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Nederlandsesamenvatting
- Summary in Dutch-

Collaiale quantum dots een nieuwe klasse van materialen, hebben veel
veelbelovende eigenschappen. Door het kwardpsiuitingseffect is een groot
bereik van emissiegolflengten toeganketijlet slechtsé enkel materiaal. Met
behulp van een enkele chemische synthesetechwia&trbij slechts én
parameterwordt aangepast, d@D-grootte, zijn ze een zeer veelzijdig en
goedkoop emissiemateriaal. Een breed absorptiespectrum in combinatie met een
smalle fotoluminescentiénstelbaanvan het zichtbaréot het infrarood met een
hoge fotoluminescentiekwantumopbrengst, maakt ze zastrekkelijk voor
toepassingen in de opadektronica. Bovendien plaatsen de lage kosten van de
QD-synthese en depositiewerkwijzen, meestal door-va@etiimtechnieken
zoals spincoating of LangmuBlodgettdepositie, ze al op de voorgrond van
uiteenlopendeaoepassingen zoals displays en verlichtibgzelfde pluspunten
van instelbare optische eigenschappen en eenvoudégeerking maakt
colladale QDs het meest aantrekkelijk voor hybride geitegreerde fotonica,
waar ze kunnen worden gebruikt als bouwstemaeor coherente lichtbronnen
zoals lasers, incoherente breedbafdD's of zelfs6 s i ngl ed f ot on br on
Siliciumnitride is een veelbelovend didektrisch materiaal met een grote
verboden zong5 eV) dat compatibel kan zijn met hetzelfde CM@amwerk
als silcium. Het heeft niet alleen een relatief groot indexcontrast in vergelijking
met siliciumoxide en polymeer, maar heeft ook een zeer breed transparant
venster, dat zich uitstrekt van 0, 4 €
gol fl engteber eis&km,vawma &r, 4s iclm cioum lablsor b
toepassingen voor bidetectieen Ramanspectroscopi®p chip De voordelige
eigenschappen van SiN zijn aangetoond door talrijke groapegetoondmaar
de meeste resultaten bleven beperkt tot puur passievaofualiteiten zonder
actieve functs, met in het bijzonder lichtemissie, die nog grotendeels ontbrak
voor het SiNplatform Dit laatste is essentieel voor het bouwen van volledig on
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chip geitegreerde systemen. Siliciumnitride is echter, net als silicigegn
ideaal materiaal om licht te genereren.

In dit proefschrift hebben we een heterogeen integratieplatform ontwikkeld
dat de uitstekende optische emissigenschappen van colladale QD
combineert met het SHyolfgeleiderplatform. Ten eerste is een giek SiN
fotonischgolfgeleiderplatform ontwikkeld en gedemonstreerd op basis van een
door plasma versterkt chemisch dampdepositieproces. Met het geoptimaliseerde
depositie en etsrecept hebben we golfigen met weinig verlies bereikt, met ~
1 dB / cm opisch verliezenvoor golflengten rond 900 nm. Bendien kunnen
de colladale QDs ingebed worden tussen twee S#den zonder de
fotoluminescentieeigenschappen teverliezen Met het geoptimaliseerde
depositie en etsrecept, vertoont een Sijlifgeleider die een laag collaiale
QDs bevat, nog steeds golfgeleiderverliezem ~ 2-3 dB / cm, laag genoeg
voor de meeste golfgeleidercircuits. We hebben ook in detail de-stess
materiaalfluorescentie van Sildgen die met verschillende recepten zijn afgezet
gekarakteriseerd, waardoor ze kunnen worden geoptimaliseerd voor
verschillende toepassingen.

Het ontwikkelde hybrideSiN/collalale QDs-platform combineert collaiale
QDs met het SiNyolfgeleiderplatform waarbij déingebedde QB nog steeds
licht kunnenuitzerden. Dit iseen grote stap in de richting van ons doel om on
chip lichtgeneratie te demonstrerénanneer deze ingebedde QDs worden
gepompt met femtoseconde gepulste laserpulsen, tonen ze versterkte spontane
emissie (ASE)die op efficiéte wijzein een gtfgeleiderkan gekoppeldvorden
We hebben de traditionele VShethode (variabele strooklengte) aangepast in
een op golfgeleider gebaseerde VSheting wat helpt om de inherente
problemen zoals licht spreiden in de laag, positieafhankelijkheid van de
uitkoppeling enz. van de standaard V®hethode te eliminen. Op basis van
deze verbeterde op golfgeleider gebaseerde-W8ting, kunnen wede modale
winst van golfgeleidrs met ingebedde collalale QDsxtraheren. Omdat de
geometrie van de golfgeleider ©mok in staat stelt om de maedpsluiting te
berekenen, samen met de gekevolemefractie van de collalale QB, kunnen
we daaruitook de intrinsieke materiaalversterking berekenen vamgebedde
compacte collalale QDlaag. De resultaten komen overemet de resulten
die we behaalden met Transié Absorpte Spectroscopie (TAS).
Gebruikmakend van deze optische winst, hebben we gedistribueerde
feedbacklasers op het hybride SiN collalale QpPlatform ontworpen,
gefabriceerde en gekarakteriseefe lagr toont laserwerking in é mode
onder femtoseconde gepul ste pomping met
bij 400 nm.Om de laserprestaties verder te onderzoeken, gebruikten we-een Q
switched frequetie verdubbelde Nd: YAG laser (532 nm) met een 7
nanoseonden pulsbreedte en een 938 Hz herhalingssnelheid. De laser vertoont
nog steeds | aserwerking met een | aserdr
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de flash CdSe / Cdkern/ schil collaiale QDs die we voor onze laser hebben
gebruikt, laten de metingenedivorden gerapporteerd in sectie 4.1 zien dat deze
deelties een 2 nsl biexcitonrverval vertonen, wat overeenkomt met een
levensduur van 500 ps. In vergelijking met deze biexdigeensduur kan onze

7 nspomp feitelijk worden beschouwd als qu&3iV-pompen met een
equivalente laserdrempel rond 39 kW / cm2. Dit opent perspectieven in termen
van CWuwerking en, bijgevolg, een uitgebreid toepassingspotentieel. De
intrinsieke combinatie met hemature SiN-golfgeleiderplatform opent dan
onmiddellijk het pad naameer complexe apparaten zoals afstembare lasers en
arrays van lasers met een enkele enofl integratie met passieve structuren
zoals orchip spectrometers.

Interessant is dateze collailale QDs die tegen een lage kostprijs in dispersie
kunnen worden genat, direct op een substraat kunnen wordedeponeerd in
patronen We hebben dezeigenschapgebruikt om versterkingsgekoppelde
DFB-lasers te demonstreren op basis van een geoptimaliseerde collaiale
patroondepostigtechniek. De laseioont laserwerkingn é& mode zonder fase
verschuiver in het midden van de laseriteit De drempel Il i gt
cm2 bij 532 nm onder gepulste optisppmp. We hebbemok geprobeerd
colladale nanoplaatjes (NPL's) te combineren met het-§idfgeleiderplatform.

De NR's tonen nog steeds hun ASE nadat ze in de-I&Nstapels zijn
ingesloten. Een materiaalversterkingscoéficiént rond 3500-tnkan uit de
VSL-meting worden geétraheerd. Dit toont de veelzijdigheid van het ontwerp
van hybridegaditegreerde fotoniceplatformen Ons geoptimaliseerde hybride
SiN-golfgeleiderplatform kan mogeligkook worden gebruikt voode integratie
van nogardere collalale nanekristallen

Collddale QD's zijn uitstekendekandidaten voor het realiseren vars i ngl e 6
fotonemitters die wedn bij kamertemperatuur. Ons ontwikkeld SiN
golfgeleiderplatform kan ook worden gebruikt om colld@aQDs te integreren
om onchip 6 s i nfgonenl@onnen te realiseren. Om deze op QD gebaseerde
geitegreerde 6 s i nfgdnteaiinen en de bijbehorende fatmhe circuits te
karakteriseren, zijn echter compacte, efficitnte breedbandige koppelaars
nodig die licht van een chip naar een objectikfinnen koppelen. In dit
proefschrift hebben we het ontwerp, de fabricage en karakterisatie man ee
ultracompacte SiN-roosterkoppelaaraangetoond. De roosterkoppelaar is
ontworpen om de koppeling tussen een gesuspendeeregoBidleider en een
microscopisch systeem te maximaliseren. Met de geoptimaliseerde parameters
en slechts 3 perioden, hebben we experimenteekeppelingsrendement van
53% aangetoondioor de fundamentele FEode (@ 632,8 nm) naar een
microscopisch systeem met 0,65 NEen 116 nm 1dB bandbreedte kan
theoretisch worden bereikt, vanwege het hoge contrast varobster en de
grote verzamelhoek vamet microscopisch systeem. We hebben geprobeerd om
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nanovlakjes van monolaag collalale Q®in de zwevende golfgeleider in te
bedden. Met optisch pompen kan de emissie van de ingeli@bdegoed
worden gekoppeld aan de optisahedesvan de golfgeleider. &t behulp van
de roosterkoppelaar kunnen deze emissies ook worden gekoppeld aan het
objectief.

In conclusie,dit proefschrifttoont een succesvol ontwikkeld platform voor
hybride integratiefotonica, dat de uitstekende optische emisgsinschappen
van cdlalale QD s combineert met het Silyolfgeleiderplatform. Op basis van
dit platform hebben we hybride laserbronnen met lage drempels gedemonstreerd.
Er is ook gewerkt aan de realisatie van-chip 6 s i Aaadn érébnnen met dit
platform. De resultaten tone het potentieel om gditegreerdéd si ngl e 6
fotonbronnen en de bijbehorende fotonische circuits met dit platform te bouwen.



English summary

Colloidal quantum dotsa new class of materials, have lots of promising
properties.Throughthe quantum confinement effeetarge range ofemission
wavelengtls is accessibldrom just a singlematerial. Using a singlechemical
synthesis technique with only one parameter to adjust, the QDglsyeare a
highly versatile andow costemission materialsA broad absorption spectrum
combined with narrow photoluminescence, tunable from thésible to the
infrared with a high photoluminescence quantum yieldkes them very
appealing for applications iopto-electronics Additionally, the low cost of the
QD synthesis and depositiomethods, typically through newacuum techniques
such as spiroating or LangmuiBlodgett deposition, already puts thentlze
forefront of diverse applications such as displagdlighting. The samasset of
tunable optical properties and easy processing makdsidal QDs most
appealing for hybrid integrated piomics wherethey couldbe usedas building
blocks for coherent light sourcéike lasersjncoherent broadband LE®s even
single photon sources

Silicon nitride is a promising dielectric material with a large band(§aV)
that can becompatiblewith the same CMOS framework as silicon. It not only
has a relatively large index contrast compared with silicon oxide and polymer
but also has a very wide transparemgégdow, spannindrom 0.4em to around
4 ¢em. The newwavelengthrange from 0.4em to 1.1 em, where siliconis
absorling opens new applications for @hip bio sensingand Raman
spectroscopy.The advantageous properties of SiN have been demonstrated by
numerous groupsyet most results remained limited to purely passive
functionality without acive functionality and in particular light emissiastill
largely missing for the Sifplatform. The latter is essential for building fully-on
chip integrated system$iowever, like silicon, silicon nitride is nan ideal
materialto generate light.

In this thesis, we have developed a heterogeneous integration platform which
combines theexcellentoptical emission property of colloidal QDs withe SiN
waveguide platform. First, a passive SiN photonics waveguide platform based
on a plasma enhanced ohieal vapor deposition process hdsendeveloped
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and demonstratedVith the optimized deposition and etching recipe, we have
achieved lowloss waveguides with ~1 dB/cm optical loss for wavelemgth
around 900 nm. Moreover, the colloidal QDs t@nembedd®in between two
SiN layers without quenching thphotoluminescencepropertes With the
optimizeddeposition and etching recipg SiN waveguide containg alayer of
colloidal QDs in between stixhibitswaveguide losss as low as2-3 dB/cm,
low enoudn for most waveguide circuits applications. We have also
characterizedin detail the stress and materidluorescenceof SiN layers
deposited with different recige allowing to optimize them to different
applicatiors.

The developedhybrid SiN colloidal QDs platform combirgecolloidal QDs
with the SiN waveguide platform. fie embedded QDs still emit light big step
towards ourgoal of demonstratingn-chip light generationUnder femtosecond
pulsed laser pumpinghe embedded QDs show aiifipld spontaneous emission
(ASE), which carbe efficiently coupledo the waveguideéWe have adapted the
traditional variable stripe length (VSL) methodéhto a waveguide basedSL
measurement, which helps &iminate the inherent problemef the standard
VSL methodsuch as light spreading in the layer, position dependence ofithe
couplingetc. By using this improved waveguide based \B8¢asurementwe
could extract the modal gain of wavegusdentairing embedded colloidal QDs.
Since thewaveguidegeorretry allows us to also calculate the mode confinement,
with the known volume fraction from the colloidal QDs, we could also calculate
the intrinsic material gain of the embedded compact colloidal QDs layer. The
results areconsistentwith the results we got from Transient Absorption
Spectroscopy (TAS).

Exploiting this optical gain, we have designed, fabricated ematacterized
distributed feedback lasers basedttmmhybrid SiN colloidal QDs platform. The
laser shows single mode lagiunderfemtosecond pulsed laser pumpingh a
lasing threshold around 12J/cn? @ 400 nm. To further investigate the laser
performance, we used@switched frequency doubled NAAG laser (532 nm)
with a7 nanosecond pulse width and a 938 Hz repetition rate for pumpig.
laser still shows lasing with a lasing threshold around £2ént. For theflash
CdSe/CdS core/shell colloidal QDs we used for our laser, measusement
reportedin section 4.1 show thesdots exhibit a2 ns® biexciton decay rate,
which correspondgo a 500 ps biexciton lifetime. Compared to this biexciton
lifetime, our7 ns pump actually can be considered as gG&¥i pumping, with
an equivalentasingthreshold around 39 kW/dxriThis opens prospecis terms
of CW operation and, consequently, an extended application poteFtial.
intrinsic combination with the mature SiNvaveguide platform then
immediately opens the path towards more complex devices such as tunable
lasers and arraysf single mode lasers or integration with passive structures
such as ofthip spectrometers.
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Interestingly,colloidal QDs assolution processed materials at lovost can
bedirectly patterned onta substrate. We have used this featordemonstrated
gain-coupled DFB lasers based anoptimizedcolloidal patterning technique.
The laser shows single mode lasing without phase shifter in the middle of the
laser cavity. The threshold is around 96licn? @532 nmunder the pulsed
optical pump

We have tried to combine colloidal naptatelets (NPLs) with the SiN
waveguide platform. The NPLs still show their ASE aftertbeddinghem into
the SIN layer stacks. A material gagoefficient around 3500cm* can be
extractedirom the VSL measurementhis showcases the design versatility of
hybrid integrated photonics platform®ur optimized hybrid SiN waveguide
platformcanpotentiallybe usedor other colloidal nan@rystals integration

Colloidal QDs are candidatdsr realizingsingle photon emittsroperatingat
room temperature. Our developed SiN waveguide platform can also be used to
integrate colloidal QDs teealize on-chip single photon sourceblowever, to
characterizeéhese QD based integrated single photon sourcesharastsociated
photonic circuits, compact, efficient androadband couplersare needd to
couple light froma chipto an objective. In this thesis, we hademonstrated the
design, fabrication ancharacterizatiowf an ultracompactSiN grating coupler.

The grating coupler is designed to maximize the coupling between a suspended
SiN waveguide and a microscopy system. With the optimized parameters and
using only 3 periods, we experimentally demonstrated a 53% coupling
efficiency from the fundamental TE med@ 632.8 nm) to a microscopy system
with 0.65 NA. 116 nm 1dBbandwidth can be theoretically achieved, due to the
high contrast of the grating and a large collection angle from the microscopy
systemWe have tried to embed nano patches of monolayer dall@Ds into

the suspended waveguide. With optical pumping, the emission from the
embedded nano patches che well coupledto the optical mode of the
waveguide. With the help of the grating coupler, these emissionslsarbe
coupled out to the collection objective.

In conclusion, this thesis has shown a successfdéyeloped hybrid
integration photonics platforrwhich combines thexcellentoptical emission
propertes of colloidal QDs withthe SIN waveguide platform. Baseoh this
platform, we have demonstrated hybrid laser sources with low threskigtdk.
towards therealization of on-chip single photon soursavith this platformhas
been carried oufThe resuli demonstrate thpotentialto build integrated single
photonsources and the associated photonic circuits withptatform






Introduction

1.1 Photonicsintegration®

The word lightis originally derived from the old English wordl U p wahich
means the power of vision. With the help of our eyesnars areable todetect

the existenceof the light. The curiosity about how light generates and interacts
with matterled to the development @f very ancient physical sciendeptics.
The Chinese philosopher Mozi, who lidefrom 470 BC to 391 BC, already
describe eight fundamentallaws about opticsThe founder of the School of
Alexandria, Euclidhas alsqublisted the book callediOptic®, in around280

BC, which also contains the fundamental understanafifight.

In the 19" century with the development of modern science, pespieedto
get a further understandingboutlight: it is an electromagnetic (EM) wave
which has a wavelength range extending from the-uitket (UV) at around 50
nm to the far infrared at around 1 mithe detailed EM wave spectrum with the
scale of wavelengtis shownin Figure 1.1[2].

In 1917, Einsteirelaborated otwo formsof light generatiorwhen he studied
atomic radiation. One is the spontaneous emisdibe other is stimulated
radiation generated by the induced excitation of external photons. Based on his

! This part ispartly inspired by the introductiocof ref [1].
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research, he predicted that stimulated radiationld producemonochramatic
light with very high brightnessthat propajatesin a certain direction. T. H.
Maiman demonstrated thé' faser in 1960 at Hughes Research Laboratories in
Malibu. The componentsnd structuresare presented in Figure 1.23][ His

invention experimentallydemonstraté a new light source with exceptional
coherence and brightness.

Penetales Carlh's N N
Atmosphere?
Radiation Type Radio Microwave Infrared Visible Ultraviolet  X-ray Gamma ray
Wavelengt (m)  10° 107 10° 05%10°° 107 10" 10"

= M @%? & & B @

Buildings Humans Butterflies Needle Point Protozoans Molecules — Atoms  Atomic Nuclei

10° 10° 10* 10" 10°° 10% 10%
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objects at which I |
this radiation is the { | )
most intense T I
wavelength emitied 1K 100K 10,000K 10,000,000 K
=272°C -173°C 9,727°C ~10,000,000 *C

Figure 1.1: A diagram of the electromagnetic spectrum, showing various
properties across the range of frequenaie$ wavelengthg2]

Components of the first ruby laser

100% reflective
mirror

Quartz flash tube
Ruby crystal

Polished aluminum

Laser beam
reflecting cylinder

95% reflective
mirror

Figure 1.2: The components of the 1st ruby laser by T.H. Maifdn

It was immediately understoatthat he coherencef the laser potdially
could enable higkspeedtelecommunications. Buvasthere a medim that can
support light transmission with ultlaw loss? In 1966, British Chinese Charles
Kao published a paper proposing the production of dfié&s using quartz,
which can keep thpropagatiodossdown to 20 dB/kni5]. At that time, onlya
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few people believe such &fiber could be demonstrateelxperimentally. In 1970,
Corningdemonstrated silica fiber with aloss aslow as 20 dB/cm for the first
time, with a length abolB0 meters, costing around $30 million.

Strength
Member

Cladding

/

Outer
Jacket

Coating Core

Figure 1.3: The structure of the normal optidder [6].

With further development of the fabricatioprocess nowadays people can get
fiberswith loss less than 0.5dB/kfor a price less than $ 5/k(figure 1.3)

The matured semiconductéechnologieslsoenableusto generate and detect
light with very efficientand compacopto-electronicdevices. In 1976, Bell labs
set upan experimentafiber circuit with LEDs as light sourcesin Atlanta,
Washington, with a transmission rate of only 45 Mb/s. This rate cpposu
only hundreds of telephormlls while using a coaxial cable can transmit 1800
telephone lines. In 1984, by using@micondudir laser, the rate of opticéiber
communicationcould reach 144 Mb/sequivalent t01920 telephone. IR2017,
the newesteacord showst is possible to have &ransmission distance of one
Pbit/s capacity over a single strand of optical fiber within a single optical
amplifier bandwidth (€bang [7].

With the development of semiconducttachnology, microelectronicscan
realizethe same functionalitieas bulky devicesvithin a microsized silicon
chip. In 1972, Somekh and Yariv proposed to use semiconductor technology to
build an onchip platform, combining the opticdiinctions and theelectronic
functions In this platform, ight or photons areconfined in dielectric material
waveguides. Since electronics can be consideredietsrribe the flow of
electrons, the wordiphotonic® is used to dscribe the flow of photons. This
proposal has now become a new branch of optics,dcaltegrated photonics.
The classical optics components, like lenses, mirrors, filedcs, are switched
with a new family of integrated photonics componenisuding waveguides,
beam splitters, gratings, couplergolarizers interferometers, sources,
modulators and detectors. By combining these componerisilding blocks,
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complex integrated photonics systems can be built to perform a wide range of
functions with applications like optical communication systems, opticaosen

etc., with much smaller dimensiercompared with systemsealizedin bulk
materials. A second major step forward came with the development of
semiconductor optical deviceslowing the generation and detection of light,
which permitted very efficierdnd compacoptoelectronideviceq1].

1.1.1 Silicon photonics

Silicon photonics has become one of the leaditegrated photonicsolutions
that target applicatiors such as high-performance computing [8], optical
communications (teleconmdthcon [9], optical sensors10] and onchip optical
interconnects [1]. Silicon integration platform are usually realizedwith
silicon-orrinsulator (SOl)wafers which are supported by the already matured
complementary metalxide-semiconductor (CMOS) technology platfortimat
hasdominated the microelectronics industiyringthe last 40 years.

Figure 1.4: Silicon wafer with integratedphotonics circuits Left: 400 mm
silicon wafer; right: diced small chips.

The SOI wafer layer stack comprisaghin layer of crystalline siliconThis
layer of crystalline silicon iseparatedrom the silicon substrate by a buried
oxide (BOX) layer. SOtechnologyhasbeen developednd shown impressive
performance for passive and active functions as a mature photonics integrated
platform during the past yearsCompared to IV materials and polymers, SOI
has the advantage of having a high refractive index, and hence a high refractive
index contrast with botkilicon oxide and air Therefore itcan confine light in
much smaller waveguide cross section and also sthketypical dimensions of
the photonics circuits more compact. Moreover, as the preferred material system
in the electronicsindustry; it is fully compatiblewith the fabricatiortechniques
andfacilities used in the maturaicroelectronicsndustry and can easily be
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Figure 1.5:The energy wave vectorcomparison with direct bandgap
semiconductomaterial and indirect bandgap semiconductor material.
Adapted from ref [2].

combined with electronics for richerand more complex applications. The
drawback is that silicon is an indirect bandgsmiconductomaterial (Figure
1.4), meaning that light generation is inefficient and difficult to achieve.

The succesof silicon photonics haspenedthe researchdirectionstowards
new applicationswith newwavelengthsextendingsilicon materiads transparent
window (from 1.1em to 4em), to visible andnear infrared Thesewavelengths
could be relevant for several types sénsing applicationsTo provide a
transparent window for visible and near infrared photortlesfield of silicon
photonics hadeen broadened to include silicon nitride (SiN) as an alternative
integrated photonics platform3L

Figure 1.6: The left picture: SEM view of a silicon photonic wiveaveguide
fabricated with the process from4]1 the right picture: SEM view of a
silicon micro ringresonator [45].
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1.1.2 Silicon nitride photonics

SiN is commonly usefbr masking, strain engineeriragnd passivatiom CMOS
foundries The material stack used for tH&iN-basedphotonicsintegration
platform is similar to that of th&0I-basedphotonicsintegration platform. The
only difference is thathe layer that forms the optical waveguidaeplaced by a
layer of SiNlayer. Compared with the SOI platform, SiNatform has awider
transparency window, extending from the visible to tlearinfrared which
provides possibilities to realize photonics integraion applications in this
wavelength range. The SiN platform provides lower index contrast compared
with the SOI platform, resulting in a larger footprint for the integrated
components. However, as we know, the waveguide propagation loss, is typically
proportonal to¥¢ [16],

3 £ & PP
That means the waveguide propagation loss can be much lower due to the lower
index contrastA waveguide propagation loss with 0.06B/cmis reportedin
ref [17]. The waveguide used in this reference hasoas section size at 268m
by 80 nm, which leads ttow optical confinement. For high optical confinement
SiN waveguide, a waveguide propagation los§.a7 dB/cmwith 800 nm by
800 nm indimensionhasbeen reporteth [18]. Moreover, other than the silicon
layer on top of the SOI wafer, SiN is usuatigpositedwith plasmaenhanced
chemicalvapordeposition(PECVD) or low pressurechemicalvapordeposition
(LPCVD) systems, which provides the flexibility fehoosingthe substrate and
makes 3D waveguides and 3D integration possitd¢ Besides the advantages
mentioned abovethe SiN waveguide platform alsexhibits other advantages
e.g. the lackof two-photon absorption temperatureinsensitivity andless
distributed backscattering compdite the SOI platform.

Applications like orchip Raman spectroscop®( and biosensors [ based
onthe SiN integration platform have been studied dednonstrate in the NIR
andvisible wavelength range.

However, like silicon, SiN is also not a good material for light emission.
Some early demonstratisrfocused orusing nonlinear optics to achieve light
generation with SiN waveguid¢22]. This technique needshigh powemulseal
laser aghe pumping source, which is not very practical in the long term.

1.1.3 Heterogeneousntegration

To solve the light generation problem, researchers have attempietdoate
other active materials on silicon photonics circuits. For theditional
dataconftelecom application of light generation (1300 nrm 1600 nm),
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significant advances haveeen madéy bonding active IHV chips to the top of
silicon photonics circuits (] [23].

Silicon rib
waveguide

40 nm thick : .
DSV-BCB layer Buried oxide

Figure 1.7: Bonding active IV chips to the top of silicophotonics circuits.
Adapted from ref [2] [23].

Electrically pumped IHV distributed feedbackDFB) lasers with very high
modulation speedhave beendemonstraté (up to 56 Gbps[24], which make
them very promising coherent light sources for tddasilicon photonics
applications in telecom&lacomwavelength range.

Some other directionsavealsobeen exploredTechniques to directly grow
Il -V material on top of silicon haveeen studieénd optically and electrically
pumped lasing haseen recenyl demonstratef5][26].

Colloidal quantum dots (QDs), compared with otapitaxial materials, have
advantagef terms ofcosts and emission efficiency in the visible range. In this
thesis, weaim at usng the heterogeneous integration principle to explore the
possibilities to integrate colloidaQDs as an alternative material for light
generation on the silicon nitride platforapecificallyin thevisible light range.

1.1.4 Colloidal quantum dots

One of the defining features sémiconducta is their band gap (Eg)which
separags the valence ban@nd theconduction bandThe wavelength of the light
emittedby this semiconductor material and the optical absorpsipactrumis
both directly determined bythe width of thisspecialband gapfeature In
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semiconductors with macroscopic sizes, lthed gap widths apre-determined
parameter, which is related tioe material composition arsfructure However,
band gap widths a bit different in nanometetized semiconductor particles
(typical dimensions are less than 1RO nm). In these nanometesized
semiconductor particles, the band gamot only dependent on the material
composition andstructurebut also dependent otheir dimensions, whichare
resuls of the tight spatial confinemendf the electron and hole wave functions.
This size regime in which ih spatial confinemerttecomes domimd is named
as the regime of quantunconfinement And the nanocrystals thashow this
spatial confinemerdreoftenreferredto asquantum dots.

Figure 1.8: When they are excited by ultraviolet light (pictured), colloidal
guantum dotdluoresce at differentolors depending on the particle
size.

Colloidal QDs are nanometsized semiconductor particlesynthesizecand
suspended in theolution phaseWhile the use and application of colloidal metal
nancparticles go back thousands of years, it is ordince a fewdecades ago,
with the improved nanotechnologthat peoplecan undestand, fabricate and
engineer these nargized crystalst will. EKimov et al. [27-31] Efros et al.[32-

35] and Bruset al.[36-38] werethe pioneers in this field. Thefor the first time
studed in depththese tiny crystals containg afew hundredto a fewthousands

of atoms. These tiny semiconductor clusters are still arranged on the regular
bulk semiconductor lattice of the crystalen though the sizes are in the 1 to 10
nm range Initially, glassbasednanocrystalsvere used testudy the electront

and opticalproperties of strong quantum confinementluding theelectron
photon interactions structure of electronic states, intdaand relaxation,
nonlinear optical phenomena, Auger processes, and the physics of optical gain
and lasingThe optical properties of QD$undamentally arise frorthe quantum
confinementwhich relateto their size and Bohr radiu® . For this analysis,
according to thed of the bulk exiton andratio of the QDradius'Y, one can
havethree different regimes: weak confinemesgimefor'yY & , intermediate
confinementegimefor YD & , and strong confinementgimefor'Y & [31].

In the third case, which is thestrong confinement regimease without
considering theCoulomb interaction between the electron and holdhe QDs
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the sizedependent energy gép 1 $ (the lowestransition statdsrelates to the
bulk semiconductor energy g&p A O1 dan beexpressed usingquationas
01%$ 0OAOI BB“ Tca™Y ,wherepfa® pfa  pXa . Here the
a anda are the effective masses$ the holes ancelectron, respectively3[].
We can have strong size dependent bisieiftedband gapf a QD compared to
the bulk onewith the same materiabased orthis equation This has been
experimentally demonstratedhich has beenicely shown in Figure 9.

Bulk QD
2P
1F
2S
1D
CB
& 1P
(=]
o 18
L
E,o E,
k =
VB

Figure 1.9: An idealizedmodelof electronic states ia spherical QD made of the
same material (rightand a bulk semiconductor (left). Continuous
bands of a bulk semiconductor wighparabolicdispersion of carrier
kinetic energies% © E; k is the wave vector) in the valence and
conduction bands (denoted VB and CB, respectivéigs been
transforned into discrete atomitike levels in the case of ttetomic
like colloidal QD. Adaptedfrom ref [39].

Eventually, to improve the optical properties of these nanocrystals,
researchers have put more efforts tie direction of colloidal samples
synthesisthat allowed fornarrower size distributigmrmore facile size control
and improvedsurface passivatiod{)]. The ®lloidal QDs now we are using,
usually comprisea layer of organienoleculeswhich caps the semiconductor
core This organic capping not only prevents uncontrolled growth
agglomeration of the colloidal QOsut alsoallows nanocrystals tbe able to
chemically manipulatdike large molecules, with solubility and chemical
reactivity determined by surface capping groupdditiondly, fielectroni®
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passivatioris provided by theapping moleculesn the nanocrystal surfaces
This passivatiorhelps to terminate dangling bondshich would potentially
act assurfacetraps which can deplete the excitons uiapid nonradiative
process

€ 24
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Figure 1.10: Emission wavelength and sizes ofcolloidal QDs of different
composition.Colloidal QDscan be synthesizedising different types
of semiconductor materials {\I: CdS, CdSe, CdTe; HV: InP, InAs;
IV-VI: PbSe)with different bulk band gap energies. The curivethe
figure represent experimental data from the literature on the
dependence of peak emission wavelengtitatoidal QDsdiameter.
The range of emission wavelength is 400 to 1350 nm, with size
varying from 2to 9.5 nm (organic passivation/solubilizatitayeiis
not included).All spectratypically havefull width at half maximum
around 30 to 50m. Inset:Theemission spectra falifferentmaterials
covering from 400 nm to 1350 nrAdapted from ref41].

The colloidal synthesis hdseen eventually adaptédr IV-VI, Il -V or even
Group IV materials.Core/shell structures with differerdore and/or shell
thickness and all@d interface caralso beused to tune the properties of the
QDs. An emissionspectrunrange from 400 nm to360 nmcanbe achievedby
usingdifferent compounds and sizess shown in Figure 1.1@1].

With the improvement of the synthes&wide range of applicationsecame
within reach ofcolloidal QDs, such as bimnaging,bio-labdling, photovoltaics,
light-emittingdiodes laser sources and single photon sosirce
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1.2 Definition of the research objective

In this thesis, waim to use theheterogeneous integration principle to explore
the possibilities to integrate colloidal QDs as active material for light
generation on the silicon nitride platforepecificallyin thevisible light range.

Colloidal QDs exhibit optical amplification and single photoamission
propertiesunderdifferent optical pumping conditions. With tlexistenceof the
multi-excitor?, colloidal QDs shows opticalmplification property this can be
used as a gain materialr@alizeon-chip lasersourcesn the SiN platformWith
the existence of the singéxciton, colloidal QDs can be a good single photon
source this can be used toealize onchip single photon source in the SiN
platform.

The first objective of this thesis is to investigate plossibilityto achieve on
chip lasers based on colloidal QDsths gain material. A hybrid SiN colloidal
QDs integration pldiorm hasbeendevelopedand demonstratedrhe colloidal
QDs carbe embeddetetween SiN films withouguenchingheir luminescence
while the SiN waveguide can still maintdow optical loss The colloidal QDs
layerts gain property habeencharactezed by a waveguide basedariable
stripe method. DFB lasers based on this hybrid SiN colloidal QDs platform have
been designed, fabricated awtiaracterized The lasers show lasing under
femto-secondaser pumping and nargecond laser pumping. Thelatively low
lasing threshold showte potentiato realizeon-chip continuousvave pumped
colloidal QD laser using the same hybrid waveguide platform.

The second objective of the thesis isreestigatethe possibility to achieve
an on-chip single photon sooce based on colloidal QDs. We first designed,
fabricated andcharacterizedan ultracompact SiN grating coupler aiming to
maximizethe coupling efficiency between the SiN waveguide andcroscope
system. Then we embeddadnono layerof nancsize colloidal QDs patches
into the SiN waveguide. The emission of the colloidal Q®<oupled out
efficiently by the optimized grating coupler. The embedded patches ban
further reducedn sizetowardsthe single dot leveand the developedprocess
showsthe potential torealizeon-chip single photon sources based on colloidal
QDs.

The research was carried out in a close collaboration between the Ghent
University Photonics Research Group (PRG) and the Physics and Chemistry of
Nanostructures (PCN) group, wh have ample expertise in respectively
integrated photonic devices and the synthesis cadacterizatiorof colloidal
QDs.

2 Single excitos gain can be possible wittertainmechanism, which will be explained in
Chapter 2.1.3
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1.3 Thesis outline

In this chapter, we preseu the background of integrated photonics and
semiconductor colloidaDs. The excellent luminescentproperties of colloidal
QDs motivaed usto combine colloidal QDs witthe SiNphotonics integration
platform.

In Chapter 2, we will introduce the detadlbackground of the colloidal QDs
as novel emitting materiali the first partof this chapterwewill introducethe
detail of the gain propees of colloidal QDs. Then we will also introduce the
potential of using colloidal QDs as single photon sosirce

In Chapter 3, we will show the information about thevelopment of the
hybrid SiN colloidal QDs integration platform. The different SiN layer
deposition details wilbe presentedThe waveguide loss withnd without the
colloidal QDs will be shown The SiN layer stresfor different deposition
recipes will be presentedThe luminescenceof the SiN material itselffor
different deposition recipe will aldme compared

In Chapter 4, we present the work using colloidal QDs as gain material. The
gain coefficientof the embedded colloidal QDs will be firsheasuredising a
wavegude-basedvariable stripe length methods. Later, a DFB based laser
designed fabricated andcharacterized The laser shows a quasintinuous
wave (CW) pump threshold around 39 kW/énrhis measured threshold is at
the same level as that of M semiconductolasersepitaxially grown on silicon.
This opens strong prospecia terms of CW operation and, consequently,
application potential. We also present the design, fabrication and
characterizatiof a gain coupledFB laser based on colloidal @DAt the end
of this chapter, we alsshow that thishybrid SiN colloidal QDs integration
platform can potentially alstve usedfor a new classof solution processed
nanomaterials, i.enanoplatelets.

In Chapter 5, we preseaur work ontheintegraton of patches ofmono layer
colloidal QDs ina SiN waveguide aiming to demonstrate-ahip single photon
sources. In the first part, the design, fabrication @matacterizatioof an ultra
compact grating coupleptimizedfor use in amicroscopy systens presented
The grating coupler is aiming tmaximize the coupling efficiency from the
optical mode of the waveguide to a microscopy system with certain numerical
aperture. The experiment shows up to 53% coupling efficiency to a NA= 0.65
microscopy systerhas been demonstrate8imulations show thisfficiencycan
increase up to 75% for NA = 0.95. In the second partembeddegatches of
monolayer colloidal QDs into the waveguide. The emission can be well coupled
to the waveguide and coupled out by tpimizedcompact grating couplem
combination with the earlier developsihgle colloidal QD patterning technique
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[42], this showsthis hybrid integration platformhas thepotential torealize
single photon sourse

Finally, Chapter 6summarizeshe wak presented irthis thesis andiscusses
proposals for further work.
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CHAPTER 1




Colloidal quantum dots
as novel light emitting
material

2.1 Colloidal quantum dot as gain material

Lasers made from bulk semiconductor matenigse firstdemonstrateéround
the 1960s[1-2]. They havenow found avery wide range of use that includes
fiber optic communications, barcode readers, laser pointers, CD/DVD#siu
Disc reading and recording, lasprinting, etc With the development of the
laser diode (Figure 2.1), lamg performance haseen improvedwith the
introduction of secalled quantumvell laserq3].

In these 2D-gain materials,which are different from traditional bulk
semiconductors, the charge carriers (electrons and holes) are confined in a 2D
plane (as shown in Figure 2.2A steplike density ofthe electronicstateis
provided by this 2D planar confinementyhich is nonzero at the baretige
This steplike densityleads to a higher concentration of carrittrat contribute
to the baneedge emission, resulting in lower threshold levels.
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Figure 2.1: Left: a packaged laser diode shown with a USD penny for scale.
Right: the laser diodship is removed from the above package and
placed on the eye of a needle for s¢dle

The 2D planar confinement also improves the temperature stability and results
in anarrower emission line.
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Figure 2.2: The energyband structure of IrfBased metamorphic tygeQW
laser. The njection directions of electrons and hole® indicated
Adapted from [5]

In the case of QDswith around 10 nanometers idiameter there is
confinementin all three dimensios for the charge carriersAs a result the
electrons exhibit a discrete atontike energy spectrumwhich comes from the
guantum confinement. With the help of quantum confinemtrg, spacing
between thesdiscreteatomiclike staesin small QDsis much larger than the
available thermal energ¥husthethermal depopulation of the lowest electronic
states is inhibited. This effect cdmelp to achievea temperature insensitive
optical gain which isat an excitation level just above one electhofe (eh)
pair per dot on average in tlmple model of 2-fold degenerate barnedge
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states. TIs advantagevasexpected to resulh lasing performance superior to
that of bulk semiconductof$)].

2.1.1 Colloidal quantum dot optical gain

An optically pumpedolloidal QDs lasing devicewas first reportedh 1991 with
relatively large (around 10 nm) CdS@Ds. With this remarkable result,
researchersealizedlasing using epitaxial QDsunder theoptical and electrical
pump in 1994 [7]. Further improvements have shown redovd lasing
threshold i terms ofdriving current) based on the epitaxial QDs1{@. A
comparison of calculated maximum gain for bulk, 2ibm), 1D (wire) and OD
(box) gain materialss shownin Figure 2.3 from ref[6]. This result shows the
potentialof QDs based lasers to surpass quantum well and bulk leggnsling
thethresholdcurrent
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Figure 2.3: Calculated maximum gain as a function of injection current density
for the GaAs/GggAly,As quantum box (i.e., QD), quantum wire,
quantum film (i.e., quantum well), and bulk crystal (conventional
double heterostructure). Dashed lines mark the lasirgsttbtd for
each materialAdapted from ref@)].

Thesebenefits provided byjuantum confinemergive strong motivation to
use colloidal QDs as the gain media for the lasing applicatiorthisgquantum
confinement regime, the electronic levsfsgacingcan exceedhundredsof meV,
as mentioned in the last section, which is considerably larger than the room
temperature thermal energy (~24 meV). This unique featurepotentially
guaranteesuperiortemperaturestability. Another additional feature camg with
the quantum confinement ike prospectof wide range tunabilityegardingthe
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emission spectrum. In principle, the emission bartunedn the order of 1 ey
achieving usinga single material system througiontrolling the size ofthe
colloidal QDs [11].

Neverthelessafter more thartenyearsof research, excefor somereports of
the existenceof the optical gain [123], colloidal QDs failed to demonstrate
lasing. Originally this failure was attributedo high nonradiative carrielosses
due to trapping staseat the colloidal QDsbsurface, which comes frothe large
surfaceto-volume ratio for these sub 10 nm particles. Another potential
explanationconsidered waghe greatly reduced electrgrhoton interactions
efficiency in theg small nangarticles [1415]. The probability ofphonon
assistedprocesseswhich is requiredto fulfil the energyconservationfor the
electronhole pairs torecombineg is dramatically reduceih these smalhano
particles comparedwith the case ofjuasicontinuous spectra of bulk materials.
This phenomenowas believed tdead to a lower rate of carrier cooling the
help of phonon emission (known as tliiphonon bottlenea®, which further
leads to reduced PL efficiencies.

However, theeffects related to carrier surface trapping and tliphonon
bottleneck turned out to be much less serious compared to the initially largely
unforeseen problems of ngadiative Auger recombination [16].
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(A) —

(A") . o

(B) e
e e

Figure 2.4: Schemeof Auger effects. (A) Auger relaxatioeffect of a biexciton
into a neutral QD. The remaining excited carigin a highe state
but still confined in the same neut@D. ( A 6 ) -Pnization effect
of a neutral QD byAuger process. Thelectronis excitedout of the
QD. (B) Auger relaxatioreffect of a biexciton in a ionized QD.
Adapted from ref17].

As shown in Figure 2.4 [17], a rapid relaxatiattributedto an Augeftype
mechanism [18]was later found to be domimé& in colloidal QDs. This
relaxation is extremely fast compared with the radiative lifetime and happen
apicosecond to supicosecond timecale 19-21]. During this Augerrelaxation,
a hole can get the excess electron enamyy fast relaxes through thalence
band dense spectrurAlternatively, the excess electroenergycanionize the
QDs. All these fast Auger processes leathtoquenchingf biexcitons or other
multiexcitons, whichare essentiaffor achievingoptical gainin mostcolloidal
QDs

2.1.2 Single exciton gain

As analyzedin the last section, the fast noadiative Auger recombination
guenching the biexcitons and multiexcitons is the mohistacle taealizelasing
application using colloidal QDs. However, a practical approachvtud the
involvement of Auger recombination is achieving optical gain without the
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existenceof the biexcitons or multiexcitons at all, i.e., achieving optical gain
using single excitons. Thisidea was triggeredby the figian excitonexciton
repulsionfrom thetypell hetero nanocrystalsn which the heterojunctioof the
core/shell structure band alignmemis astaggeing gap This ideawas first
introducedand discussedn 2004 in reference [22]n this paperthe authors
describel andanalyzedthe concept torealizesingle excitons optical gain with
optimizedcore and shell dimension® reach a type Il band alignmerithey
also experimentt obsened excitorrexciton repulsion, which came seerfrom
the ASE spectrum. Three years later, more Getaresults for typell
CdTe/CdSe QDs with excitemxciton repulsion energy up to ~ 30 me&¥ére
reported [23]. ASE originating from single excitons was successfully
demonstrated experimentally using specially designeditypdS/ZnSe QDs in
2007 [24].

The basicconcept ofsingle exciton optical gaiis illustratedin Figure 2.5
with the existenceof large excitorexciton repulsion The absorption and
stimulated emission ithe colloidal QD can be different with the absence (a)
and the presence (b) of the excHaxciton interaction. Without the presenafe
the excitorexciton interaction, the single excit@annotresult inoptical gain
but onlyin optical transparency (Figur25(a)), since the stimulated emission
from theelectron in the conduction barsl exactly balancetly the absorption
associated with the electron in the valebemd. With theexistenceof the
excitonexciton interaction, this balance che broken The presenceof the first
exciton can create an effective electric field, which leads to a Stark shift of the
second exciton transition bandgap [24]. This exc#®oiton interaction, mainly
coming from the effect of Coulomb interactions between excitons, an b
negativeor positive which is depending on the sign dhe excitorexciton
interaction energy(yY ). This leads to a slight difference in terms of the
transition bandgap between the single exciton and biexciton, anchdkitied
transition bandgagan be expressed as:

O O ¥ P
If the excitorexciton has repulsion interactiony > 0 (Figure 2.5(b)),this
shifts the absorbing transition upwards in enexgyich canbe beneficial fora
lasing applicationlf theY is larger than the emission line widthe singe
optical gain can be achieved, without the involvement of biexcitons and
multiexcitons. For standard core only and typethin-shell colloidal QDs,
exciton-exciton attraction is the cas¥ (< 0), hence single exciton gagannot
be observed. For typé heterostructure colloidal QDs, the electrons and holes
are separated between the core and shell. Witlexitstenceof a biexciton the
electrons and diles are separatedecausef the band alignment. They haue
share the same part of the colloidal QDs structamelthe repulsiveinteraction
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is enhanced. The net results can leadeoulsion ¥ up to the order ol0 or
even 100f meV[23-26].

b N A
A YAYAYS
AVAV RAVAV S AVAY 2
N
Transparency Optical gain

Figure 2.5: Scheme of simplifie® fold model.(a) The transparency situation
when thereis noex ci t onT1 e x ci.tTaensinglemiciom act i ons
(el ect r oninta®D eesulg aoptical transparenyc (b) With
thepresence of exci t ongeenda@bsorgion i nter ac
event transition is displacedwith an energy shifty  from that
whereby the or i giAs@kshiftit @eatedrbpthel hol e pa
first el ecThe maaicdbetiveen ghirauiated emissand
absorption becomes broken; kerthelasing canoccur withthe help
of this shift Adapted from ref [24]

To further quantify the onset of the singéxcitors optical gain,based on the
analysis above, the authors in reference Egqume that thgansitionenergy
for 80 B @is differentfrom that of theg B4, which comes fronthe
excitonexciton interaction.The authors built asimplified model, which
considered is greater than the transition line width. Under tésumption
absorptiorthatcreatesa biexciton(s8& 8 $itransition) does not interfere with
stimulated emissionreates by thsingle exciton & gtransition) andvice
versa[24]. In this case the optical gain splits intsingle exciton and biexciton
bands The two bands arseparated by and having twodifferent gain
thresholds.

To quantify the singleexciton gain,they only consideredthe two lowest
states in gands8d) and assume that thwlloidal QDs only have two states:
with or without single excitonwhich canbe translatedo the probabilities)
and0 thatare restricted by the conditdn 0  p. The single exciton gain
can be expressed as:

c0 ,—df—‘s v T 8

q €(Q

Where¢ is the index of the colloidal QDS; is the Einstein coefficient of
stimulated emissiorg  is the concentration of the colloidal QDs in the sample.

. 0
O ‘—[’8 —
€
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Eq. 2.2indicates that theptical gaincanbe achievedwhend = 4/5, which
also illustrate the thresholdaverage QD occupanc§d O 0  t7u. Since
@) Qs less tharl, the lasing action cahe obtained wittonly the existence of
single excitons.From Eq.2.2, we can also get tlsngleexcitonsaturatbn gain
is realized whe =1 and it is giverby:
This equationindicates thatOy, is about fourtimes lowerthan the saturated
biexciton gain (see section 2.1.2) However, singleexcitongain has the
advantagdn term of a longer ifetime despite being smallén magnitude Its
relaxation is controlled by fairly slowingle-exciton recombinatiomvithout the
existenceof the fast Augerlifetime. In reference24], from experimental data,
the lifetime of the single exciton gain wkmind to beconsiderably longer than
the biexcitonlifetime (tf  p& ¢ iversust ¢ p @ P This singleexciton
gain mechanism can help tsrealiz CW pump lasing becausehé threshold
pump intensity scales as the inverse of the gain lifetimaight be possible to
reduce the CW lasing threshold &yactor ofca 100 1000 (déned by the ratio
of single excitorlifetime T andbiexcitonlifetime T , see section 2.1)4if we
use the strategy fastandard CdSe QD#levertheless, in practice, it has been
proven to be challenging to reach gain from typecdlloidal QDs. The
simplified model only considers a smdltoadening of the optical transition,
which is usually not the case due to the size dispersion frosytitbesiof the
QDs. Furthermorethe type Il band structure tends to push the holes to the shell
anddefectsat the shell surface will quench the optical gdiherefore, thus far,
most work toward lasing in this thesis has forcused on isiogeéhe bieciton
lifetime of type | CQDs to obtain biexciton gain, as discussed in the next section.

2.1.3 Biexciton gain

As already discusslin the previous section, biexciton gasmhamperedy fast
nonradiative Auger recombinatidi 6]. To betteranalyzethis problem, we will
approximate the lowess ner gy fiemi ttingdo transition
fold, spindegenerate, twtevel systemasintroducedin reference [24]In the
ground state of this system, two electr@tay inthe valence band levelith
oppositespin direction(Figure 2.6 left) In the case one electron is pumped to
the conduction bankkvel, the single exciton state does not produce opgeal
but optical transparency(Figure 2.6 middle) Biexcitons or higlr order
multiexcitons are needetb realize an optical gain in this circumstanceas
illustrated in Figure 2.6 rightHowever, multiexcitors in colloidal QDs are
subject to highly efficient Auger recombination, whighpleteshe optical gain
quickly.



COLLOIDAL QDS ASNOVEL LIGHT EMITTING MATERIAL 29

cB

. AN\»

AN\» W@m W@W
VB

Absorption Transparency Optical gain

Figure 2.6: Simplified schemefor three different interaction regimes of a
semiconductorcolloidal QD with a photon resonant with the band
edge transitionlt has a2-fold spindegenerate conductidyand (CB)
and valencéand(VB) levels.Adapted from [24]

With the existenceof fast Auger recombination, twiactorswere crucialfor
the first demonstratianof biexciton optical gain. One is using densely packed
QD films, which have much larger gain coefficienthis wasfirst realizedin
ref [27]. The high gain coefficientsfrom the densely packed filrhelp to out
compete the Auger process loggother usefuimethod which is still widely
used now to helpto demonstrate andanalyze optical amplification from
colloidal QDsin the lah is the use of femtosecordgh power opticapulsesto
excite thecolloidal QDs sampla. The carrier losses due to Auger recombination
canbe minimizedwith this techniquet the pump stag&oon after the proasf
principle, research groups were able to destrate lasingrom colloidal QDs
using differentoptical cavity designg28-31]. In the remainder of this section, a
more indepth analysis of principles of colloidal @iexcitonlasingwith the
presence of fast Auger recombination is provided (addptedref[32]).

To analyzeoptical gain and the lasing threshold for a given configurattaan,
simplified model from Figure 2.8 updatedo showthe differet degeneracies
of the ground 1), singleexciton &0), and biexcitong §) states derived from
the difference in their spin configuratigres illustrated in reference [3&igure
2.7(a) shows the modified modelyhere hese threestatesare placedalong a
vertical ifener gy o0 gsoni Fgure 2.7a), batrhvalenger o u n d
band spin subleals are occupied with electrorsads toa nondegeneratstate
The biexcitonstates8 $is also nondegenerate as dontainstwo occupied
conduct bandspin sublevels. The singxciton state86 onthe other hands
four fold degenerate due to tHeur different spin configurationsas illustrated
in Figure 2.7(a) From theoptical selection rules, we can derigaly two of
these configurations are optically active.tfe moa from reference [32]it is
assumedthat all of these configurations are mutual thermal equilibrium
which means only half of theingleexcitons are optically activ&®Vith the above
assumptiog we can expresthe perdot rate of stimulated emission due to the
transition from the single exciton to the ground state as
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Figure 2.7:(a) The quasthreestate model of optical gain in QDs, which
comprises a nondegenerate ground stau (oottom), afour-fold
degenerate singlexciton state, 6, middle) and a nondegenerate
biexciton state B & top). (b)A quasithreelevel transition scheme
with photon absorption (up arrows) astimulated emission (down
arrows). The ratesf differenttransitionsare indicatedn the figure
(per unit photon density o is the transition probability per single
spin-allowed transition (shown by black arrows in panel a). Adapted
from ref [32].

In Figure 2.7b, where representshe density of photons accumulated in the
optical cavity mode, anc is a parameter proportiont the oscillator strength
of the individual transition (shown by black arrows in Figure 2.7a), equivient
the weltknown Einstein coefficient of stimulatezmission.The transition from
the Bdito thes8 &istate via absorption of a photoanbe expresseds:
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. [

w C %o ¢®
This equationimplies that the single excitonsprovide zero net contribution for
optical gainaswe discusseth the previous sectiorThus, the only source that
can contributeto the optical gain in this system is stimulated emission by
biexcitons & & SBdtransitior), which competes with photon losses from
absorption due to thedgQXatransition (Figure 2.7b)ror these two transitions,
the perdot rates are equal and damexpresseas follow:

® W ¢ %o Q)

From the above analysis, we ceaoncludethe ratio for the emission rates by
biexcitons andingleexcitons is 4 to 1Eq. 25 and Eq. &), which is consistent
with the quadratic scaling of radiative rates with exciton multiplicity typically
observed for QDs of various compositiofi33-35]. To characterizethe
behaviar of an excited QDwith biexciton,we canrestrictthe probabilitie®
(the ground, 0 (singleexcitor) and0 (biexcitor) statesby the conditiom]
0 0 O p.In this case, the net raté photon generation per unit
volumeequation can bexpressea@s

i € W @ ¢ge 0 0 &
where¢ is theconcentration of the QDs in the sample. This leadsntather
equationfor the gain coffi cient

no (1‘)‘ (I)l-) é ” "O”
g 3 R
wherec is the speed of light in vacuum, is the indexof the colloidal QD

sample,” is the per QD population inversiowhich can be expressed as:

0 0 N

‘O is the saturated gawbtained foi”  p, and can be expressed as:
0O ¢ é—r 3 ¢

which corresponds to the complgtepulation inversion when all Qse in the
biexcitonstates

Using theconceptintroduced above, we canrite down coupled colloidal
QD-light-field kineticequatiors as follow
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The time constants , T andt are the singlexciton, biexciton, and the
cavity photon lifetimes, respectivelffhe Eq 2.14 only accounts the photons
generated via stimulated emissiand accumulate ito the optical cavity mode.
In principle, usinga separate rate equatién accountfor photons produced by
spontaneous emissios possible However,we can disregard these photons
since theydo notaccumulate in theptical cavity and they do not affecthe
carrier dynamicswhich is a commompproach whebuildskinetic equatiors.

The average QD occupandy”dis limited to 2in thisthreestatemodel The
average occupancyan be expressed &°a 0 ¢O p ". Here we
consider the situation of a Poisson distributionthe carrier populations across
the colloidal QD ensemblewnhich is typically realizedising short pulses to have
theabove band gap excitation of the sample [B6]this case, thprobability of
havingN excitons in a QD can be expressed as:

no & A Q&t P

whered0 6 B ‘@ representshe average QD exaitionoccupancy [32]. In 2
fold degenerate emitting stat€@Ds the multiexcitoncontributionto the band
edge optical gain is independent of its order aedcan considethe same as a
biexciton. As a result, the true average QD occupancy can be expressed as:

W'a ¢ Q¥q Wwa ® o

Here, byusing Poissoprobabilitiesin the expression for the optical gain onset
(O O mhi’& p), wecan obtairthetrue average occupanéyr thegain
threshold. This onset value can be foundsolvingthe equation:

0 ¢ Q P X

Wherewe can have( pP v

2.1.4 Biexciton lasing thresholdanalysis

Fromthe analysiof the last section, we estimated that for pulsed pumping, the
gain onset (threshold)is defined by the conditon 0 ~ 1.15. The
correspondingyain onsethreshold for the per pulse photon fluen&) can be
simply estimatedoy 0 Q, p® U, is the Qs absorption crossection),
which yields’Q pg® T, ., is at the order p 1 cn? for common CdSe
colloidal QDs. We can estimaf@®is at the order ofp 1 photons per cf
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which corresponds t@ per pulse energy fluenae , of the order of 0.41
mJknt, depending on thdifferentexcitation wavelength.

However, experimentatudiesshowthat thepump powerensitiesare at the
order ofa few to a few hundreds @fidcn? for the ASE onsetand the lasing
regimefor the standardcolloidal QDs [24], which is much largéhanthe one
derived from the abovetheoreticalanalysis. This is usually tributed to the
existenceof the fast Auger recombination from the QO® achieve ASE and
lasing the optical gain has to reach hégher value not only sufficientto
compensad the optical losses in theavity but alsohas tobe sufficientlylarge
enoughto outcompetehe Augerrecombination

For further use in chapter, 4ve analyzethe lasing threshold in case of CW
excitation.To analyzethe steady state situation, we addEig. 2.11-2.13 with
the steadystatecarrier generation teriin ,(heretis the CW pumping intensity
expressed in term of the photon fludll the time derivativedave beersetto
zero [dé )/dt = (. In the subthreshold regime, we can assuithere is no
photon in the lasing cavity mode, heriée 1. Underthe conditions mentioned
above, theinetic Eq. 2.11-2.13 from thelastsedion can be rewritten into:

0 .
A Py
0P o 0 0p T W
D tF 1) ¢®
0P U Tt & 1
D n C
Tolink 0 ,0,0 we add also:
0 0 0 & p
Thenwe canderive
. ot
b 0 o, Tt c& ¢
- o, Tt
" o oFr o, Tt 8o
Since we have:
Oa M pdD ¢d & T

By using Eq. 2.2 and Eq. 2.3, we can rewrite Eq. 2&and find the CW
excitation relation:

wze O QO TT

N & v
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Using this expression, we can link the QD occupaficit with the CW
pumping flunce. To further investigathe influence of Augerecombination(or
Auger lifetime) to the CW pumping lasing thresholde wiill make some
reasonable assumptions and plot the lasing threshold pumping flas a
function of the biexciton lifetimet (Fig. 2.8).
We therebyassume the single exciton lifetime is purely radiative, leading to

t  t§. The biexciton decay ithe combinationresult with both radiative
recombination(t ; ) and the nonradiative Auger proceds;(). The overall
biexciton lifetimecan be expressaging equation [32]

th th
t - g o

as

J,.. (Wiem?)

Figure 2.8: The dot of the CW lasing threshold as a function of . The
different colors indicate different cavity photon lifetime= 1 ns
(black squares), 0.1 ns (red circles), 0.01 ns (green triangles), 0.005 ns
(blue diamonds), 0.002 ns (magenta pentagons), and 0.001 ns (brown
hexagons)The pump wavelength is 400 nmddpted from ref32].

Here weassume that the radiative ratehibits a quadratic scaling with exciton
multiplicity, whichyieldst j T Xt Ty ¥t [32]. In the plot, we assume the
absorption cross sectignof the colloidal QDsto bep 1 cn?. The single
exciton lifetimet T v 1® i, the biexciton radiative lifetime to be
tr p & ¢ i[32]. By usingthe assumed numbers aboweith Eq. 2.25, we
can have plot the CW lasing threshold as a function ot with different
cavity photon lifetimewhich is adapted from r¢32].
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From the plot, we can observe a rapid increase in the threshold intensity with
a decreasing biexciton lifetime. Thecensemenbf 0 is not that muchn the
large valueregion of the biexciton lifetime (410 ns). But as the biexciton
lifetime becomes smallgin the small value region (<1 psyherethe Auger
recombination process kicks in and dominates,0thebecomes progressively
steeper. For example, in the case ofideal optical cavity with low optical
cavity loss t = 1 ns, black squares in the plot), the changé ofrom 1 ns to
50 ps results in a 3 orders of magnitude increasé ofrom aroundp TtW/cnt
top TTW/cn?. It is obvious that to achieve @W lasing with a = 50 ps
biexciton lifetime is practically not possible due to the very high pumping
intensity ofp TTW/cn?. On the other hand, a suppressed Auger process, which
leads to a longer biexciton lifetime, might make CW lasiog a colbidal QDs
device possible.

Because Auger lifetime scales in direct proportion to the @ume, the use
of larger QDs is expected to lower the lasing threshold. Experimesgalts
indicate thatusing large volume QDsan indeed help to suppress the Auge
process, as shown for example for thick e | | Afgianto CdS/ CdSe
size nonspherical nanostructures such as nanoBXIS§], tetrapods[39], or
nanoplatelets40]. Another way to suppress the Auger process is to use alloyed
interfacecoresshell QDs. These types of QDs have grading and smoothing of the
confinement potential, which reduces the intraband transition involved in Auger
recombination 32].

Microsecondsustained lasing from colloidal QDwas first reportedn [41].

In this pagr, the authorsemployed inorganihalide-capped QDs exhibit high
modal gain. With the help of this inorganic halide anthermally conductive
MgF, substrate, they have managed to reduce the heating problem and have
demonstrated lasing with pump pulseation of 0.4¢s and peak power of ~ 50
kW/cm? @ 355 nmMorerecent work from the same group has demonstrated a
CW pumped laser using colloidal QDs [42]. In this work, they have used
biaxially strained colloidal QDs. These QDs haftether suppresseduger
recombination, which can be better for low threshold lasisglerived above
Combiredwith betterthermalmanagementhey have demonstrate¢pbotonics
crystal distributed feedback (PHQFB) type laser CW lasing with a threshold ~

8 kw/cnf @ 441 m.

In our work, we used soalledflash- CdSe/CdS QDs, which asynthesized
using a seeded growth approach that yields thick shell CdSe/CdS QDs in a fast
and simple processA]. Such QDs feature an alloyed CdSe/CdS interface,
which helps to reduce straand slow down nenadiative Auger recombination
of multi-excitons. This Auger process suppression will be helpful for the lasing
applications as shown in chapter 4.
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2.2 Colloidal quantum dots as single photon emittes

The progress of the last decadesmimiaturizationof electroniccomponents
allowed reducing the size of e.g. central processing usit (CPUg while
increasing at the same time its computational powswever, quantum
mechanics tells us that there idiraitation to further decreasing thsize of the
transistos, the tinyficelld from which the CPU ibuilt up. Therefore, a different
kind of hardwarestrategyhas become more interesting: a machine that exploits
guantumtheory more directy, to simulate nature, as suggestedHrgf. R.P.
Feynman. This is the purpose of quantum computation and quantum
communication, aiming to use the principle of quantum mechanics to
manipulate and exchange information between pariies. main advantage of
guantum computation is thiatroductionof the superposition principle, which
allows the introduction of the concept of a qubit.

A single photon source i key componentto realize qubits for quantum
computation and quantum communicatidtiere, the secondorder intensity
correlation function igenerallyused to determine the quality of a single photon
sourceg44]:

'™ t0O

«Q 500 O

c& X
Here the’ 00 represents the light intensity at tinhewhere dGrepresentghe
time averageFrom an experimental point of viewse can also use theumber
of countst 0 registeredto a photon counting detectdo represent the beam
intensity, sinc& 0O is proportional to the intensity of the impinging be@ .
Hence Eq. 2.27 can be rewritten g#4]:

& oto tO
T @00 <@ ¥
We canconsider'Q 1 as a quantitative answéo the following questionif
one has alreadydetecteda photonat time 0, what is the probability to detect
anotherphotonattime 6 1? Or more generallyif one has detectech photons
attime 0, whatis the probabilityto detectanothem photonsattime o  1[45]?

For coherentight, e.g.the beam from a laser sour¢ke number ophotonin
the laser bearpertime durationis proportional to the intensityf thelaserbeam
The intensity of a laseutputbeam is usuallya constant. ie number of counts
attimesdand 6 1 should be the sambienceQ 1  pfor anyt [45].

A very important value i¥2 1t . This function answers this questidmw
often one candetect two photons at times very close to each @tBerwhat is
the possibility to detect 2 photons at one timehis "Q 1 value gives the
probability of multiphoton emission eventSor coherentight, like a laser, as
we analyzedabove, "Q 1 p. For classical sources, like chaotic ligtie

Q ot
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beamhas intensity fluctuations and therefore a tendenzydetect multiphoton
events[45]. This leads to a result 62 1 p. It can be shown thdabor
classical light sourceslwayshave™Q 1 "Q t  p[45. That meanshe
antiburchedlight is not possible fothis kind oflight sources.

But for quantum emitters, like single photon sources, antiburlaitgdan be
generatedThe single photon sourcehouldemit individual photons at intervals
[46]. A solitary quantum emitter is usually usedgeneratehe single photon
Theogetically, there are lot®f options e.g. atrapped atonor ion, a nitrogen
vacancycenteror aQD [46]. The deterministic emissiofrom thesingle photon
sourceis usuallytriggeredby periodic electronic or optical excitatiaa obtain
outputs [46]. A highly efficient polarized emissionfrom the single photon
sourcewhich canbe coupledto a welldefined spatial optical modis also
desiredfor idealemitters[46].

For an ideakingle photorsource;Q 1 T which is greatly reduced in
comparison to classical light sourcasd coherent light source For practical
guantum computation arglantum communication usmdistinguishable single
photons are preferredThe indistinguishablenesseans that there is no
dephasingbetweenthe emitted photons. This can be determined by evaluating
the quantitygt 7t [46]. Heret is the cohereretime, which can be measured
via the coherence lengiéh 1 is the source emittés lifetime.No dephasing of
the emitted photonfor ideal single photon sourcdsence resultsy ¢t ¥+ 1,
meaning that themitted photonsfrom the sourceare fully indistinguishable.
This can be quantified further through the two photon quantum interference
measurement B}.

To check thequality of the single photon emissipran antibunching
measuremeris performed, using ao-calledHanbury BrownTwiss setup. The
schematic diagram of the setigopshownin Figure 2.9(a)47]. The incoming
signalsare splitinto two beams with a 50/50 beam idgpt. There are two
sensitivesinglephotondetectors to capture these two beams. dutputs of the
detectorsareconnectedo aTime-Correlated Single Photon Countig§CSPQ
unit. The TCSPC unit will repeatgdmeasure thaignalsfrom the two detector
and show the time correlated dafBhe antibunched measurement céme
performed with pulsed orCW excitation Under the pulsed excitation, the
typical timecorrelated result from an afiunchedsourceshows the individual
pulses spaced by thexcitationpulse period The data will havea reduced or
missing pulse at the correlatidime difference of zeracorresponding with
different’Q 1 values of the single photon sourdéénder CW excitation, the
typical timecorrelated result from an afiunchedsourceshowsa flat line at
none zero region. There should e not abl e Ai the gmesi ty
difference of zeroFigure 2.9(b) shows the correlation amplitude measurement
of a single photon source with CW (blue) and pulsed (red) excitptign To
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time tag the absolute arrival time of all the detected phdsasother way to
characterize the anbiunching signal, which needs complicated correlation
algorithm to realize thatThis approachis not commonly used in the
applicationg47].

coincidence counter
or time tagger

@
°
| 2
a
5
detector 1 5
®
4
from sample 3 |
oL/ - ‘\ / \ J o \;
beam splitter detector 2 00 %0 0 80 100
a b Lag time [ns]

Figure 2.9: Hanbury BrowATwiss interferometer setp. (a) The schematiof the
setup. (b) The correlation amplitude measurement results of a single
photon source by using tiiéanbury BrowaTwiss interferometer setp.

The blue curve is the reswf CW excitation;the red curve is the result
of pulsed excitation. Adapted froraf [47]

Colloidal QDs and other nanocrystals §4 as quantumemitters provide
potentialas a single photon emitteAs already extensively introduced above,
colloidal QDs synthesis makes it possible to not only tune the emission
wavelength bycontrolling their size but also offes extensivecontrol over the
QD size,shape, compoundnd everallows torealizecomplex heterostructures.
The experimental aom temperaturephoton antibbunchingresults withsingle
CdSe/zZnS corshell QDswas first reportedfor [49-50]. This experimental
result can be attributed to the highly efficient, nomadiative Auger
recombination of multexcitons as we discussed in Chapter 2.1.1. Figure 2.9
shows the result from reference9]4and from that we canlearly seean anti
bunched signal with CW excitation fromCdSe/ZnS single quantum ddthis
resultis quite different fromthe result obtained for €dSe/ZnS clusterThis
enabled the emission of a single photon to be triggered optically by a high
intensity excitation optical puls&], 52]. However, the early research also has
shown that colloidal QDs have blinking issues which leads to an unpredictable
variationof brightand dark periods R+t51]. But the recentimprovementof the
synthesis of colloidal QDs casuppresghe blinking issue and further improve
the colloidal QDépotentiab to act as singlephoton source
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Figure 2.10:Measured distributiol z of photon pair separation timzsfor a
CdSe/Znluster and a single quantum dot. The line represefitst@
an exponential lawAdapted from ref§0].

However, for all the previougproof of principle research work, the
characterizatiorof the single pbton sources based on colloidal QDs is usually
done by spin coating a diluted solution onto a gfagsstratg49-50]. The QDs
are randomly locatedn the glass substratglso, most of the emission from the
single QDs couple to free space and can onlgdicted with a microscopy
system.

In my thesis,| will investigate thepossibility to realizeon-chip single photon
sources based on colloidal QDs. A SiN waveguide platforoptsmized We
will show the colloidal QDs calbe embeddethto the SiN layer tacks without
guenching their photoluminescend#&’e also show the photoamission from
these embedded colloidal QDs caa well coupledn a waveguide. With the
help of the waveguide platform, more complicated functionalities can be
potentiallysupportedd confine, guide, modulate and detect these single photons.
Thus, more complicated quantum information processing might be possible.
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