cm of the fabricated chips, serves as the only en-
capsulation of the devices during the characterization in an atmospheric en-
vironment. The schematic top-view in Figure 3.9 shows that with our chip
layout we were able to measure the waveguide transmission using grating
couplers, while biasing the devices. For the devices presented here, we used
one metal electrode to contact two waveguide-coupled QD-LEDs, increas-
ing the number of devices on one chip. Figure [3.9b shows a corresponding
SEM top-view of a finished device, detailing the device layout. In addition,
each fabricated chip also contained two devices, which were contacted with
two electrodes, one at each side of the waveguide. This way, we were able
to monitor the effect of the AloO3 removal etch on the conductivity of the
underlying ZnO electron injection layer.

To evaluate the impact of asymmetries in the fabricated devices, we
performed finite element simulations (Comsol Multiphysics), extracting the
electric potential in the region of interest, as well as the current density
in the organic layers. For the results displayed in Figure we used the
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Figure 3.8: SEM images of the sample at different stages of the fabrication process.
(a) Top-view of a SiN waveguide after the SiO2 planarization etch, showing the
boundary of the patterned ALD layers. The SiN waveguide appears damaged in
the area, where it is not covered with ZnO and AlO3. (b) Side-clad SiN waveguide
covered with CdSe/CdS colloidal QDs. (c¢) Focused ion-beam (FIB) cross-section
of a completed device showing the surroundings of the SiN waveguide. A slight
misalignment in the electron-beam lithography step prior to the SiO2 planarization
etch caused the SiO; side-cladding to be etched next to the waveguide. In the
subsequent QD deposition step the etched trench was partly filled. (d) FIB cross-
section of the n-contact metal on a completed device. The step in the surface
profile due to the SiN waveguide etch and the deposition of the n-contact metal
directly translates to the p-contact metal, leading to pinholes in the evaporated
aluminum layer.
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Figure 3.9: (a) Schematic top-view of the devices. (b) SEM top-view of a finished
device showing the aluminum p-contact and the buried n-contact. (1) Part of the
waveguide, where the SiOs top cladding was etched using the process described
above. (2) Boundary of the large-area QD pattern. (3) Remaining SiO2 on top

of the SiN waveguide. (c) FIB cross-section of a finished device, outlining the
different layers.
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extracted ZnO conductivity, as shown above and an upper bound for the
conductivity of the organic layers of p = 0.01 S/m found in literature. [24]
The simulation results show, that due to the high conductivity of the thin
ZnO electron transport layer, the largest part of the applied forward bias
drops across the organic hole transport layers. In addition, while the ZnO
layer was only grounded on one side of the simulation region, emulating a
one-sided contact to the n-metal, we found that the geometric asymmetry
of the electric field should be minimal.
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Figure 3.10: Finite element simulation of (a) the electric potential and (b) the
current density in the organic layers for a forward bias voltage of 100 V.

To characterize the performance of the waveguide-coupled QD-LEDs, we
used a source measurement unit (Keithley 2400) and DC probes to sweep the
voltage and collect the grating coupler output with an optical fiber (SM780).
Figure shows the recorded current density for the device with the
highest observed optical output power (Device 1), reaching 47 A/cm? at
100 V. The inset shows the electrical turn-on behavior of the device. Below
a forward bias of 2 V we recorded a current noise of 2 x 107% A /cm? for the
2 mm long device, which was limited by the measurement range setting of
the sources measurement unit. Figure shows the electroluminescence
(EL) spectrum, collected from the grating coupler output (measured with
an Andor Shamrock SR-303i spectrometer). We observed a 2 nm red-shift of
the peak emission wavelength for Device 1, when increasing the bias voltage
from 40 V to 80 V, which we attribute to the quantum confined stark effect,
due to the large bias voltage. To test the capabilities of the waveguide-
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Figure 3.11: Waveguide-coupled QD-LED operated with a high bias voltage. (a)
Current density recorded for the device with the highest optical output power,
with an inset detailing the electrical turn-on behavior. (b) Normalized emission
spectrum collected from the grating coupler output for different bias voltages.

coupled QD-LEDs we further increased the voltage for a different device on
the same chip (Device 3). Figure demonstrates a maximum current
density of 100 A/cm? at 120 V bias, just before device failure. The SEM

micrograph in Figure shows visible damage to the device due to the
overvoltage.
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Figure 3.12: Bias voltage limitation for the waveguide-coupled QD-LED. (a) Ir-
reversible destruction of the device was observed for a forward bias voltage above
120 V, with a reported maximum current density of 100 A/cm2. (b) SEM top-view
showing the visibly damaged device.

The output measured with an optical power meter (HP8153A) for a
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waveguide-coupled LED from a different chip (Device 2) is displayed in Fig-
ure [3:13p, indicating an optical turn-on at a voltage of 3 V. This measure-
ment is limited by the noise floor of the optical power meter and we expect
the actual value to be closer to the electrical turn-on at 2 V. Figure 3:13p
shows the output spectrum of Device 2 at 5 V bias. As the efficiency of
the grating coupler has a strong spectral dependence, we cleaved the chip
for this measurement and collected the emission from the end facet with a
multimode fiber. There is a 15 nm red-shift of the spectrum, compared to
the photoluminescence (PL) emission of the same CdSe/CdS QD sample
in solution, while the full width at half maximum (FWHM) remains ap-
proximately 35 nm. This is partly caused by short-range energy transfer
from smaller to larger QDs, occurring in thin films. [26] Secondly, due to
our device design, there is additional self-absorption of light propagating
along the waveguide (see Figure ), limiting the output power of the
LED (see Equation and further shifting the electroluminescence (EL)
emission peak.
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Figure 3.13: (a) Optical turn-on behavior of the waveguide-coupled QD-LED with
the power collected from the grating coupler output. (b) Comparison of the EL
emission collected from the end facet of a cleaved sample to the PL spectrum of
the same CdSe/CdS QD sample in solution.

Using a separate measurement of the grating coupler transmission spec-
trum (see Figure )7 we calculated an insertion loss of 13 dB, taking into
account the QD emission spectrum. This allowed us to estimate the opti-
cal power in the silicon nitride waveguide. In addition, next to the 1 um
wide QD-LED section, the silicon nitride photonic chips include 400 pm
long single-mode filter sections, with 450 nm wide waveguides. This en-
sures, that the optical power collected through the grating coupler is from
the fundamental TE mode only. Figure shows the on-chip power in
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a single-mode waveguide, with a maximum of P = 1.95 nW for a current
density of 47 A/cm?, for the 2 mm long device. We used this power to
calculate the quantum efficiency ¢ of the QD-LED. Figure [3.14p shows the
normalized quantum efficiency, with a maximum for a current density of
0.04 A/cm? and a distinct roll-off behavior for higher current densities. A
similar effect has been reported for many colloidal QD-LED devices in lit-
erature and is believed to originate from imperfect charge balance. It has
been shown, that adjusting the barrier for electron injection into the dots,
can help to overcome this issue. |27} |28]
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Figure 3.14: Saturation of the QD-LED output power. (a) Measured on-chip
optical power in a single-mode waveguide and (b) normalized quantum efficiency
as a function of the current density.

We calculated a maximum external quantum efficiency of ¢q.; = 0.08%
for the device, according to

¢emt = ];T)\Ce
where e is the elementary charge, h the Planck constant, ¢ the speed of
light, I the device current and the EL emission peak wavelength of A =
642 nm. The external quantum efficiency of our LEDs is low, compared
to values reported for vertically emitting devices, [17] this is mainly due to
the low average coupling efficiency B4, to the fundamental TE mode. In
addition, next to the short-range energy-transfer reducing the PL quantum
yield in thin films, [26] self-absorption is also a major loss mechanism in
our waveguide-coupled devices. Neglecting the unlikely re-emission into the
waveguide mode after an absorption event, the output power of a LED with
length [ can be modeled as

(3.1)

l
P(l) :p/o e~ dux, (3.2)
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where the constant p is the coupled power per unit length and « is the self-
absorption coeflicient. Therefore, the fraction of power reaching the output
is

1— efozl

- (3.3)

’y:

The coefficient a can be extracted from the QD absorption in Figure 3.15p,
for the PL emission peak at A = 627 nm we obtained o = 5.5 mm~!. We
then calculated the internal quantum efficiency for the 2 mm long devices
according to

¢ewt
Gint = 7, (3.4)
"7 Bavg
obtaining a maximum of ¢, = 11%, for Bu.y = 0.8% extracted from

the simulation results in Figure [3:2b. Comparing this to a PL quantum
yield of 75% for the CdSe/CdS QD sample in solution, there is still room
for improvement in the device processing and the band alignment of the
different layers shown in Figure [3.Ip.

3.5 Detector characterization

The same devices can also be operated as waveguide-coupled photo-detectors,
using a moderate reverse bias. To characterize the detector performance,
we first measured the transmission spectrum using the grating couplers for
a device with and one without the QD layer (see Figure ) In Fig-
ure we compare the extracted absorption to values calculated from
the absorption spectrum of the CdSe/CdS QDs in solution. We used the
material absorption of CdSe and CdS nanoparticles for a wavelength of
350 nm reported in literature, to calculate the absorption of our core/shell
particles with an effective medium approach |29, |30] and re-scale the mea-
sured solution absorption. Assuming a QD fill-factor of 50% and a mode
overlap of 3.6%, corresponding to a QD layer thickness of 22 nm, we observe
a good agreement with the waveguide-based measurement.

For the detector characterization we used an external LED (A = 635 nm)
and estimated the power coupled into a single-mode waveguide from the
transmission spectrum of a device without quantum dots (see Figure [3.16h).
Figure[3.I6b compares the current measured with a source measurment unit
(Keithley Model 2450) for different optical input powers to the dark current
for a 500 pm long device. We then used the photo-current at a reverse bias
of 7'V, subtracted the corresponding dark current of 1.5 yA /cm? and fitted
the detector response in Figure B.I7h with

I(P)=aP®, (3.5)



WAVEGUIDE-COUPLED QD-LED 3-23
a b
400 ¢
o 20 —— Solution
2 €
c _30 G 300 — QDLED
o - ~
2 Q  femee-- 3.6% overlap
g —40 g 200
E e a-
= _50 © 100
9] =
=
eob . .0 . 1. (1} SN B SV
600 620 640 660 680 700 600 620 640 660 680 700

Wavelength (nm)

Wavelength (nm)

Figure 3.15: Waveguide loss induced by the CdSe/CdS QD layer. (a) Waveguide
transmission measured for two different devices. (b) Extracted loss due to the
QDs, compared to values calculated from a measurement of the CdSe/CdS QDs
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Figure 3.16: Detector characterization using an external LED. (a) Transmission
spectrum of a device without QDs, used to estimate the power coupled into a
single-mode waveguide. (b) Photo-current measured for different optical input
powers for a 500 pm long device.
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giving a = 0.025 A/W and b = 0.8. A possible explanation of the observed
non-linear detector response might be the creation of trions and bi-excitons
for larger input powers, for which we expect the charge extraction to become
less efficient. However, the maximum power of 1 W, corresponding to a
power density of 0.18 kW /cm? in the QD layer, only causes an excitation
level of (N) ~ 0.01, assuming a 15 ns average lifetime for the QD sample. 18]
Therefore we reason that the non-linearity is caused by a different effect,
possibly related to the deterioration of the organic layers, or a pronounced
influence of the QD charging on the charge extraction efficiency, requiring a
more detailed analysis in a future study. For a wavelength of A = 635 nm,
it can be extracted from Figure , that 75% of the incident power is
absorbed in the detector, which limits the attainable detector quantum
efficiency. Without any optimization of the devices, we extracted a detector
quantum efficiency of ¢4 = 6 % for an input power of P = 0.3 nW (see
Figure ) according to
¢a = I{,}/L\C :
e

(3.6)

where I is the measured photocurrent, h the Planck constant, ¢ the speed of
light and e the elementary charge. For the maximum input power of 1 W
used for the characterization, the detector quantum efficiency is reduced to
1%. With further improvements of the band alignment and device process-
ing we expect to reach a detector performance, which is on par with similar
planar devices reported in literature. [31]
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Figure 3.17: Detector performance of the wavguide-coupled QD-LED devices. (a)
Photo-current after subtraction of the dark current and (b) detector quantum
efficiency, for a reverse bias of 7 V and different optical input powers. Solid lines
represent a fit of the data to Equation and
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3.6 Estimation of the gain threshold

In literature, a saturation of the 1S-transition in colloidal QDs has been
reported for a current density of 3.4 A/cm?, corresponding to an average
exciton density of (N) = 1.4, which in turn limits the output-power of
QD-LEDs. [10] For our QD-LEDs, we used smaller CdSe/CdS QDs with
a diameter of 7.5 nm, optimized for a high material gain. [18] To overcome
the passive losses of 12 dB/cm in our devices, an intrinsic gain of g; ;s =
880 cm ™! is necessary, assuming a mode overlap of 3.6% and QD fill factor
of 50% for 2-3 monolayers, as reported above. For a QD sample with the
same core/shell volume fraction reported in the work of Bisschop et al., [18]
this intrinsic gain can be achieved with a power density of 200 xJ /cm? using
femto-second pulsed excitation at A\, = 520 nm. With an absorption cross-
section of oy, = 3.96 x 10~ cm? reported for the same QD sample, [18]
we can calculate a threshold excitation according to

<N>th = Jph X O, ~ 2 (37)

from the photon flux .Jp, at the pump wavelength. In the work of Lim et
al. |10] the authors report a excitation of (N) = 2 for a current density of
~6 A /em? for QD-LED devices with 1-2 monolayers of QDs with a diameter
of 19 nm. Taking into account the different QD size and layer thickness,
we estimate a threshold current density of j;; ~ 60 A/cm? for our devices.
It should be noted, that this estimation does not take into account differ-
ent Auger lifetimes of the QD samples, consequently the threshold current
density might be higher for our CdSe/CdS QDs. Besides, the QD-LED
output-power in Figure already starts to saturate for a current den-
sity around 2 A/cm?. Hence we reason that a different effect causes the
largest part of the observed saturation.

To characterize the gain spectrum of the CdSe/CdS QD sample in solu-
tion, we performed transient absorption (TA) measurements. The samples
were therefore excited using 110 femtosecond pump pulses at 520 nm, the
probe pulses were delayed relative to the pump using a delay stage with
maximum delay of 3 ns. Details on the TA measurements can be found in
Appendix Figure shows the gain spectrum after 3 ps for different
average number of excitons (V). Figure shows the total absorption,
measured at 650 nm, again for the same excitation levels (N). From these
transient absorption experiments of QD sample in solution, we know gain
should first appear around a wavelength of 650 nm. Therefore, we monitored
the waveguide transmission with an external CW laser (see Figure 3.19).
But instead of the expected transparency we observed an excess loss with
increasing forward bias, displayed in Figure [3.19b. We suspect, that this
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Figure 3.18: Transient absorption (TA) spectroscopy was used to characterize the
CdSe/CdS QD sample in solution. (a) Gain spectrum after 3 ps, for different
excitation (N) (b) Total absorption as a function of time, for a probe wavelength
of 650 nm.

is partly caused by free carrier absorption in the ZnO layer and possibly
the aforementioned quantum confined stark effect, also shifting the QD ab-
sorption spectrum. However, a large fraction of the original transmission
can only be recovered after keeping the device at a moderate reverse bias
for several minutes. Hence we hypothesize, that trapped charges in the
ZnO n-contact and the QD layer might be involved. To prevent detrimental
charge accumulation at high current densities in future devices, further in-
vestigations of the device physics are necessary to shed light on the involved
processes. Possibly, strategies developed for planar QD-LEDs operating at
much lower current densities |27, [28] can still be applied to our QD-LEDs
to balance the injection of charge carriers of different polarity.

3.7 Including distributed feedback

To show that the thin layer of QDs on top of the ZnO covered SiN waveguide
can indeed provide sufficient gain to overcome the passive losses, we fab-
ricated a waveguide with a distibuted feedback (DFB) grating. Enabling
lasing action by means of a DFB grating is a widespread technique and
especially suitable for low-threshold single-wavelength lasers. Previously,
DFB lasers have been reported combining colloidal CdSe/CdS QDs with
SiN waveguide gratings under nanosecond optical pumping. [6]

We implemented the grating as a sidewall corrugation of the SiN wave-
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Figure 3.19: (a) Spectrum of the external laser used to monitor the waveguide
transmission. (b) Excess loss for increasing forward bias extracted from a 2 mm
long device.

guide, with a period A given by the Bragg condition

A = Nvrags (3.8)
2neff

Figure shows the fabricated structure after the SiO5 planarization
etch. The sidewall corrugation of the SiN waveguide is conformally covered
by the ALD layers. Interestingly though, the PECVD SiOs acting as a
side-cladding only grows on the grating teeth and not in the small gaps.
This will in turn increase the grating strength s compared to simulations
assuming a uniform SiOs layer. Figure[3.20b shows the sidewall-corrugated
waveguide, uniformly covered with an approximately 30 nm thin layer of
CdSe/CdS QDs.

From the mode simulations presented in Figure [3.2] we learned that for
a 1 ym wide waveguide, there are two TE modes in the SiN with a distinct
effective index n.sy. Due to the reduced mode overlap with the sidewall cor-
rugation, the fundamental TE mode will experience a lower grating strength
k. This puts a limit to the waveguide width, for which it is possible to en-
sure that the fundamental mode is lasing, since the higher order modes
will always experience a higher grating strength. The fabricated samples
consisted of a 500 um long waveguide section with the sidewall corruga-
tion. Figure shows the transmission spectrum for a grating period
of A = 178 nm, for a sample without ALD layers covering the SiN wave-
guide and a 350 nm PECVD SiOs top-cladding. The transmission dip at
Abragg = 638.2 nm points to an effective index of n.ry = 1.793, which is in
good agreement with the simulated value for the fundamental TE mode. For
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Figure 3.20: SEM top-view of structures with a grating for distributed feedback.
(a) After the SiO2 planarization etch. (1) Corrugated sidewalls of the SiN wave-
guide. (2) Conformal ZnO and AloOs ALD coating of the waveguide. (3) Selec-
tive growth of the PECVD SiO; used as a side-cladding. (b) Sidewall-corrugated
waveguide after the deposition of a ~30 nm layer of CdSe/CdS QDs.

a second sample we went through the QD-LED fabrication steps described
above, until the deposition of a ~30 nm layer of CdSe/CdS QDs, as shown in
Figure[3.20p. We then cleaved the sample to be able to collect the waveguide
output with a multimode fiber, while the sample was mounted vertically. To
optically pump the QDs, we used a Q-switched frequency-doubled Nd:YAG
laser (532 nm) with a 7 ns pulse width and a 938 Hz repetition rate. The
pump laser was focused with a cylindrical lens, to pump the DFB section of
the waveguide. Figure shows the collected output spectrum (Thorlabs
CCS100), with two distinct peaks centered around 631.1 nm. This corre-
sponds to an effective index of n.ry = 1.778 for the sample without any
top cladding, which was again confirmed by mode simulations. Since the
DFB grating did not include a A/4 defect, two lasing peaks, one at each
side of the grating reflection are expected. This is exactly what we observe
in Figure [3.2Ip and the separation of the peaks corresponds to the width
of the transmission dip in Figure [3:2Th. Note that the observed linewidth
of the lasing peaks is limited by the spectrometer resolution. Therefore,
we conclude that there is strong evidence that the observed emission peaks
indeed are signs of QD lasing from the DFB cavity. Unfortunately, the
sample was destroyed by an excessive pumping power, before we could do a
detailed characterization, e.g. of the lasing threshold. Still, the experiment
confirms that it is possible to attain sufficient gain for lasing with a thin
CdSe/CdS QD layer on top of the lossy ZnO injection layer. Comparing
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with the gain spectrum from TA measurements in Figure [3.18h, we reason
that the nanosecond excitation of the QDs must have caused (N) > 2.3, for
sufficient gain to develop at a wavelength of 630 nm.

Transmission (dB)
Intensity (a.u.)

Wavelength (nm) Wavelength (nm)

Figure 3.21: Sidewall-corrugation with a period of 178 nm. (a) Transmission
spectrum of a SiN waveguide with a SiO2 top- and side-cladding. (b) Lasing lines
observed for a side-clad waveguide covered with ZnO and CdSe/CdS QDs, using
ns-pulsed excitation at 520 nm.

3.8 Optimization for lasing

Besides distributed feedback, there are numerous alternatives to provide
a spectrally narrow reflection for a single-mode laser cavity, which can be
implemented using the SiN waveguides. This way, the gain section resem-
bling a waveguide-coupled QD-LED presented above can also be designed
with wider silicon nitride waveguides, overcoming the limitations of a DFB
implementation with a sidewall-corrugated waveguide.

Instead of the average coupling efficiency f,.4, crucial for the coupling
of spontaneous emission in a LED, the mode overlap with the active mate-
rial or confinement factor is the decisive parameter for a laser. We there-
fore adapted our finite element simulations (Lumerical Mode) and report
the mode overlap for a 20 nm QD layer in Figure 3.:22p. Similar to the
simulations in Figure we varied the width w and height A of the SiN
waveguide, while keeping the total thickness of the organic layers constant
at t = 600 nm. The contour plot shows, that a maximum mode overlap of
6% can be obtained for a waveguide height of h = 130 nm and a width larger
than 2 pm. On the other hand, the waveguide loss plotted on a linear scale
in Figure is prohibitively high for these dimensions, considering the
maximum material gain available from colloidal CdSe/CdS particles. 18]
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Figure 3.22: Finite element simulations for different width w and height h of the
SiN waveguide and a constant thickness ¢ = 600 nm of the organic layers. (a)
Waveguide loss « on a linear scale. (b) Mode confinement I' in a 20 nm QD layer
on top of the SiN waveguide. The dashed black lines show the onset of higher
order TE modes in the SiN waveguide.

As a figure of merit for the dimensions of an electrically pumped QD
gain section, we calculated the modal gain g, from the simulated passive
waveguide loss o and the mode confinement in the QD layer I'qp according
to

Gnet = 1 Gi FQD - Q. (39)

We therefore assumed a QD packing fraction of n = 50% and varied the
intrinsic material gain g; of the CdSe/CdS QDs. Figures —d show that
depending on the material gain g;, different waveguide dimensions will pro-
duce a maximum modal gain. For an intrinsic gain of only g; = 500 cm ™!
it is for instance not possible to obtain a positive net gain for a waveguide
height of h = 300 nm, which was used for the QD-LEDs presented pre-
viously. Yet, CdSe/CdS QDs optimized for a high material gain can
provide g; = 1500 cm~! for a moderate excitation level (N) < 3, which
has previously been achieved by dc electrical pumping in the work of Lim
et al. [10]. Figure shows that assuming this higher material gain, a
maximum modal gain of 15 cm™! can be obtained for a waveguide height
of h = 300 nm, for a width exceeding 2 pym. This is low compared to a
reported modal gain 212-350 cm ™! for the optically pumped DFB lasers in
the work of Zhu et al. |§|| However, a low modal gain can be compensated
by designing a correspondingly longer gain section.
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Figure 3.23: Figure of merit for a waveguide-coupled QD laser. (a) Modal gain
calculated for a material gain of g; = 500 cm ™! of a 20 nm QD layer with a
fill-factor of 50%. (b) Modal gain for g; = 750 cm™!. (c) Modal gain for g; =

1000 cm ™. (d) Modal gain for g; = 1500 cm™*.
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3.9 Conclusion and outlook

In Summary, we have demonstrated waveguide-coupled colloidal quantum
dot devices, which can be operated as detectors and LEDs. We antici-
pate that these devices can find applications in chip-based absorption spec-
troscopy, as they can be post-processed on foundry-fabricated waveguide
platforms, at a low cost. For the LEDs we report a record current density of
up to 100 A/cm? and a maximum on-chip power of almost 2 nW in a single-
mode waveguide. The detectors have a low dark current of 1.5 pA /cm? at
a reverse bias of 7 V, but show a non-linear photocurrent response. We be-
lieve that with further progress in the process development, we can improve
the internal quantum efficiency of both types of devices to reach the values
reported in literature for planar designs. |17, [31]

The LED output power of 2 nW is mainly limited by the poor aver-
age coupling efficiency fSqvy = 0.8%, governing the process of spontaneous
emission. However, for the reported current densities stimulated emission is
within reach, [10] potentially enabling output powers in the W range and
a corresponding improvement of the external quantum efficiency. While
the devices are currently still limited by adverse effects hampering the ob-
servation of optical transparency, we believe that our approach solves a
key challenge in building an electrically pumped laser using colloidal QDs.
In addition to inherent current-focusing built into our devices, the passive
silicon nitride waveguide makes it possible to decouple the optical mode
profile from the thickness of the QD layer. In combination with the low-
loss n-contact layer, also thin QD layers, which can be inverted using an
electrical bias, [10] are expected to provide sufficient gain for lasing to occur.

Lastly, we have observed indications of lasing for a thin CdSe/CdS QD
layer on top of a ZnO coated silicon nitride waveguide from ns-optical pump-
ing, confirming that the QDs can indeed provide sufficient gain to offset the
passive optical loss from the charge injection layers.
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Chapter 4

Integration of colloidal
PbS/CdS quantum dots
with plasmonic antennas
and superconducting
detectors on a silicon nitride
photonic platform

Single-photon sources and detectors are indispensable building blocks for
integrated quantum photonics, a research field that is seeing ever increasing
interest for numerous applications. Here, we implemented essential com-
ponents for a Quantum Key Distribution (QKD) transceiver on a single
photonic chip. Plasmonic antennas on top of silicon nitride waveguides
provide Purcell enhancement with a concurrent increase of the count rate,
speeding up the microsecond radiative lifetime of IR-emitting colloidal Pb-
S/CdS Quantum Dots (QDs). The use of low-fluorescence silicon nitride
with a waveguide loss smaller than 1 dB/cm, made it possible to imple-
ment high extinction ratio optical filters and low insertion loss spectrom-
eters. Waveguide-coupled Superconducting Nanowire Single-Photon Detec-
tors (SNSPDs) allow for low time-jitter single-photon detection. To show-
case the performance of the components, we demonstrate on-chip lifetime
spectroscopy of PbS/CdS QDs. The method developed in this chapter is
predicted to scale down to single QDs and newly developed emitters can be
readily integrated on the chip-based platform.
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The work presented here is the result of a close collaboration with Ro-
nan Gourgues, associated with Single Quantum, a company specialized on
SNSPDs and partner in the PHONSI consortium. Ronan realized the ex-
periments at cryogenic temperatures and designed the required experimental
set-up. It was my task to design the photonic circuits, process silicon nitride
waveguides, including plasmonic antennas and quantum dots, perform the
passive characterizations and analyze the results of all experiments. The
material presented in this chapter has in part been published as a journal
paper (1] and several conference contributions [2-4). Earlier results on the
incorporation of colloidal QDs in the gap of plasmonic bowtie antennas have
been published in reference [].

4.1 Introduction

Most applications of single-photon sources in quantum optical technology
have very stringent requirements on single-photon properties such as purity
and indistinguishability [6]. Therefore, for a long time the most commonly
used single-photon sources were based on spontaneous parametric down-
conversion, which offers pure and indistinguishable heralded single-photon
emission, but is probabilistic in nature [7]. Recently, epitaxial QDs have
reached a high maturity level as deterministic single-photon emitters [8|
enabling applications in several quantum photonic technologies. [9-11]

The unrivaled performance of SNSPDs in terms of system detection
efficiency, dark count rate and temporal resolution [12-14] has made them
indispensable for many quantum optics experiments. In addition, SNSPDs
can be integrated with different photonic platforms while maintaining a
small footprint [15H18|. Progress has been made in integrating epitaxial
QDs with SNSPDs on the same chip [19], but the rather large waveguide
loss is a main hindrance to the development of more complex photonic
circuits. Hybrid integration approaches with epitaxial QDs [20/24] make
use of the low waveguide loss of silicon photonics to be compliant with the
requirements of quantum optics protocols.

Among other promising single photon emitters [6], colloidal QDs are es-
pecially interesting due to recent improvements of their single-photon emis-
sion purity and stability, [25H27] while solution processing allows for a flex-
ible integration [28]|. By looking at the current performance metrics, only
the application with the lowest requirements on single-photon purity and
indistinguishably, Quantum Key Distribution (QKD) [6] seems to be within
reach. The original BB84 QKD protocol requires single-photon sources in
its security proof [29]. However, modern decoy state protocols are also
provably secure using attenuated lasers as sources, although at the cost of
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reduced key generation rate [30-32]. QD single-photon emitters reaching
the maximum average photon number per pulse of (n) = 1 may outperform
laser sources and have been employed for long-range QKD [33]. A chip-
level implementation of QKD has been achieved with integrated lasers, [34]
but remains elusive for true single-photon emitters. Key properties to be
competitive with state-of-the-art decoy state protocols |32] are a fast source
in the GHz range at a telecom wavelength where optical fiber losses are
minimal and a narrow emission linewidth to enable Wavelength Division
Multiplexing (WDM) and thus further enhance the key generation rate.
Also, low-loss photonic waveguides, filters and spectrometers that retain a
high average photon number (n) during the encoding and highly efficient
single-photon detectors for telecom wavelengths are essential, as well as a
low detector dark count rate to minimize the QKD error rate.

In this work we present a silicon nitride photonic platform that im-
plements several of those components, as shown in Figure A single
chip contains colloidal QD emitters placed in the gap of plasmonic anten-
nas that were fabricated on top of silicon nitride waveguides (I), sidewall
corrugated grating filters for pump rejection (II) and a Planar Concave
Grating (PCG) spectrometer (III) of which four channels are connected to
waveguide-coupled SNSPDs (IV). All components were connected by low-
loss photonic waveguides surrounded by metal strips to suppress stray light
coupling (V).

For QKD fast sources are required, therefore a short radiative lifetime
of QD emitters is crucial to be competitive compared to state-of-the-art
implementations with attenuated pulsed lasers, achieving a repetition rate
around 1 GHz. [34] Purcell enhancement of emitters placed in dielectric
cavities or in the high local density of states (LDOS) field of plasmonic
antennas is a common way to reduce the radiative lifetime without the need
for engineering the emitter itself. [35-38] Here, we used the widely studied
plasmonic gap antenna in a bowtie shape [39] (30 nm evaporated gold and
a gap width of 25 nm) to improve the microsecond radiative lifetime of IR~
emitting colloidal PbS/CdS QDs, coupling the emission directly to silicon
nitride waveguides and measuring the photoluminescence (PL) decay trace
with SNSPDs located on the same chip. For reference measurements we
also fabricated isolated pillars of QDs on the same waveguides.

4.2 Antenna design and simulation

The effect of a plasmonic antenna on an emitter is most conveniently ex-
pressed in terms of the LDOS and commonly referred to as Purcell en-
hancement. Due to the metal losses of the antenna, there is a nonradiative



4-4 QD AND SNSPD INTEGRATION ON SIN

Figure 4.1: Optical microscope image of the SiN photonic chip. There are areas
with colloidal QD emitters and plasmonic antennas (I), filters for pump rejection
(II), a Planar Concave Grating (PCG) spectrometer (III) of which four channels
are connected to waveguide-coupled SNSPD detectors (III). All components are
connected by waveguides which are surrounded by metal strips to suppress stray
light coupling (V). For measurements with SNSPDs the chip was cooled down in
a helium bath cryostat to a temperature of 4.2 K.

SiN waveguide

Au antenna

&

PbS/CdS
Quantum Dots &

Figure 4.2: False-color SEM pictures of the main components. (a) SiN waveguide
with a plasmonic bowtie antenna and a patch of colloidal QDs patterned on top
of it. (b) The QD emission was detected by U-shaped superconducting detectors
placed underneath the SiN waveguides.
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contribution in addition to the radiative local density of states (LRDOS),
leading to a nonradiative and radiative part of the PL decay rate [37]

Yant = Y0,nr + Yo,r (LDOS - LRDOS) + ’)/07TLRDOS, (41)

where vy, and 7y, are the nonradiative and radiative decay rate of the
emitter in absence of the antenna. We therefore first simulated the decay
rate of a classical dipole emitter with a displacement vector d in the direc-
tion of the antenna axis using a commercial Finite Difference Time Domain
(FDTD) solver (Lumerical) and extracted LDOS and LRDOS, normaliz-
ing the values to a homogeneous background medium in the absence of
the antenna. For the LRDOS map in Figure [.3h, the in-plane position of
the dipole emitter was swept and the values were recorded for the center
wavelength of the PbS/CdS QD emission at A = 1150 nm. The false-color
SEM picture of a fabricated structure in Figure shows a small pillar of
QDs deterministically positioned in the gap of the antenna. The simulated
LDOS(A) for a dipole emitter in the center of the gap in Figure [4.3d shows
a broad antenna resonance that matches the PbS/CdS QD photolumines-
cence emission spectrum in Figure [f.3f. Figure [£.3d also shows a reduction
and red-shift of the LRDOS(\), when including the pillar of QDs in the sim-
ulation with refractive index data from ellipsometry measurements. Taking
this into account and sweeping the position of the dipole emitter within the
volume of the QD pillar, gave an average LRDOS of 150. A slight mis-
alignment of the QD pillar 20 nm off the antenna center perpendicular to
the dipole moment, as can be observed in Figure [£:3p reduces this value to
100, for a larger misalignment of 50 nm, the enhancement factor drops to 6.
The fraction of LRDOS(A)/LDOS(A) gives an antenna efficiency >70% for
most of the QD emission spectrum and the respective map for the center
wavelength can be found in Figure [£:4b. For the simulation, the position of
the dipole emitter was swept in x- and y-direction and the total and radia-
tive rate were recorded for a wavelength of 1150 nm using two sets of power
monitors, one enclosing only the dipole emitter and the second the whole
antenna. Second-order interpolation of the data points (spacing of 3 nm
around antenna gap, 10 nm for the remaining area) was used to generate
the plot, while only simulating one quarter and making use of the mirror
symmetry of the geometry. For all Purcell enhancement simulations we
used a cubic simulation volume of 0.6x0.6x0.6 ym? terminated with Per-
fectly Matched Layer (PML) boundaries and a mesh refinement to 1 nm?
surrounding the plasmonic antenna. The simulation was terminated after
the total energy in the simulation volume had decreased to 107> times its
initial value or a simulation time of 500 fs. Convergence of the simulations
was further confirmed by varying the simulated volume and mesh size. The
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Figure 4.3: The map of the LRDOS in (a) results from Finite Difference Time
Domain (FDTD) simulation of a dipole emitter with displacement vector d. The
SEM micrograph of the fabricated bowtie antenna with a small patch of PbS/CdS
QDs deterministically positioned in the antenna gap (b) was colored to highlight
the different materials. (c) Spectrum of the excitation laser and the QD PL
emission at 4.2 K. (d) Comparison of the simulated LDOS for an emitter in the
center of the antenna gap and the LRDOS for an empty antenna as well as for an
antenna with a QD pillar placed in the gap.
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Figure 4.4: FDTD simulation of the plasmonic bowtie antenna. (a) SEM top-view
of a fabricated antenna (30 nm evaporated gold and a gap width of 25 nm). (b)
Simulated antenna quantum efficiency QE = LRDOS/LDOS for the center wave-
length of the QD emission. (c) Polarization dependent excitation enhancement
for a pump wavelength of 700 nm, parallel and (d) perpendicular to the antenna
dipole axis.
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SEM top-view of a fabricated bowtie antenna in Figure[{.4h shows, that the
size, gap width and the corner radius used in the simulations are realistic
approximations, which can be achieved in practice.

The bowtie antenna also has a small resonance at the pump laser wave-
length of 700 nm, which can be seen from the polarization dependent ex-
citation enhancement maps displayed in Figure [{.4k-d. For the simulation
of the excitation enhancement we used a Gaussian beam source with dif-
ferent polarization orientation, which was incident on an antenna placed
on top of a silicon nitride waveguide. The electromagnetic field power was
recorded for a wavelength of 700 nm and normalized using a separate sim-
ulation without the plasmonic antenna. Clearly, there is only a significant
excitation enhancement in the antenna gap for a pump laser polarization
parallel to the antenna axis. A polarization perpendicular to the antenna
axis even causes a slight reduction of the excitation power, compared to a
plain SiN waveguide. To reduce the scattering of the pump laser we used
the perpendicular polarization for the experiments described below.

To measure the resonance of the plasmonic bowtie antennas we fabri-
cated an array with a pitch of 300 nm on a quartz coated glass substrate
using the procedure described below. The transmission referenced to a plain
substrate was measured in a PerkinElmer Lambda 950 spectrometer. For
the comparison with the transmission from FDTD simulation in Figure [{.-5h
the measured value had to be rescaled, since the size of the illuminated spot
was much larger than the array of antennas. There is good agreement of
the width and position of the antenna resonance between measurement and
simulation. This finding supports the validity of the FDTD antenna simu-
lations presented here.

We further used an extended FDTD simulation region to extract the
coupling efficiency to the TE and TM waveguide mode for the case of an
antenna and compare this to the case of an isolated pillar of QDs. Cal-
culating the mode overlap using dedicated power monitors and extracting
the emission in a single direction we arrived at the values displayed in Fig-
ure[f.5p. For the antenna we assumed exclusively TE polarized emission and
report a coupling efficiency of Bunt ~ 12% to the fundamental TE mode. In
absence of the antenna there is a larger variation of the coupling efficiency
depending on the distance of the emitter from waveguide surface and we
arrive at an average value of ~ 11% within the volume of the QD pillar,
for both TE and TM polarization. For a polarization direction along the
waveguide there is no appreciable coupling to a guided mode and therefore
the overall coupling efficiency amounts to

Bo = é (Bo,rE + Bo,rar) - (4.2)
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Figure 4.5: (a) Transmission spectrum of an array of plasmonic bowtie antennas
fabricated on a glass substrate. (b) Simulation of the coupling efficiency to the
TE and TM waveguide mode for an emitter in the gap of a plasmonic antenna.

4.3 Waveguide-coupled nanowire detectors

An extensive discussion of the superconducting nanowire single-photon de-
tectors (SNSPDs) used in this work can be found in reference [40]. In this
section we only estimate the relevant performance metrics for the on-chip
experiments, in particular the detector quantum efficiency for the emission
wavelength of the PbS/CdS QDs at cryogenic temperatures.

The detectors were implemented as U-shaped 9.5 nm thin and 70 nm
wide NDTiIN nanowires, with 300 nm thick SiN waveguides fabricated di-
rectly above (see SEM top-view in Figure and Figure ) Therefore,
the detector quantum efficiency is the product of the probability that a
photon in the SiN waveguide mode will get absorbed by the nanowire and
the probability that this absorption event will lead to a detector count. To
evaluate the detector efficiency, we first simulated the optical absorption
of the nanowire with a FDTD solver (Lumerical), using complex refractive
index values obtained from ellipsometry. In the simulation, we launched
the TE(TM) polarized fundamental waveguide mode into the structure and
recorded the transmitted power after introducing the NbTiN nanowire be-
low the waveguide, as well as the total scattered and reflected power. With
a scattered power of 1.1%(1.5%) for TE(TM) polarization, the simulations
suggest that the reduction of the detection efficiency due to light scattering
and back-reflection is minor. In practice, fabrication imperfections might
lead to an increased contribution. The corresponding mode profiles of the
fundamental TE(TM) mode of the 1 ym wide and 300 nm high SiN wave-
guide on top of a nanowire are displayed in Figure [f.6h-b. Note that due to
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the fabrication process a ~ 20 nm thin layer of HSQ electron-beam resist
remained on top of the NbTiN, which was included in the simulations. Fig-

PECVD SiO,

NbTiN + HSQ

Thermal SiO,
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
X (um) X (um)

Figure 4.6: Mode profile for an oxide-clad SiN waveguide on top of supercon-
ducting NbTiN wires. (a) The fundamental transverse electric (TE) and (b) the
fundamental transverse magnetic (TM) mode.

ure [£.7h shows the simulated absorption for TE and TM polarization, over-
laid with an exponential fit of the data points. For the fabricated nanowire
length of 25 pum, the absorption reaches 98%(82%) for the TE(TM) mode
respectively. The SEM top-view of a fabricated waveguide-coupled SNSPD
in Figure [L.7p, before the deposition of the top oxide, clearly shows the
U-shaped outline of the hidden nanowire visible on the surface of the SiN
waveguide. The patterned NbTiN nanowire and remaining HSQ resist on
top have a total thickness of ~ 30 nm, which is translated to a respective
profile on top of the SiN waveguide, providing the contrast in the SEM
micrograph. Next to that, a slight misalignment of the nanowire and the
waveguide can be observed in Figure [f.7p. Both effects however, were found
to have a negligible effect on the nanowire absorption in FDTD simulations.

As a second step we estimated the internal efficiency of the SNSPDs,
which is defined as the probability to generate a detection event after the
absorption of a photon by the nanowire. The detectors were characterized
at 4.2 K in a liquid helium bath cryostat using two attenuated lasers with
wavelengths of 1050 nm and 1300 nm, enclosing the QD emission (see Fig-
ure [.3f). The SNSPDs were biased with a tuneable current source and the
detection events were registered by a high-speed counter after being am-
plified with a two-stage low noise RF amplifier. As shown in Figure [{.8h,
detector 1 presents unity internal efficiency for 1050 nm resulting in a satu-
ration of the Photon Count Rate (PCR) whilst increasing the bias current.
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Figure 4.7: Simulated absorption of the waveguide-coupled SNSPD. (a) Absorp-
tion from FDTD simulations for the fundamental TE and TM mode of a 1 pum
wide and 300 nm high SiN waveguide. (b) SEM top-view of a fabricated structure,
showing a slight misalignment of the U-shaped nanowire and the SiN waveguide.

Even though the saturation regime was not reached for all detectors and
wavelengths, we were still able to estimate the internal detection efficiency
based on theories for narrow superconducting nanowires. Recent publica-
tions on SNSPDs optical detection mechanism [41] attribute the shape of
the PCR curve as function of bias current for low energy photons, to Fano
fluctuations. In this model, a detection event for a certain bias current is
produced if enough quasi-particles are generated. As a consequence, a sig-
moidal shape is expected, and we used an error function to fit the data. The
fitted coefficient was used to normalize the data displayed in Figure[4.8] For
the PL lifetime measurements, the bias current of the detectors was chosen
to obtain a DCR of ~150 cps, the respective current is marked for the two
different SNSPDs in Figure {:8h and b. Using this method the internal
efficiency of the first detector could be estimated to be between 95% and
99% for wavelengths between 1300 nm and 1050 nm, for the second detec-
tor the values were 70% and 95% respectively. The characterisations were
conducted for a multitude of different detectors and the results presented
here can be seen as a typical "good" and "still usable" detector for the PL
lifetime experiments.

Timing jitter and dead time are also important performance metrics for
SNSPDs. The timing jitter is the variation in time between the absorp-
tion of a photon along the superconducting nanowire and the generation of
an electrical output pulse. The probability of the arrival time uncertainty
follows a Gaussian distribution and the timing jitter is defined as the full
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Figure 4.8: Estimation of the SNSPD internal detection efficiency for two differ-
ent nanowires in (a) and (b). The dark counts were subtracted from the counts
observed with illumination and an error function was fitted for the normalization
where the saturation regime could not be reached. For a bias current correspond-
ing to a Dark Count Rate (DCR) of 100 cps the extracted internal detection
efficiency for the first detector in (a) is between 95% and 99% for the wavelength
range of interest. The second detector in (b) has a significantly lower internal
efficiency between 70% and 95%.

width at half-maximum (FWHM). The integrated arrival time difference
of electrical pulses from a 86 MHz picosecond pulsed laser (Coherent Mira
900) and the superconducting detector was registered with an fast digital
oscilloscope (Lecroy Waverunner 640Zi 4 GHz, 40 GS/s). As result we ob-
tained a histogram as shown in Figure and by using a Gaussian fit
we calculated the temporal resolution of the selected device, which gave a
timing jitter of 43+3 ps. For our experiments the main source of the timing
jitter was electrical noise.

The dead time is the time during which the bias current, i.e. the de-
tection efficiency, is fully restored in the detector after absorbing a photon.
Figure[4.9b shows the electrical output pulse of a selected SNSPD registered
with a fast digital oscilloscope (LeCroy). From the exponential decay of the
detection pulse we extracted a recovery time of 7., ~ 9 ns. This value is
in good agreement with the theoretical value calculated from the fraction
of kinetic inductance of the superconducting nanowire (~500 nH) and the
load resistance (50 §2), Tipeory ~ 10 ns.
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Figure 4.9: For the extraction of the SNSPD time jitter the binned data was fitted
with a Gaussian for the normalization (a). The decay pulse in (b) was fitted with
an exponential to extract the recovery time of the detector.

4.4 Colloidal PbS/CdS QDs

The IR-emitting colloidal PbS/CdS QDs used for the experiments presented
in the following sections, were synthesisecEI according to literature proce-
dures [42], with details reported in the Appendix Figure compares
the PL spectrum of the QD sample in solution with the emission from thin
films at room temperature and in a liquid helium cryostat at 4 K. While the
solution spectrum is well-represented by a Gaussian fit, the emission from
the drop-casted film appears quite noisy. Still, there is a clear red-shift of
the emission for the thin film of approximately 50 nm (50 meV). In addi-
tion, the photoluminescence quantum yield, measured using an integrating
sphere, [43] was reduced from 8.5% in solution to 2.5% for the thin film at
room temperature. We reason that energy transfer to larger QDs caused
the red-shift in the thin film, whereas energy transfer to non-emissive dots
causes an additional non-radiative decay channel and in turn the observed
reduction of the PL, quantum yield. It can further be seen from Figure
that the inhomogenously broadened emission spectrum of the thin film gets
narrower at cryogenic temperature, with a corresponding reduction of the
FWHM from 245 nm to 172 nm. We attribute this to the expected reduction
of the linewidth of individual PbS/CdS QDs at cryogenic temperatures.

IThe PbS/CdS QD synthesis and basic characterization was performed by Jorick
Maes, associated with the Physics and Chemistry of Nanocrystals (PCN) research group
of Ghent University
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Figure 4.10: Comparison of the photoluminescence emission spectrum of the Pb-
S/CdS QD sample in solution and a drop-casted film at room temperature and at
cryogenic temperatures. Dashed lines represent Gaussian fits and the extracted
central wavelengths.

4.5 Fabrication process

Fabrication started (see Figure from a silicon wafer, which was ther-
mally oxidized to form 3.6 pm of SiO2, which served as the bottom cladding
for the photonic waveguides. Next, a 9.5 nm thin NbTiN layer was deposited
using magnetron co-sputtering in an Ar and Ny atmosphereﬂ Subsequently,
Cr/Au contacts were formed using e-beam lithography, evaporation and
lift-off. The nanowires were patterned on hydrogen silsesquioxane (HSQ)
e-beam resist using a 100 kV lithography system, then the pattern was trans-
ferred to the NbTiN layer by dry etching using SFg and Os Chemistryﬂ For
the purpose of prototyping, each chip housed 16 devices fabricated on a
sample size of 1 x 1 cm?, which was limited by the range of the translation
stages used for the experiments. The active part of the detector, shown in
Figure and Figure [£.7p, forms a U-shape with 70 nm wide nanowires
separated by a 200 nm gap. To avoid latching due to the small kinetic in-
ductance of the nanowire, a 2.5 mm long and 400 nm wide section serving
as a series inductor was included.

By fabricating the SNSPDs first it was possible to test and pre-select the
devices |40] before continuing the processing with the deposition of 300 nm
silicon nitride using low-frequency plasma-enhanced chemical vapor depo-

2The deposition of the NbTiN layer was performed in the lab of Prof. Val Zwiller at
Applied Physics department of KTH Stockholm, Sweden

3Patterning of the Cr/Au contacts and the NbTiN nanowires was performed by Dr.
Iman E. Zadeh, associated with the Optics Research Group of Delft University of Tech-
nology, The Netherlands
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a Contact pattern b SNSPD etch C PECVD SiN
d  Antenna pattern €  Waveguide etch f QD pattern
g PECVD SiO, h Contact opening i Wire bonding

Figure 4.11: Main processing steps for the fabrication. (a) Patterning of Cr/Au
contacts on top of a Si samples coated with thermal SiO2 and a 9.5 nm layer
of NbTiN. (b) Definition of the nanowires by e-beam lithography and RIE. (c)
deposition of a 300 nm low-fluorescence PECVD SiN layer. (d) Patterning of
plasmonic bowtie antennas using e-beam lithography and a lift-off process. (e)
SiN waveguide definition with e-beam lithography and RIE. (f) Overlay of the
PbS/CdS QDs in the antenna gap using e-beam lithography and a lift-off process.
(g) Room-temperature PECVD of the SiO2 top-cladding. (h) Creation of openings
to access the metal contacts employing optical contact lithography and RIE. (i)
The finalized sample is glued to a printed circuit board (PCB) with silver paste
and electrically connected via wire bonds.



4-16 QD AND SNSPD INTEGRATION ON SIN

sition (PECVD). Atmospheric oxygen would oxidize the NbTiN SNSPDs
if the sample was placed on the hot-plate at the deposition temperature
of 270°C, so we lowered the temperature during loading, only ramping it
back up for the deposition, once a sufficient vacuum was reached in the
chamber. The specific SIN deposition process resulted in a low fluores-
cence background at cryogenic temperatures and low optical loss from vis-
ible wavelengths to the infrared, allowing the platform to be flexible to
incorporate a multitude of different quantum emitters. By encapsulating
the pre-fabricated SNSPDs, the silicon nitride serves a second purpose, pro-
tecting the detectors during the following fabrication steps.

Next, the plasmonic antennas, additional alignment markers and absorb-
ing metal strips next to the waveguides were fabricated using a 50 kV e-beam
lithography system (Raith Voyager), thermal evaporation and lift-off. AR-
P 6200 (Allresist) positive resist was exposed with a dose of 180 uC/cm?
and a 5 nm step size for the plasmonic antennas, development was done in
n-amyl acetate. A short dry etch in oxygen plasma was used to clear resist
residues from the developed areas and 3 nm of titanium was evaporated
prior to a 35 nm gold layer for sufficient adhesion of the metal. Lift-off
was aided by ultrasonic agitation to obtain clean edges of the metal. The
plasmonic bowtie antennas fabricated according to this processes are shown
in the SEM micrographs in Figure [f.3p and Figure [I.4h.

The silicon nitride photonic components were fabricated in another e-
beam lithography step with AR-P 6200 positive resist, exposing 3 pm wide
trenches around the waveguides with a dose of 160 uC/cm?, using the fixed
beam moving stage (FBMS) mode of the Raith Voyager system [44] to re-
duce the losses induced by write field stitching. For the connection to other
photonic components and parts of the waveguides requiring high precision
alignment, we tapered the width of the waveguides from 1 pm to 4 pm,
to reduce the impact of stitching errors on the waveguide loss. The side-
wall corrugated waveguide grating filters (see Figure to reject the
700 nm pump laser, as well as the sharp taper tips (Figure ) and
distributed Bragg reflectors (DBRs) (Figure ) of the planar concave
grating (PCG) spectrometer were patterned with a step size of 5 nm and a
dose of 160 1C/cm? in the regular exposure mode, to achieve the highest res-
olution possible. After development in n-amyl acetate, oxygen plasma was
used to clear resist residues and smooth out the waveguide sidewalls prior
to reactive ion etching (RIE) of the SiN photonic components in a CF4 and
Hy chemistry. Additional information on the SiN waveguide fabrication can
be found in Appendix The high precision alignment implemented in
this lithography step to center the SNSPDs and plasmonic bowtie antennas
with respect to the SiN waveguides used automatic image recognition and



QD AND SNSPD INTEGRATION ON SIN 4-17

the metal markers fabricated in the previous lithography steps. Figure {.2p
shows the resulting precise overlay of a 1 ym wide SiN waveguide with the
U-shaped SNSPD below. Oxygen plasma was used to remove the remaining
resist and etch residue before the last e-beam lithography step.

To pattern the PbS/CdS QDs on top of the SiN waveguides and align
them with the gap of the plasmonic bowtie antennas we used a lift-off process
with AR-P 617 positive resist and again write field alignment with automatic
marker recognition. In order to form small pillars of quantum dots, a dot
dose of 2 fC, a dedicated developer (AR 600-55, Allresist) and a short oxygen
plasma step were used to create high aspect ratio openings in the resist.
Subsequently, a 7.5 uM dispersion of PbS/CdS QDs in toluene was spin-
coated on the sample for 60 s at 1000 rpm. For the lift-off, the sample was
placed in acetone and slightly agitated until all the resist and the excess
QDs were removed. Figure and Figure show QD pillars placed in
the gap of the plasmonic bowtie antenna.

Finally, the chips were encapsulated with a 1 gm thick SiO9 top cladding
deposited by high frequency PECVD at room temperature, to protect the
photonic components from dust particles outside of the cleanroom environ-
ment. Optical contact lithography with TI-35 resist (Micro Chemicals) and
RIE in CF4, SFg and Hs chemistry was used to create access to the con-
tact pads. Figure shows an optical microscope image of the finished
chip, highlighting the different photonic components. The sample was then
mounted on a printed circuit board (PCB) with silver paste and wire bonded
to allow for electrical biasing and readout of the detectors via RF coaxial
cables suited for cryogenic environments. The PCB was then mounted on
a dipstick which incorporated three axes piezo positioners (Attocube) and
optical access from the top.

4.6 Measuring the antenna enhancement

The on-chip measurements were performed in a liquid helium bath cryo-
stat (4.2 K base temperature), and we used a 700 nm diode laser that was
controlled by a home-built driver, producing 3 ns long pulses at a repeti-
tion rate of f., = 48 kHz. A quartz window at the top of the dip-stick
allowed for optical access to image and localize areas of interest, and a
microscope objective (NA = 0.8) was used to form an excitation spot mea-
suring ~ 1 um?2. The power focused on this diffraction limited spot on top
of the waveguide was measured outside the cryostat and the polarization
orientation was controlled to be perpendicular to the antenna dipole axis
in order to reduce the scattering of the pump laser. Time-correlated single
photon counting (TCSPC) electronics (Picoquant Picoharp 300) were used
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to record the PL decay traces, receiving the "start" event from the laser
and "stop" event from the SNSPDs driver.

While this study focuses on PbS/CdS QDs emitting in the infrared, the
same set-up also allows for the on-chip characterization of CdSe/CdS QDs at
cryogenic temperatures, using a 400 nm pulsed laser for the excitation. This
demonstrates the flexibility of our platform to incorporate different colloidal
nanocrystal emitters, with varying emission wavelength and time response.
Figure compares the instrument response function (IRF), obtained
by focusing the pump laser directly onto a SNSPD, with the normalized
PL decay signal form CdSe/CdS QDs and PbS/CdS QDs on top of a SiN
waveguide. The instrument response function is determined by the pulse
shape of the excitation laser, as well as the time jitter of the detector and
puts a limit to the shortest measurable time constant. Clearly, for the
characterization of the PbS/CdS QDs with their rather long PL lifetime it
is not a limiting factor.
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Figure 4.12: Instrument response function (IRF) and PL decay signal from Cd-
Se/CdS QDs and PbS/CdS QDs on top of SiN waveguides. The normalized data
was fitted with a stretched exponential after subtraction fo the background. (b)
Analysis of the countrate contributions for PbS/CdS QDs in the gap of a plas-
monic bowtie antenna for an excitation power of P,n: = 800 nW.

Figure displays a typical PL decay trace from PbS/CdS QDs
placed in an antenna gap, after time-binning of the TCSPC data and before
normalizing the integrated counts. The response of the PbS/CdS QDs can
clearly be separated from the residual pump laser pulse. However, there also
is a considerable continuous wave (CW) background. Detector dark counts
only contribute 150 cps to the background, the remainder has to originate
either from the pump laser or the QDs. From the instrument response
recorded on an empty antenna we extracted that 80% of all laser counts
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were CW and therefore assign the remainder of the background counts to
the QDs. Using this reasoning, we estimate by integrating the counts in Fig-
ure[L.12p, that for a typical count rate of 24 keps recorded with the SNSPD,
8% are residual counts from the pump laser, 1% are dark counts, 25% are
from the QD pulse and 66% are CW counts from the QDs. We suspect
that the large laser CW background originates from amplified spontaneous
emission (ASE), when driving the laser diode very close to threshold in the
off-periods.

For varying pump power the extracted count rates for the pulsed and
CW contribution of the QD emission are displayed in Figure [f.13h. While
the CW part shows a linear increase with the excitation power, the pulsed
contribution saturates as a result of fast Auger recombination suppressing
the emission from multi-exciton states. Fitting the count rate from pulsed
emission cpuise to the expected behavior for QDs emitting from a single-
exciton state

Cputse(P) = Csar(1 — e_pP), (4.3)

yields an estimate for average number of excitations per QD in the antenna
gap (n)ant = 0.84 +0.07, for a pump power of P,,,; = 800 nW.
Alternatively, the average number of excitons (n) can also estimated
from the QD absorption cross-section o; and the power density of the pump.
We therefore calculated the mean number of photons per pulse (p) for the
700 nm pulsed laser with a 48 kHz repetition rate, starting from an average
power of 800 nW recorded at the last mirror before reaching the optical
access window of the dip-stick cryostat. First we assumed that only 20%
of the laser power is in the pulse, which can be focused on a diffraction
limited spot size of 1 um?. Dividing by the repetition rate, we arrived at
an energy density of 3.2 x 107!2Jum~2. Using Planck’s relation between
energy and frequency E = hv this translates into (p) = 12.5x 106ym~2. We
then estimated the intrinsic absorption cross-section of the PbS/CdS QDs
by rescaling the value for an excitation wavelength of 400 nm from [42] of
(400 nm) = 2 x 105 cm~!, using the solution absorption spectrum of the
PbS/CdS QD sample, which gave ¢;(700 nm) = 2um~!. Scaling with the
volume of an individual QD, we arrived at an average number of excitons
(n) per QD
(n) = 0;(700 nm) Vgp (p) = 1.25 (4.4)

Additional losses between the microscope objective lens and the focused
spot on the sample, which are not taken into account in this calculation,
can explain the difference compared to the estimation above, using the
saturation of the count rate.

From the pulsed count rate of ¢4, = 6 kcps it is further possible to
estimate the average quantum yield ¢gq,: of the ngp QDs in the antenna



4-20 QD AND SNSPD INTEGRATION ON SIN

15 o QD pulse
. QDCW 7

Count rate (kcps)

0 200 400 600 800
Power (nW) Power (nW)

Figure 4.13: (a) Power dependence of the pulsed and CW contribution of the QD
emission. The shaded areas show the 1-0 confidence intervals from the fit displayed
as a dashed line. Excitation power dependence of the (b) estimated quantum
efficiency and the (b) mean lifetime extracted from a stretched exponential fit.
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taking into account the waveguide coupling efficiency Bun:, the waveguide
transmission ¢ and the SNSPD detection efficiency ngn;-

To estimate the number of excited QDs in the experiments, we extracted
the dimensions of the patterned QD pillars as well as the QD packing density
from SEM micrographs (Figure . With a measured diameter of 35 nm
and a cylinder height of 60 nm obtained for a 7.5 puM QD concentration and
a mean smallest distance between dots of 6.6 nm, assuming a cubic packing
fraction p., we obtained the number of QDs from

_ Pc Vpillar

e (4.6)

nQon
The pillar diameter is well defined due to the lithography, the height and the
average distance between adjacent dots however have a larger uncertainty, so
we estimate ngp = 2001+50. Generally, we found that pillars with an aspect
ratio of 2:1 or lower will stay upright during the processing, whereas for a
larger aspect ratio achieved by spin-coating QD dispersions with a higher
concentration, the pillars tend to collapse as can be seen in Figure [{.14h.
Presuming that spherical PbS/CdS QDs show isotropic emission from
their threefold degenerate bright exciton state [45] in a homogeneous en-
vironment, we argue that the high LRDOS in the antenna gap will force
an emission polarization along the antenna dipole axis d. FDTD simula-
tions of the coupling to the transverse electric (TE) waveguide mode pre-
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Figure 4.14: SEM micrographs of patterned colloidal PbS/CdS QDs used to esti-
mate the number of excited dots in the experiments. The collapsed pillar in (a)
was fabricated using 10 uM concentration of the QD dispersed in toluene. The
QD pillar in (b) on top of a silicon nitride waveguide was fabricated with a 7.5 uM
concentration and is still standing upright.

sented above (see Figure ) predict a nearly constant coupling efficiency
of Bant = 0.12 within the volume of the QD pillar. For the waveguide trans-
mission we measured £ = 0.9 for the 1 cm long waveguide connecting the
antenna to the SNSPD, which has a detection efficiency of 74, = 0.9 £0.1
for the TE waveguide mode. Using these values we arrive at a quantum
yield of ¢an: = 0.8 = 0.3% for QDs in the antenna gap, which includes the
metal losses from the antenna. FigurdZ.I3p shows the extracted quantum
yield for various excitation powers, changing (n). Apart from variations,
well within the error of the estimation, the extracted values are constant.
We then used the same parameters to estimate the average number of ex-
citations per QD due to the CW content of the pump laser and find an
upper limit (n)cw < 0.01 based on the observed CW count rate from the
QDs, under the assumption that an excitation lasts 1 us on average. It
can therefore be assured that the CW content of the laser does not unduly
distort the extracted PL lifetimes.

In Figure and e we compare the PL decay traces collected from
an isolated pillar of QDs with QDs placed in the gap of an antenna on
top of the same silicon nitride waveguide, assuring that a different detector
behavior would not impede the results. The data was normalized and fitted
with a stretched exponential

ct)=a e_(i)g (4.7)

after subtraction of the background. This accounts for a distribution of
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decay times for ( < 1 and turns into an single-exponential decay expected
for a single-exciton emission at ( = 1. To judge the effect of the plasmonic
antennas on the QD PL lifetime, we then extracted the mean lifetime 7
from the fitted parameters according to

7=—TI(2), (4.8)

using the gamma function I'. Averaging the values for fourteen different QD
pillars collected with different SNSPDs we obtained an expectation value
for the mean lifetime from the QDs on a waveguide (7o) = 138 + 27 ns
(Figure @) and (Tant) = 30 £ 9 ns for QDs in the antenna gaps (Fig-
ure [£.15p). To minimize the effect of unintended excitation through scat-
tered laser light, individual antennas and isolated pillars were separated by
20 pm on the waveguides. Figure[d.13f shows further that the measured life-
time does not depend on the excitation power, there is however a variation

resulting from the fitting procedure.

FDTD simulations showed that for the chosen polarization direction of
the laser perpendicular to the antenna dipole (see Figure ), the excita-
tion enhancement of the antennas is negligible. For isolated QD pillars the
polarization control of the pump laser was removed, leading to an increased
excitation power Py ~ 2P,,;, which results in an average excitation number
per QD (n)g ~ 1. Due to an approximately isotropic emission in absence
of the antenna the coupling efficiency reduces to Sy = % (Bre + Bram) with
average values of Srg = Bry = 0.11 obtained from FDTD simulations (see
Figure ) Since the isolated pillar of QDs equally couples to the TE and
TM mode of the waveguide the SNSPD detection efficiency further reduces
tono = % (nre +nrm) = 0.8+£0.1. Comparing QDs in an antenna gap and
isolated pillars on the same waveguide the change in quantum yield can be

estimated as
Pant _ Cant {n)o Bono

¢0 N Co <n>ant Bant Nant
where ¢y is the pulsed count rate from an isolated QD pillar. The values
reported in Figure were corrected for the antenna absorption in case
of multiple antennas on a single waveguide and correspond to the lifetimes
at the same position in Figure [£.I5b. For most antennas a short lifetime
corresponds to a large enhancement of the quantum yield. Averaging over
the reported data set we calculate (Pant/¢o) = 9.5 £ 4.5, the observed
variation can be attributed to a misalignment of the QD pillar with respect

(4.9)

to the antenna gap during the fabrication process. As a figure of merit for
the antenna performance we finally calculate the radiative part of the local
density of states

T0 ¢ant
Tant ¢0

LRDOS = (4.10)
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Figure 4.15: PL lifetime from different freestanding pillars of PbS/CdS QDs (a)
and PbS/CdS QDs placed in the gap of plasmonic bowtie antennas (b) extracted
from measurements with different SNSPDs. The quantum efficiency with an an-
tenna @an: normalized to an isolated pillar ¢¢ in (c) correspond to the lifetime
measurements above. The dashed lines and shaded areas show the respective
mean value and standard deviation, the displayed error bars are the 1-o confi-
dence intervals from the fit. The PL decay traces in (d) and (e) were normalized
after subtraction of the background, the experimental data is overlaid with fit-
ted stretched exponential functions. The circled data points in (a) and (b) were
extracted from the respective decay traces in (d) and (e).
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and obtain a mean value of (LRDOS) = 44 + 26 and a maximum of 200 +
50, which is in good agreement with the results from FDTD simulations
presented above.

To understand the multi-exponential decay from pillars of PbS/CdS QDs
at cryogenic temperatures we performed additional lifetime measurements
of the same QD sample at room temperature in solution and for a 1 pum
thick drop-cast film. The results are reported in Figure {151 and e and it
can be clearly seen that for the sample in solution with a quantum yield of
8.5%, the decay is nearly single-exponential. The fitting procedure yields
¢ =0.97+0.02 and a lifetime of 74,; = 1260450 ns, which is in line with PL
lifetimes reported for similar QDs. [42] For the thin film at room tempera-
ture the lifetime drops to 7pp = 90 4+ 5 ns, accompanied by a reduction of
the quantum yield to 2.5%. We hypothesize that is the result of a QD sam-
ple consisting of many dark dots and a subset of bright dots with a quantum
yield close to 100%. While in solution the dots are sufficiently separated
to suppress interaction, in thin films energy transfer between adjacent QDs
will lead to the observed multi-exponential decay by introducing additional
non-radiative decay channels for dots which are bright in solution. The ex-
tensive processing of the QDs measured with the photonic chip at cryogenic
temperatures might further reduce the fraction of bright dots, leading to an
even lower average quantum yield of (¢g) = 0.05 £ 0.03% for isolated QD
pillars on a waveguide.

4.7 Scaling to single emitters

The maximum LRDOS of 200 £+ 50 measured on this integration platform
shows its potential to reduce the lifetime of individual IR emitters. How-
ever, also the different count rate contributions are essential for targeting
quantum applications. Based on the analysis above we estimate that using
the antenna, 91% of the total counts on the detector were from the QDs,
7% from residual pump laser transmission through the waveguide, 1% from
differently scattered laser light, while 1% were dark counts. This suggests
that the corrugated sidewall grating filter in the current implementation (see
Figure with a pump suppression of 40 dB should be further improved
to reach the limit of what is possible on a single chip [46].

Figure shows the filter transmission for combined TE and TM
transmission, measured on a cleaved sample, using a supercontinuum source
(SuperK Extreme, NKT photonics) and an Advantest Q8381A spectrome-
ter. We compare this to the pump laser spectrum measured with a Thorlabs
spectrometer. The pump suppression at 700 nm reaches -40 dB, which cor-
responds to the noise floor of the measurement and the insertion loss at
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the QD emission peak of 1150 nm is below 1 dB. The SEM top-view in
Figure shows part of the 400 pum long sidewall-corrugated waveguide
before the deposition of the SiOs top-cladding. The grating has an indenta-
tion of £200 nm and consists of two sections with different periods of 225 nm
and 230 nm, to effectively suppress both the fundamental TE and TM mode
as well as higher order modes at the wavelength of the pump laser. Next
to the waveguide trenches, the top-view further shows the absorbing metal
lines aimed to suppress stray light coupling.
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Figure 4.16: Corrugated sidewall grating filter designed to reject the 700 nm
pump laser. (a) Transmission spectrum measured for a cleaved sample, compared
to the spectrum of the pump laser. (b) SEM top-view of the sidewall-corrugated
waveguide, with absorbing metal lines next to the trenches.

In the previous section we estimated a quantum yield of ¢,,,; = 0.8£0.3%
for a pillar consisting of ngp = 200 & 50 PbS/CdS QDs, accurately placed
in the gap of a plasmonic antenna. Due to the low index contrast of the SiN
waveguides and the SiOs cladding material, the coupling of the QD emission
to the waveguide mode is only 12%, a value that could be readily increased
by adding DBR mirrors, incorporating the QDs inside the waveguide [28]
and partially removing the cladding material . This means that by using
brighter emitters and minor changes in the design, the integration platform
presented here should allow to scale down to one emitter per antenna and
thereby achieve single-photon emission. It can also be expected to obtain
improved emission enhancement for ideally placed individual QDs. There
has been some recent progress on single-photon emission from colloidal QDs
emitting in the visible , but improved emitters in the IR suitable for
QKD with narrower linewidth and faster initial radiative decay have yet to
become available.
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4.8 On-chip lifetime spectroscopy

Wavelength division multiplexing (WDM) can increase the key generation
rate for QKD and it is already widely used for conventional optical telecom-
munication. To multiplex and de-multiplex the signal from several sources
to a single transmission channel and back to several detectors, arrayed wave-
guide gratings (AWG) are the photonic component of choice. AWGs allow
for a narrow channel spacing while keeping the device footprint small and
have been successfully integrated with SNSPDs [48]. An alternative compo-
nent is a planar concave grating (PCG), which can perform better in terms
of cross-talk between the channels, but typically has a larger footprint for
a small channel spacing [49]. However, the ensemble PL spectrum of the
PbS/CdS QDs we used for this work was very broad (see Figure ), SO we
opted for a PCG spectrometer to perform a wavelength-resolved PL lifetime
characterization of the emitters instead. The spectrometer sketched in Fig-
ure was designed to have four channels connected to SNSPDs, which
was the maximum number of detectors we were able to connect electrically
in a single cool-down. An additional two channels of the PCG allowed for
a passive characterization of the fabricated devices at room temperature,
prior to the measurements at cryogenic temperatures.

The six spectrometer channels were designed with a spacing of 30 nm.
To achieve a low insertion loss, distributed Bragg reflectors (DBRs) with a
period of 370 nm were used as mirrors - see Figure for the simulated
TE reflection spectrum and Figure for a SEM picture. The taper tips
connecting to in- and output waveguides (see Figure ) were fabricated
with a tip radius as small as 50 nm to minimize reflection losses. Due to the
unavailability of a source that would span the whole spectrum, we used two
different broadband sources for the characterization shown in Figure [£.18p.
Channels 1-3 were measured with a SLED (Superlum), channels 4-6 with an
supercontinuum source (SuperK Extreme, NKT Photonics), both in combi-
nation with an spectrum analyzer (Q8381A, Advantest). The transmission
measurements show an insertion loss as low as 1.5 dB and a cross-talk below
-20 dB for all channels, confirming the suitability of silicon nitride passive
photonic components for quantum applications. The slight dip in the trans-
mission of channel 1 might indicate that the DBR reflection spectrum was
shifted compared to the simulation in Figure [£.18h, due to a shift of the ef-
fective index, possibly caused by a variation in the thickness of the PECVD
SiN waveguide layer.

To obtain enough signal for the wavelength resolved measurements, the
number of QDs was increased by covering a 100 um long section of the single-
mode waveguide with multiple layers of QDs, as shown in Figure [4.19pb.
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Figure 4.17: (a) Schematic chip layout for the on-chip lifetime spectroscopy ex-
periment. PbS/CdS QDs were excited from the top by a 700 nm pulsed laser,
the emission coupled to SiN waveguides. A corrugated sidewall grating filter
rejects light from the pump laser. The planar concave grating (PCG) spectrom-
eter with four output arms connected to waveguide-coupled SNSPDs allows for a
wavelength-resolved characterization of the PL decay. (b) SEM micrograph of the
distributed Bragg reflector (DBR) elements making up the blazed mirror grating
of the spectrometer. (c¢) SEM micrograph of the in- and output waveguide ta-
pers, interfacing the single-mode SiN waveguides with the slab mode section of
the spectrometer.
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Figure 4.18: (a) Simulated TE reflection spectrum of the DBR mirror designed for
the spectrometer. (b) Transmission measurements from all 6 channels. Channels
1-4 were connected to waveguide-coupled SNSPD. Channels 5 and 6 were used
to characterize the fabricated spectrometers at room temperature, prior to the
cool-down.

Measuring with a single SNSPD connected to the waveguide, we observed a
saturation of the extracted lifetime with respect to the excitation position
shown in Figure {.1%, indicating some influence of self-absorption on the
measurement. For the preferred excitation position giving a maximum count
rate on the detector, an average lifetime of 7 = 200 £ 5 ns was obtained.
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Figure 4.19: (a) Position dependence of the lifetime extracted from a stretched
exponential fit, measured with a single SNSPD. (b) SEM top-view of part of a
single-mode SiN waveguide covered with multiple layers of PbS/CdS QDs, before
the deposition of the SiOs top-cladding.
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Using the spectrometer and four different SNSPDs, the mean lifetime
values in Figure [f.20p were extracted from the PL decay traces in Fig-
ure [{:20p. A clear increase of the mean lifetime with increasing wavelength
was observed. Figure again shows the Pb/CdS QD emission spectrum
at 4.2K for comparison. This observation is in contrast with the behavior in
solution at room temperature , but a very similar spectral dependence of
the PL lifetime of PbS/CdS QD thin films has been observed at cryogenic
temperatures . Again, the correlation between longer emission wave-
lengths and longer lifetimes could reflect the influence of energy transfer
on the emission of QDs in a close-packed thin film. To also collect a valid
intensity spectrum of the QDs with the on-chip PCG, it would be necessary
to calibrate for different detector efficiencies prior to any measurements,
which was not possible due to the limitations of the set-up.
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Figure 4.20: On-chip lifetime spectroscopy of PbS/CdS QDs. (a) The PL decay
traces measured with SNSPDs connected to the spectrometer channels, fitted with
a stretched exponential. (b) Extracted lifetimes for the respective spectrometer
channels (c¢) The emission spectrum of an embedded layer of PbS/CdS QDs at
4.2 K.
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4.9 Spectrally resolved antenna enhancement

Finally, we aimed to also perform a spectrally resolved measurement of
the antenna enhancement using the planar concave grating spectrometer.
Therefore, we increased the size of the QD patch deposited in the gap of
the bowtie antenna, as shown in the inset of Figure [{.2Ip. While this
increased the count-rate for the case of antennas, the signal was still too low
to perform a reliable reference measurement with free-standing QD pillars of
the same size. Hence, we again had to rely on larger QD patches, as shown
in Figure [{:19%. This made it impossible to quantify the enhancement of
the emitter quantum yield ¢unt/¢o in this experiment. Still, the fact that a
signal could only be obtained for the QD pillars in the antenna gap, indicates
a corresponding increase of the quantum efficiency.

Analyzing the mean lifetimes extracted from a stretched exponential fit
using the 4-channel on-chip spectrometer in Figure [f.2Tk, we observed an
opposite behavior for the QDs in the antenna gap and the reference mea-
surement. While for the large patch of QDs the lifetime increases for larger
wavelengths, as shown in the last section, for QDs in the antenna gap it de-
creases. From the mean lifetime values we extracted the rate enhancement
Yant/Yo in Figure . While for the spectrometer channel at 1100 nm
there is barely any rate enhancement, there is a steady increase for the
longer wavelengths. A maximum rate enhancement of 5 4 1 is observed for
the spectrometer channel centered at 1190 nm.

Comparing with FDTD simulations of LRDOS(A) in Figure , the
antenna enhancement shows a maximum at 1150 nm only for an empty
antenna. When the larger QD pillar is included in the simulation, with
a refractive index from ellipsometry measurements, the antenna resonance
red-shifts and the maximum value of the LRDOS decreases. Comparing the
larger QD pillar in the inset of Figure [d:2Ip with the LRDOS enhancement
map in the inset of Figure [4.21h it is clear, that the overlap with the region
of high enhancement is smaller than for the experiments presented earlier
in Section Hence, we also expect a decreased average LRDOS for the
larger QD pillar with a diameter of ~100 nm. Yet, the value we obtained
for the longest wavelength channel v4,¢/70(1190 nm) = 5+ 1 is comparable
to the average rate enhancement (y,,t/70) = 4.6 calculated for a QD pillar
with a diameter of ~35 nm presented before. Assuming a similar enhance-
ment of the emitter quantum yield of {(pant/do) = 9.5 £ 4.5 as calculated
in Section and averaging the simulated LRDOS over the larger QD pil-
lar, measurement and simulation can be matched. More importantly, the
simulated LRDOS(A) and the measured rate enhancement ~,,+/70 show a
matching spectral behavior, as expected from Equation This further
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validates the results presented in this chapter.
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Figure 4.21: (a) Simulated radiative local density of states (LRDOS) in the gap of
a plasmonic antenna with the inset showing a corresponding 2D map for a wave-
length of A = 1150 nm. (b) Rate enhancement measured using the four channels
of an on-chip spectrometer and an inset showing a false-color SEM image of a
fabricated structure. (c) Average lifetimes extracted from a stretched exponential
fit of the PL decay. (d) Transmission measured through the four spectrometer
channels connected to SNSPDs. Error bars represent 1-o confidence intervals.
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4.10 Conclusion and outlook

In summary, we developed a method to reliably integrate and test several
components required for QKD at cryogenic temperatures, showing their
combined operation on-chip. These are SNSPDs, plasmonic antennas to en-
hance the emission of IR-emitting colloidal PbS/CdS QDs and high-quality
silicon nitride passive photonic components. Using these components we
performed on-chip lifetime spectroscopy of PbS/CdS QDs at cryogenic tem-
peratures and further demonstrated a maximum radiative local density of
states (LRDOS) enhancement of 200+50 for QDs deterministically placed in
the antenna gap. The e-beam fabricated waveguides had a transmission loss
below 1 dB/cm and the insertion loss of the spectrometer was 1.5 dB. The
pump filter, achieving a suppression of —40 dB had an insertion loss below
1 dB. However, to realize a complete transceiver chip, further active pho-
tonic components are necessary to encode information either using path-
or time-bin-encoding. Nanophotonic Pockels modulators [51] can achieve
this functionality on a silicon nitride photonic platform. In addition, more
suitable emitters than the colloidal PbS/CdS QDs in the current implemen-
tation, crucially with a higher ensemble PL quantum yield that would allow
to work with individual single-photon emitters are necessary to be com-
petitive with current on-chip implementations using attenuated lasers [34].
Importantly, the chip-based platform presented in this chapter is flexible
to changes and newly developed solution-processed emitters can be readily
integrated.
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Chapter 5

Conclusions and
perspectives

5.1 Optoelectronic devices

In this thesis several novel optoelectronic device concepts employing col-
loidal nanocrystals have been developed. The nano-patterned colloidal QD-
LEDs presented in Chapter [2| were aimed at demonstrating single-photon
emission from electrical pumping. While this goal was not reached, the
demonstration of the objective by a competing research group [1] showed
the viability of the approach. In addition, the techniques developed in
Chapter [2] enabled the development of waveguide-coupled QD-LEDs and
photodetectors presented in Chapter |3l We anticipate that, provided that
future improvements are going to lead to a leap in performance, these de-
vices will find an application in chip-based absorption spectroscopy and
bio-sensing, as they can be post-processed on foundry-fabricated waveguide
platforms, at a low cost. Consequently, a Furopean patent application has
been filed to facilitate the valorization of colloidal nanocrystal technologies
for integrated photonics applications.

While we demonstrated waveguide-coupled QD-LEDs and detectors,
the ultimate goal of this work has been to achieve lasing from electrically
pumped colloidal QDs, which has long been sought after by the research
community. The recent demonstration of optical gain from dc electrical
bias reported in literature [2] has shown the theoretical feasibility. Yet, it
has proven difficult to engineer a low-loss optical cavity around established
QD-LED stacks, developed for next-generation display applications. 3] Pre-
vious attempts of other research groups have used index confinement in the
active material, combined with a patterned charge transport layer providing
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distributed feedback. [4] However, this approach suffers from a fundamental
limitation of efficient hybrid inorganic/organic QD-LED concepts. Due to
the use of organic hole transport materials, the attainable current density is
limited to approximately 1 A/cm? in planar devices. Moderate current
focusing is necessary to observe optical gain from an electrical bias, with a
previously reported maximum of 20 A/cm?. While it is possible to in-
vert only thin QD layers with the available current density, a thick QD film
is needed to support a confined optical mode. Consequently, devices em-
ploying index confinement in thin QD layers suffer from increasing passive
optical losses, which strongly compromise lasing operation.

As an alternative, we developed a novel design with a QD-LED structure
in the evanescent field of a guided optical mode, allowing to significantly
reduce passive optical losses for thin QD layers and enabling multiple means
of optical feedback. Figure[5.1]outlines the device concept based on a 300 nm
thick silicon nitride waveguide, which was conformally coated with a 10 nm
thin ZnO layer for electron transport and injection. Optimisation of the
ZnO deposition parameters resulted in a suitable trade-off between optical
loss and electrical conductivity. The n-contact metal was patterned next to
the waveguides, to contact the devices without adding any loss. We further
made use of a planarization etch, to allow for the uniform deposition of a thin
layer of CdSe/CdS QDs. Evaporated small molecule organic hole transport
layers and an aluminum p-contact layer completed the device. Owing to

600 645 690
Wavelength (nm)

Figure 5.1: Schematic rendering of the waveguide-coupled colloidal QD light emit-
ting diode developed in Chapter [3]and the emission spectrum collected for a volt-
age bias of 5 V.

the more pronounced current focusing, inherent to this device architecture,
we were able to achieve a record current density of up to 100 A /cm? for the
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QD-LEDs, putting stimulated emission from colloidal nanocrystals within
reach. It should be noted that while this current density is a record for QD-
LEDs, it is still more than an order of magnitude lower than the current
density commonly achieved in conventional ITI-V stacks. |5] Still, in the
reported devices the observation of transparency and gain from colloidal
CdSe/CdS QDs was hindered by adverse effects leading to an increased
waveguide absorption when forward biasing the devices. We believe that
additional research aimed at solving this issue will lead to a leap in LED
device performance and eventually enable the demonstration of electrically
pumped lasing from colloidal QDs.

Currently, for the first generation of functional QD-LEDs, the recorded
maximum power in a single-mode waveguide was only 2 nW, which is still
several orders of magnitude too low for practical applications. The output
power could be significantly increased through further research aimed at
improving the internal quantum efficiency, which was drastically decreased
at higher bias currents in our devices, as shown in Chapter 3] Techniques
developed to balance the charge injection in planar QD-LEDs have lead
to devices with an internal quantum efficiency approaching 100% reported
in literature. |6H8] One approach, that could be easily implemented is the
use of QDs with an additional ZnS shell, as discussed in Chapter 2] The
band alignment of CdSe/CdS/ZnS QDs helps to impede charging of the
QD monolayer adjacent to the ZnO electron injection layer and thereby en-
sures efficient emission from the neutral exciton state. However, ultimately
the external efficiency of waveguide-coupled QD-LEDs is limited by the low
coupling efficiency 3, governing the process of spontaneous emission and
self-absorption along the waveguide. The use of waveguides with a higher
refractive index might be a possible remedy, for example TiO, with a refrac-
tive index of n = 2.4 could serve as an alternative material of the waveguide
core. |9 Still, with a refractive index of the organic hole injection materials
close to n = 1.7, only a medium index contrast can be achieved, limiting
the maximum coupling efficiency. Reaching the threshold for stimulated
emission on the other hand, could potentially enable output powers in the
uW range, since the device performance is no longer limited by 3. Instead,
for SLED and laser devices the mode confinement in the active material
could be adjusted to find a suitable trade-off between threshold current
and saturation power, similar to heterogeneously integrated III-V on silicon
devices. [5]

As discussed in Chapter [1} due to the two-fold degeneracy of the band-
edge exciton state in CdSe based nanocrystals, an average excitation level
(N) > 1 is required for optical gain in neutral QDs. It has been shown in
literature, that in negatively charged QDs the lasing threshold can be sig-
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nificantly reduced, since two extra charges in the conduction band turn the
quantum dot into an effective 3-level system. [10] While solution based tran-
sient absorption spectroscopy can be used to identity suitable nanocrystal
gain materials, [11] the exact charge state and injection mechanism of the
emitters in our waveguide-coupled QD-LEDs remains unexplored. Photolu-
minescense lifetime spectroscopy at previously unavailable current densities
could be a valuable tool to discern the QD charging and identify a suitable
operation regime for an electrically pumped colloidal QD laser. Future ex-
periments, similar to the study of different QD layer thicknesses described
in Chapter [2] investigating the combined electrical and optical excitation
of a single QD, could offer unique insight into the physical mechanisms of
charge injection in a QD-LED. [12]

Further improvements to the presented waveguide-coupled QD-LED de-
vices could be made by studying the properties of the ZnO electron injection
layer in more detail. In course of the process development we empirically
found a deposition and annealing procedure, which resulted in layers with a
suitable optical loss and electrical conductivity. Yet, a physical understand-
ing of the annealing process is lacking. It could be worthwhile to characterize
the carrier concentration and mobility of the deposited layers and explore
the limitation of optical loss by free carrier absorption. Additionally, the
use of organic hole injection materials makes QD-LEDs quite susceptible to
moisture and oxygen present outside of a glovebox environment. For the
measurements presented in Chapter [3] of this thesis, the large aluminum
p-contact served as the only encapsulation for our devices. To improve the
long-term stability of the QD-LEDs, further research is necessary to develop
a more reliable encapsulation procedure, which can prevent the ingress of
atmospheric oxygen and water vapor.

Next to developments aimed at building a laser, we also demonstrated
photodetection for the waveguide-coupled devices reported in Chapter [3]
Importantly, already the first generation of devices showed a low dark cur-
rent of 1.5 x 107% A /cm?. The non-linear detector behavior and maximum
detector quantum efficiency below 10% however still leave room for im-
provement. Planar colloidal QD photodiode designs reported in literature
have been shown to exhibit a linear behavior and higher responsivity in the
infrared. |13} [14] With further optimization of the waveguide-coupled detec-
tors, aimed at improving the charge extraction efficiency, we believe that val-
ues reported in literature can be matched. Subject to these improvements,
colloidal QD photodiode detectors could be an attractive post-processing
option for low-cost passive only waveguide platforms. The use of organic
charge transport materials limits the frequency response of the devices, yet
it should be sufficient for applications in spectroscopy and bio-sensing. The
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flexibility to incorporate different solution-processable nanocrystals with a
tailored absorption spectrum stands out as a key benefit of the device con-
cept. One could for example envision a multitude of detectors with different
absorption spectrum post-processed on top of a single waveguide, achieving
spectroscopic detection.

The processes developed in this thesis could also benefit other research
directions. Combining low-loss passive waveguides with thin charge trans-
port layers and colloidal nanocrystal gain materials, could enable optically
pumped lasers with an electrically controlled charge state of the QDs. Com-
pared to the first demonstration of a reduced lasing threshold from charged
QDs reported in literature, [10] this could potentially enable continuous
wave operation of an integrated device, at pump power levels well below
10 kW /cm?, compatible with cheap blue laser diodes. The low-loss ZnO
charge transport layer presented in Chapter [3] could also be a valuable ad-
dition to other waveguide platforms based on amorphous materials. These
lack the possibility to change the material conductivity through the in-
corporation of dopants, which is a powerful tool in silicon and native III-V
platforms. Instead, metal contacts have to be placed close to the waveguides
to apply strong electric fields, which is detrimental in terms of optical loss.
A possible device application could for example be an electro-optic modu-
lator that uses a highly nonlinear organic material in the gap of a silicon
nitride slot waveguide. |15]

5.2 Quantum photonic applications

In Chapter [4 we successfully integrated colloidal QDs, plasmonic anten-
nas and superconducting nanowire single-photon detectors (SNSPDs) with
high-quality passive components on a silicon nitride platform and showed
the combined operation at cryogenic temperatures. We performed on-chip
lifetime spectroscopy of the IR-emitting PbS/CdS QDs and further demon-
strated a maximum radiative local density of states (LRDOS) enhancement
of 200+50, for QDs deterministically placed in the antenna gap. However,
more suitable emitters than the colloidal PbS/CdS QDs in the present im-
plementation, crucially with a higher PL quantum yield would be needed
to work with individual single-photon emitters.

Provided that adequate nanocrystal single-photon emitters can be found,
one could imagine future research to focus on a chip-based platform that
combines the nano-patterned QD-LED devices presented in Chapter [2] with
the antenna enhancement from Chapter [4 on top of silicon nitride wave-
guides. Purcell-enhanced electroluminescence from inidvidual QDs could be
coupled to low-loss silicon nitride components, manipulated and detected
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on the same chip. Electrical excitation has the advantage that it eliminates
the need for an effective suppression of the pump laser, [16] which otherwise
is a major hurdle for quantum optics on a single chip. Only recently, a
Hanbury-Brown-Twiss experiment using resonantly pumped epitaxial QDs
and SNSPDs on the same chip has been demonstrated. [17] Large-scale
quantum photonic experiments using parametric down-conversion sources,
which rely on an intense pump laser, usually require off-chip detection to
be able to sufficiently suppress the excitation laser. [18]

To date, while significant progress has been made on the emission pu-
rity and stability of colloidal QD single-photon emitters, [19H21] quantum
photonic applications that go beyond QKD, for which the requirements can
also be fulfilled by attenuated lasers, [22]| are still out of reach. The main
limitation is that the emission is usually lacking the required indistinguisha-
bility. While the room-temperature emission of an individual CdSe/CdS
QD shown in Chapter [2] is significantly broadened by phonon interactions,
also at cryogenic temperatures the emission linewidth is far form being
Fourier transform limited. [23] Generally, the large dark-bright splitting of
the band-edge exciton, leading to an increased excited state lifetime of col-
loidal nanocrystals at low temperatures, is a mayor hindrance. [24] Transient
four wave mixing studies of InP/ZnS QDs, which feature pure single photon
emission, [20] have for example revealed short dephasing times, compared
to the excited state lifetime. |25] This precludes most colloidal emitters
from a use for quantum photonic applications, the only exception might be
lead-halide perovskite nanocrystals, for which it was recently proposed that
the lowest energy state is a bright triplet, leading to fast emission at low
temperatures. [26] Photon-correlation Fourier spectroscopy has been used
to reveal dephasing times on the order of the radiative lifetime for these
particles, which enables coherent single-photon emission. |27]

Still, while these recent results for perovskite nanocrystals are promising,
[27] compared to established epitaxial QD sources |28] colloidal nanocrys-
tals fall short when it comes to quantum photonic applications. |29] For
practical reasons it would be beneficial to develop components for quan-
tum applications, which can be operated at room temperature. However,
high-performance single-photon detectors (see Chapter [4]) also need to be
operated at cryogenic temperatures and besides for most solid-state emit-
ters, phonon induced dephasing is a major limitation for the single-photon
indistinguishability at room temperature. |[29] Therefore, we reason that in-
tegrated quantum photonic experiments with sources, modulators and de-
tectors combined on the same chip will most likely require low-temperature
operation in any case. Figure sketches an envisioned integration con-
cept, based on transfer printing of epitaxial QDs, [30] a technique which
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has also been successfully used to integrate III-V lasers on a silicon nitride
platform. While previous quantum photonic experiments have used in-

Coupons with

epitaxial QDs
‘ Fast Pockels modulators

Waveguide-coupled
SNSPDs

Silicon nitride
passive components

Figure 5.2: Sketch of an integration scheme for further work on chip-based quan-
tum photonics. Mature epitaxial quantum dots can be pre-selected and transfer
printed on top of foundry processed SiN passives. Pure phase modulators should
be compatible with operation at cryogenic temperatures, which are required for
the high-performance waveguide-coupled SNSPDs.

distinguishable single photons from one QD, it remains challenging
to achieve mutual coherence of the emission from different emitters, which
is a requirement for large-scale quantum photonic technologies. Quantum
frequency conversion can be used to show Hong-Ou-Mandel interference
from remote QD emitters, another possibility is to use different tuning
mechanisms, to directly modify the QD emission wavelength. While
temperature tuning has been heavily used in the past, to integrate
multiple emitters on the same chip, other techniques such as strain tun-
ing or electrical tuning by the QCSE have to be established for
transfer-printed sources. To restrict the required tuning range, pre-selection
of suitable QD emitters prior to the transfer process could be a powerful
tool. A further advantage of epitaxial quantum dots embedded in high-
index III-V materials is the near-unity coupling efficiency to a waveguide
mode, which can be achieved due to the large index contrast. Yet an-
other challenge is the suppression of the resonant excitation laser, while
simultaneously maintaining a high source efficiency.

Quantum photonic protocols have stringent requirements, not only on
single-photon sources and detection efficiency, but also on the waveguide
loss of passive components and require pure phase modulators. There-
fore, the relatively high waveguide losses of the native substrates epitaxial
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QDs are grown on, are a major hindrance and heterogeneous integration
on low-loss passive photonic waveguides is of the essence for large-scale cir-
cuits. [42} |43] A possible solution for pure phase modulators, which can be
integrated with silicon nitride passive waveguides are nanophotonic Pock-
els modulators. [44] The performance of these modulators reported at room
temperature however needs to be validated at cryogenic temperatures, which
are required for QD emitters and SNSPDs.

In conclusion, even with established epitaxial QD single-photon sources,
it is still a daunting task to create the envisioned large-scale circuits for
linear optical quantum computing. [45] Therefore, we reason that future re-
search should be focused on the most pressing tasks, like establishing mutual
coherence between many individual sources, rather than trying to improve
the performance of colloidal nanocrystals as single-photon sources. As ex-
plained in the beginning of this chapter, colloidal nanocrystals are attractive
materials for other applications in integrated photonics and achieving lasing
from electrically pumped colloidal emitters will be a disruptive technology,
enabling many new applications.
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Appendix A

Detailed fabrication
processes

A.1 E-beam fabricated SiN waveguides

This section outlines the fabrication details for silicon nitride (SiN) wave-
guides used in Chapter [3] and The in-house fabrication using e-beam
lithography started from cleaved silicon samples, coated with a thermal
SiOs layer serving as a bottom cladding layer for the SiN waveguides.

A.1.1 Low-frequency PECVD SiN deposition

The SiN layers were deposited with a standard plasma-enhanced chemical
vapor deposition (PECVD) system (Advanced Vacuum Vision 310 PECVD)
operating at a temperature of 270°C. The recipe used a flow of 1960 sccm
of Ng, 35 sccm of NH3 and 40 sccm of SiHy, at a chamber pressure of 650
mTorr and an RF bias of 50 W. The PECVD system was equipped with two
RF frequency sources operating at, respectively, high frequency (13.56 MHz)
and low frequency (100460 kHz). All the SiN layers were prepared using the
low RF frequency, resulting in a reduced material absorption. The thickness
of the deposited layers was determined by reflectometry (Filmetrics F40).

A.1.2 E-beam lithography

In an optional first e-beam lithography step with our 50 kV system (Raith
Voyager), we patterned metal markers using a positive resist (ARP-6200.09,
Allresist). Spin-coating of the resist for 1 min at 4000 rpm (1000 rpm/s
acceleration) resulted in a layer thickness of approximately 200 nm. Subse-
quent to a 1 min soft-bake on hot plate set to 150°C, we coated a conductive
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polymer (AR-PC 5091, Allresist) to reduce charging-induced artifacts dur-
ing the exposure. A spin-speed of 3000 rpm resulted in a layer thickness of
approximately 60 nm after a 2 min soft-bake at 90°C. For the metal markers
we used a step size of 5 nm and an area dose of 200 pA/cm? for the ex-
posure to achieve an appropriate under-cut of the developed resisit profile.
The conductive polymer was removed prior to the development of the sam-
ple by a gentle rinse in DI water and subsequent drying of the sample with
an No gun. The development in n-amyl acetate under slight agitation lasted
for 1 min and was stopped by submerging the sample in an IPA puddle for
30 seconds. The sample was dried with an Ny gun and a 10 second expo-
sure to Oy plasma (Advanced Vacuum Vision 320 RIE) was used to clear
undeveloped resist residue and improve the adhesion of the metal markers.
We then evaporated 50 nm Au on top of a sputtered 3 nm Ti adhesion layer
(Leybold Univex) and performed a lift-off in a dedicated resist remover (AR
600-71, Allresist), using ultrasonic agitation. After cleaning the sample in
acetone and IPA; it was dried using and N5 gun and exposed to Oy plasma
(PVA TePla 600) for 10 minutes. The metal markers were only patterned on
the sample, in case the SiN waveguides had to be aligned to other structures
on the sample.

To pattern the waveguide layer, we again used a positive resist (ARP-
6200.09, Allresist) and a conductive polymer (AR-PC 5091, Allresist) with
the same process parameters as described above. However, for 300 nm thick
SiN layers the spin speed for the resist was 1500 rpm, resulting in a sufficient
thickness of the resist mask for the RIE waveguide etch. High-resolution
waveguide structures such as narrow tapers and DBR gratings described in
Chapter [d] were patterned using a step size of 5 nm and an area dose of
160 uA/cm?. The exposure mode was set to "concentric" and "outwards"
for a uniform exposure. Long waveguide sections were exposed using the
fixed beam moving stage (FBMS) mode of the Voyager system [1]| to reduce
the losses induced by write field stitching. For the 3 pm wide trenches
around the waveguides we used a dose of 160 uC/cm? and a step size of
20 nm for a beam current of approximately 0.45 nA. To reduce the writing
time, long waveguide sections were also exposed with a beam current of
approximately 2.2 nA at times, resulting in a slightly larger waveguide loss.
After 1 min development in n-amyl acetate and subsequent drying of the
sample, a 20 second exposure to Oy plasma (Advanced Vacuum Vision 320
RIE) was used to remove undeveloped resist residue and create smoother
resist sidewalls. The corresponding shrinkage of the developed structures
was accounted for in the design. Including the following RIE dry etch, the
total shrinkage amounted to approximately 30 nm, with minor variations
due to uncorrected proximity effects in the exposure.
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A.1.3 SiN RIE recipe

Reactive ion etching for 4 min 30 seconds in CFy and Hy chemistry was
followed by a 10 min resist strip in Oy plasma (Advanced Vacuum Vision
320 RIE) for 300 nm SiN waveguides. The SiN etch recipe used a gas flow
of 80 sccm CF4 and 4 sccm Hy, at a chamber pressure of 20 mTorr and an
RF bias of 210 W.

A.1.4 PECVD SiO; cladding layer

For the waveguides presented in Chapter [3| and [4| we deposited a PECVD
(Advanced Vacuum Vision 310 PECVD) SiOy cladding layer at different
temperatures (RT and 150°C), using otherwise the same process. The recipe
used a flow of 1425 sccm of NoO, 393 sccm of Ny and 10 scem of SiHy, at a
chamber pressure of 700 mTorr and a high-frequency (13.56 MHz) RF bias
with a power of 30 W.

A.1.5 SiO, RIE recipe

The SiOs RIE recipe (Advanced Vacuum Vision 320 RIE) used a gas flow
of 80 sccm CF4, 3 scem SFg and 7 sccm Hs, at a chamber pressure of 20
mTorr and an RF bias of 210 W.

A.2 Synthesis of CdSe/CdS QDs

The CdSe/CdS QD samples used in this work consisted of oleate-capped
core/shell QDs synthesized using a seeded-growth flash method as previ-
ously described in the literature. |2, 3] First, wurtzite CdSe cores were syn-
thesized from injections of trioctylphosphine selenide into a hot solution of
cadmium phosphonate in trioctylphosphine oxide, with the size of the QDs
being controlled by the reaction time. Next, CdS shells were grown by in-
jecting a mixture of the CdSe cores and trioctlyphosphine sulfide into a hot
solution of cadmium oleate in trioctylphosphine oxide. The thickness of the
shell was controlled by changing the amounts of Cd and S in this second
synthesis step. All samples were purified by means of centrifugation us-
ing toluene and methanol as solvent and nonsolvent, respectively, and were
stored in toluene afterwards.

A.3 Synthesis of PbS/CdS QDs

For the synthesis of PbS/CdS QDs, toluene, ethanol, isopropanol and methanol
were purchased from Fiers. Oleic acid (90 %), cadmium oxide (> 99.99 %
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metals bases), phenyl isothiocyanate (99 %), n-dodecylamine (98 %), diethy-
lene glycol dimethyl ether (diglyme, anhydrous, 99.5%), 1-octene (98%),
trifluoroacetic acid (99 %), trifluoroacetic anhydride (> 99 %) and triethy-
lamine (> 99 %) were purchased from Sigma-Aldrich; lead(II) oxide (Pura-
tronic, 99.999 % (metals basis) was purchased from Alfa Aesar; n-dodecane
(99 % for synthesis) was purchased from Merck; Acetone (water free, >
99.8 %) was purchased from VWR. All chemicals were used without further
purification. Toluene, 1-octene and n-dodecane were dried with calcium hy-
dride overnight, distilled and stored over molecular sieves in a nitrogen-filled
glovebox.

Lead oleate was prepared from lead trifluoroacetate as previously re-
ported. [4] N-dodecyl-N’-phenylthiourea was prepared from n-dodecylamine
and phenyl isothiocyanate as previously reported. [4] Cadmium oleate was
prepared by dissolving cadmium oxide (3 g) in oleic acid (18 mL) at 250 °C
under nitrogen atmosphere.

Lead oleate (3.1 mmol, 2.387 g) and anhydrous l-octene (20 mL) were
added to a 50 mL three-neck flash and heated to 120°C under nitrogen at-
mosphere. In a nitrogen-filled glove box N-dodecyl-N’-phenylthiourea (2.07
mmol, 0.6635 g) was mixed with 1 mL anhydrous diethylene glycol dimethyl
ether (diglyme) and taken outside in a vial equipped with a septum. Af-
ter heating to 120°C, the thiourea solution was quickly inject into the lead
oleate solution yielding to fast color change. The reaction was allowed to run
for 10 min at 120°C after which it was cooled down to room temperature.
This was followed by 4 purification steps under nitrogen atmosphere with
toluene and acetone to be finally dispersed in 5 mL of anhydrous toluene.

2 mL of the PbS QD stock dispersion was diluted with anhydrous n-
dodecane (25 mL) in a 50 mL three-neck flask and heated to 140°C under
nitrogen atmosphere. Now, 10 mL of the cadmium oleate solution was added
to trigger a cation exchange reaction towards CdS. The reaction was allowed
to run for 2h to reach a shell thickness of 1.1 nm. The synthesis mixture
was purified four times with toluene and ethanol to be finally dispersed in
2 mL of anhydrous toluene.

Absorption spectra in tetrachloroethylene were taken with a PerkinElmer
Lambda 950 spectrometer. QD size and concentration determination of
the PbS(/CdS) QDs was done according to Maes et al. |5 Photolumi-
nescence measurements were done on an Edinburgh Instruments FLSP920
UV-Vis—NIR spectrofluorometer using a 450 W xenon lamp as the excita-
tion source. An excitation wavelength of 800 nm was used for all steady-
state emission spectra.
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A.4 Atomic layer deposition

The thermal ALD processes used for the sample fabrication in Chapter [2]
and 3| were adapted from established protocols found in literature [6}[7]. The
deposition was performed in a home-built stainless steel pump-type reactor,
equipped with a rotation pump and a turbomolecular pump, achieving a
base pressure of 5 x 1076 mbar. The chamber pressure was monitored
using a combined Pirani gauge and cold cathode measuring system. The
walls of the reactor were heated to a temperature of 100°C and the sample
holder was kept at a deposition temperature of 150°C (220°C). Precursor and
reactant materials were contained within stainless steel bottles, connected to
the reactor via heated stainless steel tubes and the gas flow was controlled
via pneumatic valves and adjusted to a pressure of 5 x 1072 mbar using
needle valves for all precursors and reactants. For the ZnO deposition we
used diethylezinc (>95%, Strem Chemicals, Inc.) as a precursor, for Al,O3
trimethylaluminum (> 98%, Strem Chemicals, Inc.). Distilled water vapor
was used as reactant for both thermal ALD processes. Saturation of the
surface reactions was obtained during the 5 s of precursor and reactant
exposure. The growth per ALD cycle was determined to be 0.7 A for ZnO
and 1.1 A for Al,O3 through x-ray reflection (XRR) measurements. Prior to
the deposition, the samples were cleaned by an Oy plasma exposure within
the ALD chamber, which was equipped with a quarz tube wrapped with an
RF coil on top of the reactor for that purpose.
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Appendix B

Characterization details

B.1 Transient absorption spectroscopy

To characterize the gain spectrum of the CdSe/CdS QD sample in solution
we performed transient absorption (TA) measurements. The samples were
therefore excited using 110 femtosecond pump pulses at 520 nm, created
from the 800 nm fundamental (Spitfire Ace, Spectra Physics) through non-
linear conversion in an OPA (Light Conversion TOPAS). Probe pulses were
generated in a thin CaF5 crystal using the 800 nm fundamental. The pulses
were delayed relative to the pump using a delay stage with maximum delay
of 3 ns. The probe spectrum in our experiments covers the UV-VIS window
from 350 nm up to 750 nm. CdSe/CdS quantum dots were dispersed in
an optically transparent solvent (toluene) and continuously stirred to avoid
charging or photo-degradation. The pump wavelength and sample concen-
tration were chosen to obtain an optimal trade-off between having a good
signal at the band-edge transitions, while still not having a too strong ab-
sorption at the pump-wavelength as to assure a uniform pumping of the
sample. The average number of absorbed photons (or equivalently created
excitons) at time zero, noted as (IV), can be calculated from the photon flux
Jph, the cuvette length L and the nanocrystal absorption cross section at
the pump wavelength o

—aoa, L

— €

<N> = Jph X O, X (Bl)

aO,ApL

The photon flux is calculated from the beam area, obtained through a Thor-
labs CCD beam profiler, and defined as Apeqm = 27 X 0,0, Where o; is the
standard deviation in the i = x,y direction.
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