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-Summary in Dutch- 
 

 

Colloïdale quantum dots, een nieuwe klasse van materialen, hebben veel 

veelbelovende eigenschappen. Door het kwantum opsluitingseffect is een groot 

bereik van emissiegolflengten toegankelijk met slechts één  enkel materiaal. Met 

behulp van een enkele chemische synthesetechniek waarbij slechts één 

parameter wordt aangepast, de QD-grootte, zijn ze een zeer veelzijdig en 

goedkoop emissiemateriaal. Een breed absorptiespectrum in combinatie met een 

smalle fotoluminescentie, instelbaar van het zichtbare tot het infrarood met een 

hoge fotoluminescentiekwantumopbrengst, maakt ze zeer aantrekkelijk voor 

toepassingen in de opto-elektronica. Bovendien plaatsen de lage kosten van de 

QD-synthese en depositiewerkwijzen, meestal door niet-vacuümtechnieken 

zoals spincoating of Langmuir-Blodgett-depositie, ze al op de voorgrond van 

uiteenlopende toepassingen zoals displays en verlichting. Dezelfde pluspunten 

van instelbare optische eigenschappen en eenvoudige verwerking maakt 

colloïdale QD s het meest aantrekkelijk voor hybride geïntegreerde fotonica, 

waar ze kunnen worden gebruikt als bouwstenen voor coherente lichtbronnen 

zoals lasers, incoherente breedband-LED's of zelfs ósingleô foton bronnen. 

Siliciumnitride is een veelbelovend diëlektrisch materiaal met een grote 

verboden zone (5 eV) dat compatibel kan zijn met hetzelfde CMOS-raamwerk 

als silicium. 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 ɛm tot ongeveer 4 ɛm. Het nieuwe 

golflengtebereik van 0,4 ɛm tot 1,1 ɛm, waar silicium absorbeert, opent nieuwe 

toepassingen voor bio-detectie en Raman-spectroscopie op chip. De voordelige 

eigenschappen van SiN zijn aangetoond door talrijke groepen aangetoond, maar 

de meeste resultaten bleven beperkt tot puur passieve functionaliteiten zonder 

actieve functies, met in het bijzonder lichtemissie, die nog grotendeels ontbrak 

voor het SiN-platform. Dit laatste is essentieel voor het bouwen van volledig on-
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chip geïntegreerde systemen. Siliciumnitride is echter, net als silicium, geen 

ideaal materiaal om licht te genereren.  

In dit proefschrift hebben we een heterogeen integratieplatform ontwikkeld 

dat de uitstekende optische emissie-eigenschappen van colloïdale QDs 

combineert met het SiN-golfgeleiderplatform. Ten eerste is een passief SiN-

fotonisch-golfgeleiderplatform ontwikkeld en gedemonstreerd op basis van een 

door plasma versterkt chemisch dampdepositieproces. Met het geoptimaliseerde 

depositie- en etsrecept hebben we golflengten met weinig verlies bereikt, met ~ 

1 dB / cm optisch verliezen voor golflengten rond 900 nm. Bovendien kunnen 

de colloïdale QDs ingebed worden tussen twee SiN-lagen zonder de 

fotoluminescentie-eigenschappen te verliezen. Met het geoptimaliseerde 

depositie- en etsrecept, vertoont een SiN-golfgeleider, die een laag colloïdale 

QDs bevat, nog steeds golfgeleiderverliezen van ~ 2-3 dB / cm, laag genoeg 

voor de meeste golfgeleidercircuits. We hebben ook in detail de stress- en 

materiaalfluorescentie van SiN-lagen die met verschillende recepten zijn afgezet 

gekarakteriseerd, waardoor ze kunnen worden geoptimaliseerd voor 

verschillende toepassingen. 

Het ontwikkelde hybride SiN/colloïdale QDs-platform combineert colloïdale 

QDs met het SiN-golfgeleiderplatform waarbij de ingebedde QDs nog steeds 

licht kunnen uitzenden. Dit is een grote stap in de richting van ons doel om on-

chip lichtgeneratie te demonstreren. Wanneer deze ingebedde QDs worden 

gepompt met femtoseconde gepulste laserpulsen, tonen ze versterkte spontane 

emissie (ASE), die op efficiënte wijze in een golfgeleider kan gekoppeld worden. 

We hebben de traditionele VSL-methode (variabele strooklengte) aangepast in 

een op golfgeleider gebaseerde VSL-meting, wat helpt om de inherente 

problemen zoals licht spreiden in de laag, positieafhankelijkheid van de 

uitkoppeling, enz. van de standaard VSL-methode te elimineren. Op basis van 

deze verbeterde op golfgeleider gebaseerde VSL-meting, kunnen we de modale 

winst van golfgeleiders met ingebedde colloïdale QDs extraheren. Omdat de 

geometrie van de golfgeleider ons ook in staat stelt om de mode-opsluiting te 

berekenen, samen met de gekende volumefractie van de colloïdale QDs, kunnen 

we daaruit ook de intrinsieke materiaalversterking berekenen van de ingebedde 

compacte colloïdale QD-laag. De resultaten komen overeen met de resultaten 

die we behaalden met Transiënt Absorptie Spectroscopie (TAS). 

Gebruikmakend van deze optische winst, hebben we gedistribueerde 

feedbacklasers op het hybride SiN colloïdale QDs-platform ontworpen, 

gefabriceerde en gekarakteriseerd. De laser toont laserwerking in één mode 

onder femtoseconde gepulste pomping met een laserdrempel rond 12 ɛJ / cm2 

bij 400 nm. Om de laserprestaties verder te onderzoeken, gebruikten we een Q-

switched frequentie verdubbelde Nd: YAG laser (532 nm) met een 7 

nanoseconden pulsbreedte en een 938 Hz herhalingssnelheid. De laser vertoont 

nog steeds laserwerking met een laserdrempel van ongeveer 270 ɛJ / cm2. Voor 
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de flash CdSe / CdS kern / schil colloïdale QDs die we voor onze laser hebben 

gebruikt, laten de metingen die worden gerapporteerd in sectie 4.1 zien dat deze 

deeltjes een 2 ns-1 biexciton-verval vertonen, wat overeenkomt met een 

levensduur van 500 ps. In vergelijking met deze biexciton-levensduur kan onze 

7 ns-pomp feitelijk worden beschouwd als quasi-CW-pompen, met een 

equivalente laserdrempel rond 39 kW / cm2. Dit opent perspectieven in termen 

van CW-werking en, bijgevolg, een uitgebreid toepassingspotentieel. De 

intrinsieke combinatie met het mature SiN-golfgeleiderplatform opent dan 

onmiddellijk het pad naar meer complexe apparaten zoals afstembare lasers en 

arrays van lasers met een enkele mode of integratie met passieve structuren 

zoals on-chip spectrometers. 

Interessant is dat deze colloïdale QDs die tegen een lage kostprijs in dispersie 

kunnen worden gemaakt, direct op een substraat kunnen worden gedeponeerd in 

patronen. We hebben deze eigenschap gebruikt om versterkingsgekoppelde 

DFB-lasers te demonstreren op basis van een geoptimaliseerde colloïdale 

patroon-depostie techniek. De laser toont laserwerking in één mode zonder fase 

verschuiver in het midden van de lasercaviteit. De drempel ligt rond 950 ɛJ / 

cm2 bij 532 nm onder gepulste optisch pomp. We hebben ook geprobeerd 

colloïdale nanoplaatjes (NPL's) te combineren met het SiN-golfgeleiderplatform. 

De NPL's tonen nog steeds hun ASE nadat ze in de SiN-laagstapels zijn 

ingesloten. Een materiaalversterkingscoëfficiënt rond 3500 cm-1 kan uit de 

VSL-meting worden geëxtraheerd. Dit toont de veelzijdigheid van het ontwerp 

van hybride geïntegreerde fotonica-platformen. Ons geoptimaliseerde hybride 

SiN-golfgeleiderplatform kan mogelijks ook worden gebruikt voor de integratie 

van nog andere colloïdale nano-kristallen. 

Colloïdale QD's zijn uitstekende kandidaten voor het realiseren van ósingleô 

fotonemitters die werken bij kamertemperatuur. Ons ontwikkeld SiN-

golfgeleiderplatform kan ook worden gebruikt om colloïdale QDs te integreren 

om on-chip ósingleô fotonenbronnen te realiseren. Om deze op QD gebaseerde 

geïntegreerde ósingleô fotonbronnen en de bijbehorende fotonische circuits te 

karakteriseren, zijn echter compacte, efficiënte en breedbandige koppelaars 

nodig die licht van een chip naar een objectief kunnen koppelen. In dit 

proefschrift hebben we het ontwerp, de fabricage en karakterisatie van een 

ultracompacte SiN-roosterkoppelaar aangetoond. De roosterkoppelaar is 

ontworpen om de koppeling tussen een gesuspendeerde SiN-golfgeleider en een 

microscopisch systeem te maximaliseren. Met de geoptimaliseerde parameters 

en slechts 3 perioden, hebben we experimenteel een koppelingsrendement van 

53% aangetoond voor de fundamentele TE-mode (@ 632,8 nm) naar een 

microscopisch systeem met 0,65 NA. Een 116 nm 1dB bandbreedte kan 

theoretisch worden bereikt, vanwege het hoge contrast van het rooster en de 

grote verzamelhoek van het microscopisch systeem. We hebben geprobeerd om 
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nano-vlakjes van monolaag colloïdale QDs in de zwevende golfgeleider in te 

bedden. Met optisch pompen kan de emissie van de ingebedde QDs goed 

worden gekoppeld aan de optische modes van de golfgeleider. Met behulp van 

de roosterkoppelaar kunnen deze emissies ook worden gekoppeld aan het 

objectief. 

In conclusie, dit proefschrift toont een succesvol ontwikkeld platform voor 

hybride integratie-fotonica, dat de uitstekende optische emissie-eigenschappen 

van colloïdale QD s combineert met het SiN-golfgeleiderplatform. Op basis van 

dit platform hebben we hybride laserbronnen met lage drempels gedemonstreerd. 

Er is ook gewerkt aan de realisatie van on-chip ósingleô-foton bronnen met dit 

platform. De resultaten tonen het potentieel om geïntegreerde ósingleô 

fotonbronnen en de bijbehorende fotonische circuits met dit platform te bouwen. 

 



 

 

 

English summary 
 

 

Colloidal quantum dots, a new class of materials, have lots of promising 

properties. Through the quantum confinement effect, a large range of emission 

wavelengths is accessible from just a single material. Using a single chemical 

synthesis technique with only one parameter to adjust, the QDs size, they are a 

highly versatile and low cost emission materials. A broad absorption spectrum 

combined with narrow photoluminescence, tunable from the visible to the 

infrared with a high photoluminescence quantum yield makes them very 

appealing for applications in opto-electronics. Additionally, the low cost of the 

QD synthesis and deposition methods, typically through non-vacuum techniques 

such as spin coating or Langmuir-Blodgett deposition, already puts them at the 

forefront of diverse applications such as displays and lighting. The same asset of 

tunable optical properties and easy processing makes colloidal QDs most 

appealing for hybrid integrated photonics, where they could be used as building 

blocks for coherent light sources like lasers, incoherent broadband LEDs or even 

single photon sources.  

Silicon nitride is a promising dielectric material with a large band gap (5 eV) 

that can be compatible with 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 transparency window, spanning from 0.4 ɛm to around 

4 ɛm. The new wavelength range from 0.4 ɛm to 1.1 ɛm, where silicon is 

absorbing opens new applications for on-chip bio sensing and Raman 

spectroscopy. The advantageous properties of SiN have been demonstrated by 

numerous groups, yet most results remained limited to purely passive 

functionality without active functionality and in particular light emission is still 

largely missing for the SiN-platform. The latter is essential for building fully on-

chip integrated systems. However, like silicon, silicon nitride is not an ideal 

material to generate light. 

In this thesis, we have developed a heterogeneous integration platform which 

combines the excellent optical emission property of colloidal QDs with the SiN 

waveguide platform. First, a passive SiN photonics waveguide platform based 

on a plasma enhanced chemical vapor deposition process has been developed 
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and demonstrated. With the optimized deposition and etching recipe, we have 

achieved low-loss waveguides with ~1 dB/cm optical loss for wavelengths 

around 900 nm.  Moreover, the colloidal QDs can be embedded in between two 

SiN layers without quenching the photoluminescence properties. With the 

optimized deposition and etching recipe, a SiN waveguide containing a layer of 

colloidal QDs in between still exhibits waveguide losses as low as ~2-3 dB/cm, 

low enough for most waveguide circuits applications. We have also 

characterized in detail the stress and material fluorescence of SiN layers 

deposited with different recipes, allowing to optimize them to different 

applications.   

The developed hybrid SiN colloidal QDs platform combines colloidal QDs 

with the SiN waveguide platform. The embedded QDs still emit light, a big step 

towards our goal of demonstrating on-chip light generation. Under femtosecond 

pulsed laser pumping, the embedded QDs show amplified spontaneous emission 

(ASE), which can be efficiently coupled to the waveguide. We have adapted the 

traditional variable stripe length (VSL) method into a waveguide based VSL 

measurement, which helps to eliminate the inherent problems of the standard 

VSL method, such as light spreading in the layer, position dependence of the out 

coupling etc. By using this improved waveguide based VSL measurement, we 

could extract the modal gain of waveguides containing embedded colloidal QDs. 

Since the waveguide geometry 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 are consistent with the results we got from Transient Absorption 

Spectroscopy (TAS). 

Exploiting this optical gain, we have designed, fabricated and characterized 

distributed feedback lasers based on the hybrid SiN colloidal QDs platform. The 

laser shows single mode lasing under femtosecond pulsed laser pumping with a 

lasing threshold around 12 ɛJ/cm
2
 @ 400 nm. To further investigate the laser 

performance, we used a Q-switched frequency doubled Nd:YAG laser (532 nm) 

with a 7 nanosecond pulse width and a 938 Hz repetition rate for pumping. The 

laser still shows lasing with a lasing threshold around 270 ɛJ/cm
2
. For the flash 

CdSe/CdS core/shell colloidal QDs we used for our laser, measurements 

reported in section 4.1 show these dots exhibit a 2 ns
-1
 biexciton decay rate, 

which corresponds to a 500 ps biexciton lifetime. Compared to this biexciton 

lifetime, our 7 ns pump actually can be considered as quasi-CW pumping, with 

an equivalent lasing threshold around 39 kW/cm
2
. This opens prospects in terms 

of CW operation and, consequently, an extended application potential. The 

intrinsic combination with the mature SiN-waveguide platform then 

immediately opens the path towards more complex devices such as tunable 

lasers and arrays of single mode lasers or integration with passive structures 

such as on-chip spectrometers.  
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Interestingly, colloidal QDs as solution processed materials at low cost, can 

be directly patterned onto a substrate. We have used this feature to demonstrated 

gain-coupled DFB lasers based on an optimized colloidal patterning technique. 

The laser shows single mode lasing without phase shifter in the middle of the 

laser cavity. The threshold is around 950 ɛJ/cm
2
 @532 nm under the pulsed 

optical pump. 

We have tried to combine colloidal nano-platelets (NPLs) with the SiN 

waveguide platform. The NPLs still show their ASE after embedding them into 

the SiN layer stacks. A material gain coefficient around 3500 cm
-1
 can be 

extracted from the VSL measurement. This showcases the design versatility of 

hybrid integrated photonics platforms. Our optimized hybrid SiN waveguide 

platform can potentially be used for other colloidal nano-crystals integration. 

Colloidal QDs are candidates for realizing single photon emitters operating at 

room temperature. Our developed SiN waveguide platform can also be used to 

integrate colloidal QDs to realize on-chip single photon sources. However, to 

characterize these QD based integrated single photon sources and the associated 

photonic circuits,  compact, efficient and broad-band couplers are needed to 

couple light from a chip to an objective. In this thesis, we have demonstrated the 

design, fabrication and characterization of an ultra-compact SiN 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 mode (@ 632.8 nm) to a microscopy system 

with 0.65 NA. 116 nm 1dB bandwidth can be theoretically achieved, due to the 

high contrast of the grating and a large collection angle from the microscopy 

system. We have tried to embed nano patches of monolayer colloidal QDs into 

the suspended waveguide. With optical pumping, the emission from the 

embedded nano patches can be well coupled to the optical mode of the 

waveguide. With the help of the grating coupler, these emissions can also be 

coupled out to the collection objective. 

In conclusion, this thesis has shown a successfully developed hybrid 

integration photonics platform, which combines the excellent optical emission 

properties of colloidal QDs with the SiN waveguide platform. Based on this 

platform, we have demonstrated hybrid laser sources with low thresholds. Work 

towards the realization of on-chip single photon sources with this platform has 

been carried out. The results demonstrate the potential to build integrated single 

photon sources and the associated photonic circuits with this platform. 

 

 





 

1 
Introduction  

 

 

1.1 Photonics integration
1
 

The word light is originally derived from the old English word lǛoht, which 

means the power of vision. With the help of our eyes, humans are able to detect 

the existence of the light. The curiosity about how light generates and interacts 

with matter led to the development of a very ancient physical science, Optics. 

The Chinese philosopher Mozi, who lived from 470 BC to 391 BC, already 

described eight fundamental laws about optics. The founder of the School of 

Alexandria, Euclid, has also published the book called ñOpticsò, in around 280 

BC, which also contains the fundamental understanding of light. 

In the 19
th
 century, with the development of modern science, people started to 

get a further understanding about light: it is an electromagnetic (EM) wave, 

which has a wavelength range extending from the ultra-violet (UV) at around 50 

nm to the far infrared at around 1 mm. The detailed EM wave spectrum with the 

scale of wavelength is shown in Figure 1.1 [2].  

In 1917, Einstein elaborated on two forms of light generation when he studied 

atomic radiation. One is the spontaneous emission; the other is stimulated 

radiation generated by the induced excitation of external photons. Based on his 

                                                           
1
 This part is partly inspired by the introduction of ref [1]. 

https://en.wiktionary.org/wiki/leoht#Old_English
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research, he predicted that stimulated radiation could produce monochromatic 

light with very high brightness that propagates in a certain direction. T. H. 

Maiman demonstrated the 1
st
 laser in 1960 at Hughes Research Laboratories in 

Malibu. The components and structures are presented in Figure 1.2 [3]. His 

invention experimentally demonstrated a new light source with exceptional 

coherence and brightness. 

 

Figure 1.1: A diagram of the electromagnetic spectrum, showing various 

properties across the range of frequencies and wavelengths.[2] 

 

Figure 1.2: The components of the 1st ruby laser by T.H. Maiman [4]. 

It was immediately understood that the coherence of the laser potentially 

could enable high-speed telecommunications. But was there a medium that can 

support light transmission with ultra-low loss? In 1966, British Chinese Charles 

Kao published a paper proposing the production of glass fiber using quartz, 

which can keep the propagation loss down to 20 dB/km [5]. At that time, only a 
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few people believed such a fiber could be demonstrated experimentally. In 1970, 

Corning demonstrated a silica fiber with a loss  as low as 20 dB/cm for the first 

time, with a length about 30 meters, costing around $30 million. 

 

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

With further development of the fabrication process, nowadays people can get 

fibers with loss less than 0.5dB/km for a price less than $ 5/km (Figure 1.3).  

The matured semiconductor technologies also enable us to generate and detect 

light with very efficient and compact opto-electronic devices. In 1976, Bell labs 

set up an experimental fiber circuit with LEDs as light sources, in Atlanta, 

Washington, with a transmission rate of only 45 Mb/s. This rate can support 

only hundreds of telephone calls while using a coaxial cable can transmit 1800 

telephone lines. In 1984, by using a semiconductor laser, the rate of optical fiber 

communication could reach 144 Mb/s, equivalent to 1920 telephone. In 2017, 

the newest record shows it is possible to have a transmission distance of one 

Pbit/s capacity over a single strand of optical fiber within a single optical 

amplifier bandwidth (C-band) [7]. 

With the development of semiconductor technology, microelectronics can 

realize the same functionalities as bulky devices within a micro-sized silicon 

chip. In 1972, Somekh and Yariv proposed to use semiconductor technology to 

build an on-chip platform, combining the optical functions and the electronic 

functions. In this platform, light or photons, are confined in dielectric material 

waveguides. Since electronics can be considered to describe the flow of 

electrons, the word ñphotonicsò is used to describe the flow of photons. This 

proposal has now become a new branch of optics, called integrated photonics. 

The classical optics components, like lenses, mirrors, filters, etc., are switched 

with a new family of integrated photonics components including waveguides, 

beam splitters, gratings, couplers, polarizers, interferometers, sources, 

modulators and detectors. By combining these components as building 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, optical sensors 

etc., with much smaller dimensions compared with systems realized in bulk 

materials. A second major step forward came with the development of 

semiconductor optical devices allowing the generation and detection of light, 

which permitted very efficient and compact optoelectronic devices [1].  

1.1.1 Silicon photonics 

Silicon photonics has become one of the leading integrated photonics solutions 

that target applications such as high-performance computing [8], optical 

communications (telecom/datacom) [9], optical sensors [10] and on-chip optical 

interconnects [11]. Silicon integration platforms are usually realized with 

silicon-on-insulator (SOI) wafers, which are supported by the already matured 

complementary metal-oxide-semiconductor (CMOS) technology platform that 

has dominated the microelectronics industry during the last 40 years. 

  

 

Figure 1.4: Silicon wafer with integrated photonics circuits. Left: 400 mm 

silicon wafer; right: diced small chips. 

The SOI wafer layer stack comprises a thin layer of crystalline silicon. This 

layer of crystalline silicon is separated from the silicon substrate by a buried 

oxide (BOX) layer. SOI technology has been developed and shown impressive 

performance for passive and active functions as a mature photonics integrated 

platform during the past years. Compared to III-V materials and polymers, SOI 

has the advantage of having a high refractive index, and hence a high refractive 

index contrast with both silicon oxide and air. Therefore it can confine light in 

much smaller waveguide cross section and also makes the typical dimensions of 

the photonics circuits more compact. Moreover, as the preferred material system 

in the electronics industry, it is fully compatible with the fabrication techniques 

and facilities used in the mature microelectronics industry and can easily be 
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Figure 1.5: The energy wave vector comparison with direct bandgap 

semiconductor material and indirect bandgap semiconductor material. 

Adapted from ref [12].  

combined with electronics for richer, and more complex applications. The 

drawback is that silicon is an indirect bandgap semiconductor material (Figure 

1.4), meaning that light generation is inefficient and difficult to achieve. 

The success of silicon photonics has opened the research directions towards 

new applications with new wavelengths extending silicon materialôs transparent 

window (from 1.1 ɛm to 4 ɛm), to visible and near infrared. These wavelengths 

could be relevant for several types of sensing applications. To provide a 

transparent window for visible and near infrared photonics, the field of silicon 

photonics has been broadened to include silicon nitride (SiN) as an alternative 

integrated photonics platform [13].  

 

Figure 1.6: The left picture: SEM view of a silicon photonic wire waveguides 

fabricated with the process from [14]; the right picture: SEM view of a 

silicon micro ring resonator [15]. 
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1.1.2 Silicon nitride photonics 

SiN is commonly used for masking, strain engineering and passivation in CMOS 

foundries. The material stack used for the SiN-based photonics integration 

platform is similar to that of the SOI-based photonics integration platform. The 

only difference is that the layer that forms the optical waveguide is replaced by a 

layer of SiN layer. Compared with the SOI platform, SiN platform has a wider 

transparency window, extending from the visible to the near-infrared, which 

provides possibilities to realize photonics integration 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 

proportional to Ўὲ [16],  

Ўὲ ὲ ὲ                                       ρȢρ 

That means the waveguide propagation loss can be much lower due to the lower 

index contrast. A waveguide propagation loss with 0.003 dB/cm is reported in 

ref [17]. The waveguide used in this reference has a cross section size at 2.8 ɛm 

by 80 nm, which leads to low optical confinement. For high optical confinement 

SiN waveguide, a waveguide propagation loss at 0.37 dB/cm with 800 nm by 

800 nm in dimension has been reported in [18].  Moreover, other than the silicon 

layer on top of the SOI wafer, SiN is usually deposited with plasma enhanced 

chemical vapor deposition (PECVD) or low pressure chemical vapor deposition 

(LPCVD) systems, which provides the flexibility for choosing the substrate and 

makes 3D waveguides and 3D integration possible [19]. Besides the advantages 

mentioned above, the SiN waveguide platform also exhibits other advantages, 

e.g. the lack of two-photon absorption, temperature insensitivity and less 

distributed backscattering compared to the SOI platform.  

Applications like on-chip Raman spectroscopy [20] and biosensors [21] based 

on the SiN integration platform have been studied and demonstrated in the NIR 

and visible wavelength range. 

However, like silicon, SiN is also not a good material for light emission. 

Some early demonstrations focused on using nonlinear optics to achieve light 

generation with SiN waveguides [22]. This technique needs a high power pulsed 

laser as the pumping source, which is not very practical in the long term.    

1.1.3 Heterogeneous integration 

To solve the light generation problem, researchers have attempted to integrate 

other active materials on silicon photonics circuits. For the traditional 

datacom/telecom application of light generation (1300 nm ï 1600 nm), 
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significant advances have been made by bonding active III-V chips to the top of 

silicon photonics circuits [12] [23].  

 

Figure 1.7: Bonding active III-V chips to the top of silicon photonics circuits. 

Adapted from ref [12] [23]. 

Electrically pumped III-V distributed feedback (DFB) lasers with very high 

modulation speed have been demonstrated (up to 56 Gbps) [24], which make 

them very promising coherent light sources for todayôs silicon photonics 

applications in telecom/datacom wavelength range.  

Some other directions have also been explored. Techniques to directly grow 

III -V material on top of silicon have been studied and optically and electrically 

pumped lasing has been recently demonstrated [25][26].  

Colloidal quantum dots (QDs), compared with other epitaxial materials, have 

advantages in terms of costs and emission efficiency in the visible range. In this 

thesis, we aim at using the heterogeneous integration principle to explore the 

possibilities to integrate colloidal QDs as an alternative material for light 

generation on the silicon nitride platform, specifically in the visible light range.  

1.1.4 Colloidal quantum dots 

One of the defining features of semiconductors is their band gap (Eg), which 

separates the valence band and the conduction band. The wavelength of the light 

emitted by this semiconductor material and the optical absorption spectrum is 

both directly determined by the width of this special band gap feature. In 
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semiconductors with macroscopic sizes, the band gap width is a pre-determined 

parameter, which is related to the material composition and structure. However, 

band gap width is a bit different in nanometer-sized semiconductor particles 

(typical dimensions are less than 10-20 nm). In these nanometer-sized 

semiconductor particles, the band gap is not only dependent on the material 

composition and structure but also dependent on their dimensions, which are 

results of the tight spatial confinement of the electron and hole wave functions. 

This size regime in which this spatial confinement becomes dominant is named 

as the regime of quantum confinement. And the nanocrystals that show this 

spatial confinement are often referred to as quantum dots. 

 

Figure 1.8: When they are excited by ultraviolet light (pictured), colloidal 

quantum dots fluoresce at different colors depending on the particle 

size. 

Colloidal QDs are nanometer-sized semiconductor particles synthesized and 

suspended in the solution phase. While the use and application of colloidal metal 

nano-particles go back thousands of years, it is only since a few decades ago, 

with the improved nanotechnology, that people can understand, fabricate and 

engineer these nano-sized crystals at will. Ekimov et al. [27-31] Efros et al. [32-

35] and Brus et al. [36-38] were the pioneers in this field. They, for the first time, 

studied in depth these tiny crystals containing a few hundred to a few thousands 

of atoms. These tiny semiconductor clusters are still arranged on the regular 

bulk semiconductor lattice of the crystal, even though the sizes are in the 1 to 10 

nm range. Initially, glass-based nanocrystals were used to study the electronic 

and optical properties of strong quantum confinement, including the electron-

photon interactions, structure of electronic states, intra-band relaxation, 

nonlinear optical phenomena, Auger processes, and the physics of optical gain 

and lasing. The optical properties of QDs fundamentally arise from the quantum 

confinement which relate to their size and Bohr radius ὥ  . For this analysis, 

according to the ὥ  of the bulk exciton and ratio of the QD radius Ὑ, one can 

have three different regimes: weak confinement regime for Ὑ ὥ , intermediate 

confinement regime for ὙḐὥ , and strong confinement regime for Ὑ ὥ [31]. 

In the third case, which is the strong confinement regime case, without 

considering the Coulomb interaction between the electron and hole in the QDs, 
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the size-dependent energy gap Ὁ 1$ (the lowest transition states) relates to the 

bulk semiconductor energy gap Ὁ ÂÕÌË can be expressed using equation as 

Ὁ 1$ Ὁ ÂÕÌËᴐ“ȾςάᶻὙ , where ρȾάᶻ ρȾά ρȾά . Here the 

ά  and ά  are the effective masses of the holes and electron, respectively [37]. 

We can have a strong size dependent blue-shifted band gap of a QD compared to 

the bulk one with the same material, based on this equation. This has been 

experimentally demonstrated, which has been nicely shown in Figure 1.9. 

 

Figure 1.9: An idealized model of electronic states in a spherical QD made of the 

same material (right) and a bulk semiconductor (left). Continuous 

bands of a bulk semiconductor with a parabolic dispersion of carrier 

kinetic energies (% ᶿË; k is the wave vector) in the valence and 

conduction bands (denoted VB and CB, respectively) has been 

transformed into discrete atomic-like levels in the case of the atomic-

like colloidal QD. Adapted from ref [39]. 

Eventually, to improve the optical properties of these nanocrystals, 

researchers have put more efforts in the direction of colloidal samples 

synthesis that allowed for narrower size distribution, more facile size control 

and improved surface passivation [40]. The colloidal QDs now we are using, 

usually comprise a layer of organic molecules which caps the semiconductor 

core. This organic capping not only prevents uncontrolled growth, 

agglomeration of the colloidal QDs but also allows nanocrystals to be able to 

chemically manipulate like large molecules, with solubility and chemical 

reactivity determined by surface capping groups. Additionally, ñelectronicò 
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passivation is provided by the capping molecules on the nanocrystal surfaces. 

This passivation helps to terminate dangling bonds, which would potentially 

act as surface traps which can deplete the excitons via rapid non-radiative 

process. 

 

Figure 1.10: Emission wavelength and sizes of colloidal QDs of different 

composition. Colloidal QDs can be synthesized using different types 

of semiconductor materials (II-VI: CdS, CdSe, CdTe; III-V: InP, InAs; 

IV -VI: PbSe) with different bulk band gap energies. The curves in the 

figure represent experimental data from the literature on the 

dependence of peak emission wavelength on colloidal QDs diameter. 

The range of emission wavelength is 400 to 1350 nm, with size 

varying from 2 to 9.5 nm (organic passivation/solubilization layeris 

not included). All spectra typically have full  width at half maximum 

around 30 to 50 nm. Inset: The emission spectra for different materials 

covering from 400 nm to 1350 nm. Adapted from ref [41]. 

The colloidal synthesis has been eventually adapted for IV-VI, III -V or even 

Group IV materials. Core/shell structures with different core and/or shell 

thickness and alloyed interface can also be used to tune the properties of the 

QDs. An emission spectrum range from 400 nm to 1350 nm can be achieved by 

using different compounds and sizes, as shown in Figure 1.10 [41].  

With the improvement of the synthesis, a wide range of applications became 

within reach of colloidal QDs, such as bio-imaging, bio-labelling, photovoltaics, 

light-emitting diodes, laser sources and single photon sources.    
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1.2 Definition of the research objective 

In this thesis, we aim to use the heterogeneous integration principle to explore 

the possibilities to integrate colloidal QDs as an active material for light 

generation on the silicon nitride platform, specifically in the visible light range.  

Colloidal QDs exhibit optical amplification and single photon emission 

properties under different optical pumping conditions. With the existence of the 

multi-exciton
2
, colloidal QDs shows optical amplification property; this can be 

used as a gain material to realize on-chip laser sources in the SiN platform. With 

the existence of the single-exciton, colloidal QDs can be a good single photon 

source, this can be used to realize on-chip single photon source in the SiN 

platform. 

The first objective of this thesis is to investigate the possibility to achieve on-

chip lasers based on colloidal QDs as the gain material. A hybrid SiN colloidal 

QDs integration platform has been developed and demonstrated. The colloidal 

QDs can be embedded between SiN films without quenching their luminescence, 

while the SiN waveguide can still maintain low optical loss. The colloidal QDs 

layerôs gain property has been characterized by a waveguide based variable 

stripe method. DFB lasers based on this hybrid SiN colloidal QDs platform have 

been designed, fabricated and characterized. The lasers show lasing under 

femto-second laser pumping and nano-second laser pumping. The relatively low 

lasing threshold shows the potential to realize on-chip continuous wave pumped 

colloidal QD laser using the same hybrid waveguide platform.   

The second objective of the thesis is to investigate the possibility to achieve 

an on-chip single photon source based on colloidal QDs. We first designed, 

fabricated and characterized an ultra-compact SiN grating coupler aiming to 

maximize the coupling efficiency between the SiN waveguide and a microscope 

system. Then we embedded a mono layer of nano-size colloidal QDs patches 

into the SiN waveguide. The emission of the colloidal QDs is coupled out 

efficiently by the optimized grating coupler. The embedded patches can be 

further reduced in size towards the single dot level and the developed process 

shows the potential to realize on-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, which have ample expertise in respectively 

integrated photonic devices and the synthesis and characterization of colloidal 

QDs.   

                                                           
2 Single excitons gain can be possible with certain mechanism, which will be explained in 

Chapter 2.1.3  
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1.3 Thesis outline 

In this chapter, we presented the background of integrated photonics and 

semiconductor colloidal QDs. The excellent luminescent properties of colloidal 

QDs motivated us to combine colloidal QDs with the SiN photonics integration 

platform. 

In Chapter 2, we will introduce the detailed background of the colloidal QDs 

as novel emitting materials. In the first part of this chapter, we will introduce the 

detail of the gain properties of colloidal QDs. Then we will also introduce the 

potential of using colloidal QDs as single photon sources. 

In Chapter 3, we will show the information about the development of the 

hybrid SiN colloidal QDs integration platform. The different SiN layer 

deposition details will be presented. The waveguide loss with and without the 

colloidal QDs will be shown. The SiN layer stress for different deposition 

recipes will be presented. The luminescence of the SiN material itself for 

different deposition recipe will also be compared. 

In Chapter 4, we present the work using colloidal QDs as gain material. The 

gain coefficient of the embedded colloidal QDs will be first measured using a 

waveguide-based variable stripe length methods. Later, a DFB based laser is 

designed, fabricated and characterized. The laser shows a quasi-continuous-

wave (CW) pump threshold around 39 kW/cm
2
. This measured threshold is at 

the same level as that of III-V semiconductor lasers epitaxially grown on silicon.
 

This opens strong prospects in terms of CW operation and, consequently, 

application potential. We also present the design, fabrication and 

characterization of a gain coupled DFB laser based on colloidal QDs. At the end 

of this chapter, we also show that this hybrid SiN colloidal QDs integration 

platform can potentially also be used for a new class of solution processed 

nanomaterials, i.e. nano-platelets.  

In Chapter 5, we present our work on the integration of patches of mono layer 

colloidal QDs in a SiN waveguide aiming to demonstrate on-chip single photon 

sources. In the first part, the design, fabrication and characterization of an ultra-

compact grating coupler optimized for use in a microscopy system is presented. 

The grating coupler is aiming to maximize 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 system has been demonstrated. Simulations show this efficiency can 

increase up to 75% for NA = 0.95. In the second part, we embedded patches of 

monolayer colloidal QDs into the waveguide. The emission can be well coupled 

to the waveguide and coupled out by the optimized compact grating coupler. In 

combination with the earlier developed single colloidal QD patterning technique 
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[42], this shows this hybrid integration platform has the potential to realize 

single photon sources. 

Finally, Chapter 6 summarizes the work presented in this thesis and discusses 

proposals for further work. 
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 2 
Colloidal quantum dots 

as novel light emitting 

material 
 

 

2.1 Colloidal quantum dot as gain material 

Lasers made from bulk semiconductor materials were first demonstrated around 

the 1960s [1-2]. They have now found a very wide range of use that includes 

fiber optic communications, barcode readers, laser pointers, CD/DVD/Blu-ray 

Disc reading and recording, laser printing, etc. With the development of the 

laser diode (Figure 2.1), lasing performance has been improved with the 

introduction of so-called quantum well lasers [3].  

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 2.2). A step-like density of the electronic state is 

provided by this 2D planar confinement, which is nonzero at the band-edge. 

This step-like density leads to a higher concentration of carriers that contribute 

to the band-edge 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 diode ship is removed from the above package and 

placed on the eye of a needle for scale [4]. 

The 2D planar confinement also improves the temperature stability and results 

in a narrower emission line. 

 

Figure 2.2: The energy-band structure of InP-based metamorphic type-I QW 

laser. The injection directions of electrons and holes are indicated. 

Adapted from [5]. 

In the case of QDs with around 10 nanometers in diameter, there is 

confinement in all three dimensions for the charge carriers. As a result, the 

electrons exhibit a discrete atomic-like energy spectrum, which comes from the 

quantum confinement. With the help of quantum confinement, the spacing 

between these discrete atomic-like states in small QDs is much larger than the 

available thermal energy. Thus the thermal depopulation of the lowest electronic 

states is inhibited. This effect can help to achieve a temperature insensitive 

optical gain, which is at an excitation level just above one electron-hole (e-h) 

pair per dot on average in the simple model of 2-fold degenerate band-edge 
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states. This advantage was expected to result in lasing performance superior to 

that of bulk semiconductors [6]. 

2.1.1  Colloidal quantum dot optical gain 

An optically pumped colloidal QDs lasing device was first reported in 1991 with 

relatively large (around 10 nm) CdSe QDs. With this remarkable result, 

researchers realized lasing using epitaxial QDs under the optical and electrical 

pump in 1994 [7]. Further improvements have shown record-low lasing 

threshold (in terms of driving current) based on the epitaxial QDs [8-10]. A 

comparison of calculated maximum gain for bulk, 2D (film) , 1D (wire) and 0D 

(box) gain materials is shown in Figure 2.3, from ref [6]. This result shows the 

potential of QDs based lasers to surpass quantum well and bulk lasers regarding 

the threshold current.  

  

Figure 2.3:   Calculated maximum gain as a function of injection current density 

for the GaAs/Ga0.8Al 0.2As quantum box (i.e., QD), quantum wire, 

quantum film (i.e., quantum well), and bulk crystal (conventional 

double heterostructure). Dashed lines mark the lasing threshold for 

each material. Adapted from ref [6].  

These benefits provided by quantum confinement give strong motivation to 

use colloidal QDs as the gain media for the lasing applications. In this quantum 

confinement regime, the electronic levels spacing can exceed hundreds of meV, 

as mentioned in the last section, which is considerably larger than the room 

temperature thermal energy (~24 meV). This unique feature can potentially 

guarantee superior temperature stability. Another additional feature coming with 

the quantum confinement is the prospect of wide range tunability regarding the 
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emission spectrum. In principle, the emission can be tuned in the order of 1 eV, 

achieving using a single material system through controlling the size of the 

colloidal QDs [11]. 

Nevertheless, after more than ten years of research, except for some reports of 

the existence of the optical gain [12-13], colloidal QDs failed to demonstrate 

lasing. Originally this failure was attributed to high non-radiative carrier losses 

due to trapping states at the colloidal QDsô surface, which comes from the large 

surface-to-volume ratio for these sub 10 nm particles. Another potential 

explanation considered was the greatly reduced electron-photon interactions 

efficiency in these small nano-particles [14-15]. The probability of phonon-

assisted processes, which is required to fulfil  the energy conservation for the 

electron-hole pairs to recombine, is dramatically reduced in these small nano-

particles, compared with the case of quasi-continuous spectra of bulk materials. 

This phenomenon was believed to lead to a lower rate of carrier cooling by the 

help of phonon emission (known as the ñphonon bottleneckò), which further 

leads to reduced PL efficiencies. 

However, the effects related to carrier surface trapping and the ñphonon 

bottleneckò turned out to be much less serious compared to the initially largely 

unforeseen problems of non-radiative Auger recombination [16]. 
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Figure 2.4: Scheme of Auger effects. (A) Auger relaxation effect of a biexciton 

into a neutral QD. The remaining excited carrier is in a higher state 

but still confined in the same neutral QD. (Aô)Auto-ionization effect 

of a neutral QD by Auger process. The electron is excited out of the 

QD. (B) Auger relaxation effect of a biexciton in an ionized QD. 

Adapted from ref [17]. 

As shown in Figure 2.4 [17], a rapid relaxation attributed to an Auger-type 

mechanism [18] was later found to be dominant in colloidal QDs. This 

relaxation is extremely fast compared with the radiative lifetime and happens on 

a picosecond to sub-picosecond time scale [19-21]. During this Auger relaxation, 

a hole can get the excess electron energy and fast relaxes through the valence 

band dense spectrum. Alternatively, the excess electron energy can ionize the 

QDs. All these fast Auger processes lead to the quenching of biexcitons or other 

multiexcitons, which are essential for achieving optical gain in most colloidal 

QDs. 

2.1.2 Single exciton gain 

As analyzed in the last section, the fast non-radiative Auger recombination 

quenching the biexcitons and multiexcitons is the main obstacle to realize lasing 

application using colloidal QDs. However, a practical approach to avoid the 

involvement of Auger recombination is achieving optical gain without the 
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existence of the biexcitons or multiexcitons at all, i.e., achieving optical gain 

using single excitons. This idea was triggered by the ñgiantò exciton-exciton 

repulsion from the type II hetero nanocrystals, in which the heterojunction of the 

core/shell structure band alignment has a staggering gap. This idea was first 

introduced and discussed in 2004 in reference [22]. In this paper, the authors 

described and analyzed the concept to realize single excitons optical gain with 

optimized core and shell dimensions to reach a type II band alignment. They 

also experimentally observed exciton-exciton repulsion, which can be seen from 

the ASE spectrum. Three years later, more detailed results for type-II 

CdTe/CdSe QDs with exciton-exciton repulsion energy up to ~ 30 meV were 

reported [23]. ASE originating from single excitons was successfully 

demonstrated experimentally using specially designed type-II CdS/ZnSe QDs in 

2007 [24]. 

The basic concept of single exciton optical gain is illustrated in Figure 2.5, 

with the existence of large exciton-exciton repulsion. The absorption and 

stimulated emission in the colloidal QD can be different with the absence (a) 

and the presence (b) of the exciton-exciton interaction. Without the presence of 

the exciton-exciton interaction, the single exciton cannot result in optical gain 

but only in optical transparency (Figure 2.5(a)), since the stimulated emission 

from the electron in the conduction band is exactly balanced by the absorption 

associated with the electron in the valence-band. With the existence of the 

exciton-exciton interaction, this balance can be broken. The presence of the first 

exciton can create an effective electric field, which leads to a Stark shift of the 

second exciton transition bandgap [24]. This exciton-exciton interaction, mainly 

coming from the effect of Coulomb interactions between excitons, can be 

negative or positive, which is depending on the sign of the exciton-exciton 

interaction energy (Ў ). This leads to a slight difference in terms of the 

transition bandgap between the single exciton and biexciton, and this modified 

transition bandgap  can be expressed as: 

Ὁȟ Ὁȟ Ў                                                     ςȢρ 

If  the exciton-exciton has repulsion interaction, Ў > 0 (Figure 2.5(b)), this 

shifts the absorbing transition upwards in energy, which can be beneficial for a 

lasing application. If the Ў  is larger than the emission line width, the single 

optical gain can be achieved, without the involvement of biexcitons and 

multiexcitons. For standard core only and type-I thin-shell colloidal QDs, 

exciton-exciton attraction is the case (Ў < 0), hence single exciton gain cannot 

be observed. For type-II heterostructure colloidal QDs, the electrons and holes 

are separated between the core and shell. With the existence of a biexciton, the 

electrons and holes are separated because of the band alignment. They have to 

share the same part of the colloidal QDs structure, and the repulsive interaction 
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is enhanced. The net results can lead to repulsion  Ў  up to the order of 10 or 

even 100 of meV [23-26]. 

 

Figure 2.5: Scheme of simplified 2 fold model. (a) The transparency situation 

when there is no excitonīexciton interactions. The single exciton 

(electronīhole pair) in a QD results in optical transparency. (b) With 

the presence of excitonīexciton interactions, the second absorption 

event transition is displaced with an energy shift Ў  from that 

whereby the original electronīhole pair. A stark shift is created by the 

first electronīhole pair. The balance between stimulated emission and 

absorption becomes broken; hence the lasing can occur with the help 

of this shift. Adapted from ref [24]  

To further quantify the onset of the single excitons optical gain, based on the 

analysis above, the authors in reference [24] assume that the transition energy 

for ȿ8ἃ ȿ88ἃ is different from that of the ȿπἃ ȿ8ἃ, which comes from the 

exciton-exciton interaction. The authors built a simplified model, which 

considered Ў  is greater than the transition line width. Under this assumption, 

absorption that creates a biexciton (ȿ8ἃ ȿ88ἃ transition) does not interfere with 

stimulated emission creates by the single exciton (ȿ8ἃ ȿπἃ transition) and vice 

versa [24]. In this case, the optical gain splits into single exciton and biexciton 

bands. The two bands are separated by Ў  and having two different gain 

thresholds. 

To quantify the single-exciton gain, they only considered the two lowest 

states in (ȿπἃ and ȿ8ἃ) and assume that the colloidal QDs only have two states: 

with or without single exciton, which can be translated to the probabilities ὖ 

and ὖ that are restricted by the condition ὖ ὖ ρ. The single exciton gain 

can be expressed as: 

 Ὃ
ὧ

ὲ
‎ὲ

ὖ

ς
ςὖ

ὧ

ὲ

‎

ς
ὲ υὖ τ                   ςȢς 

Where ὲ is the index of the colloidal QDs; ‎ is the Einstein coefficient of 

stimulated emission; ὲ  is the concentration of the colloidal QDs in the sample. 
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Eq. 2.2 indicates that the optical gain can be achieved when ὖ = 4/5, which 

also illustrates the threshold average QD occupancy: ộὔỚ ὖ τȾυ. Since 

ộὔỚ is less than 1, the lasing action can be obtained with only the existence of 

single excitons.  From Eq. 2.2, we can also get the single exciton saturation gain 

is realized when ὖ = 1 and it is given by: 

Ὃȟ
ὧ

ὲ

‎

ς
ὲ                                                       ςȢσ 

This equation indicates that Ὃȟ is about four times lower than the saturated 

biexciton gain (see section 2.1.2). However, single-exciton-gain has the 

advantage in term of a longer lifetime despite being smaller in magnitude. Its 

relaxation is controlled by fairly slow single-exciton recombination without the 

existence of the fast Auger lifetime. In reference [24], from experimental data, 

the lifetime of the single exciton gain was found to be considerably longer than 

the biexciton lifetime († ρȢχ ὲί versus † ςρπ ÐÓ). This single-exciton 

gain mechanism can help us to realize CW pump lasing because the threshold 

pump intensity scales as the inverse of the gain lifetime. It might be possible to 

reduce the CW lasing threshold by a factor of ca. 100ī1000 (defined by the ratio 

of single exciton lifetime † and biexciton lifetime † , see section 2.1.4), if we 

use the strategy for standard CdSe QDs. Nevertheless, in practice, it has been 

proven to be challenging to reach gain from type II colloidal QDs. The 

simplified model only considers a small broadening of the optical transition, 

which is usually not the case due to the size dispersion from the synthesis of the 

QDs. Furthermore, the type II band structure tends to push the holes to the shell 

and defects at the shell surface will quench the optical gain. Therefore, thus far, 

most work toward lasing in this thesis has forcused on increasing the biexciton 

lifetime of type I CQDs to obtain biexciton gain, as discussed in the next section.  

2.1.3 Biexciton gain 

As already discussed in the previous section, biexciton gain is hampered by fast 

non-radiative Auger recombination [16]. To better analyze this problem, we will 

approximate the lowest-energy ñemittingò transition in the QDs by a simple 2-

fold, spin-degenerate, two-level system, as introduced in reference [24]. In the 

ground state of this system, two electrons stay in the valence band level with 

opposite spin direction (Figure 2.6 left). In the case one electron is pumped to 

the conduction band level; the single exciton state does not produce optical gain 

but optical transparency (Figure 2.6, middle). Biexcitons or higher order 

multiexcitons are needed to realize an optical gain in this circumstance, as 

illustrated in Figure 2.6 right. However, multiexcitons in colloidal QDs are 

subject to highly efficient Auger recombination, which depletes the optical gain 

quickly.  
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Figure 2.6: Simplified scheme for three different interaction regimes of a 

semiconductor colloidal QD with a photon resonant with the band-

edge transition. It has a 2-fold spin-degenerate conduction-band (CB) 

and valence-band (VB) levels. Adapted from [24] 

With the existence of fast Auger recombination, two factors were crucial for 

the first demonstrations of biexciton optical gain. One is using densely packed 

QD films, which have much larger gain coefficients. This was first realized in 

ref [27]. The high gain coefficients from the densely packed film help to out 

compete the Auger process loss. Another useful method, which is still widely 

used now to help to demonstrate and analyze optical amplification from 

colloidal QDs in the lab, is the use of femtosecond high power optical pulses to 

excite the colloidal QDs samples. The carrier losses due to Auger recombination 

can be minimized with this technique at the pump stage. Soon after the proof of 

principle, research groups were able to demonstrate lasing from colloidal QDs 

using different optical cavity designs [28-31]. In the remainder of this section, a 

more in-depth analysis of principles of colloidal QDs biexciton lasing with the 

presence of fast Auger recombination is provided (adapted from ref [32]).  

To analyze optical gain and the lasing threshold for a given configuration, the 

simplified model from Figure 2.6 is updated to show the different degeneracies 

of the ground (ȿπἃ), single exciton (ȿ8ἃ), and biexciton (ȿ88ἃ) states derived from 

the difference in their spin configurations, as illustrated in reference [32]. Figure 

2.7(a) shows the modified model, where these three states are placed along a 

vertical ñenergyò axis. In the ground state ȿπἃ in Figure 2.7(a), both valence-

band spin sublevels are occupied with electrons; leads to a nondegenerate state. 

The biexciton state ȿ88ἃ is also nondegenerate as it contains two occupied 

conduct  band spin sublevels. The single exciton state ȿ8ἃ, on the other hand, is 

four fold degenerate due to the four different spin configurations, as illustrated 

in Figure 2.7(a). From the optical selection rules, we can derive only two of 

these configurations are optically active. In the model from reference [32], it is 

assumed that all of these configurations are in mutual thermal equilibrium, 

which means only half of the single excitons are optically active. With the above 

assumptions, we can express the per-dot 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 quasi-three-state model of optical gain in QDs, which 

comprises a nondegenerate ground state (ȿπἃ, bottom), a four-fold 

degenerate single-exciton state, (ȿ8ἃ, middle) and a nondegenerate 

biexciton state (ȿ88ἃ, top). (b) A quasi-three-level transition scheme 

with photon absorption (up arrows) and stimulated emission (down 

arrows). The rates of different transitions are indicated in the figure 

(per unit photon density); ɔ 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 ʟ represents the density of photons accumulated in the 

optical cavity mode, and ɔ is a parameter proportional to the oscillator strength 

of the individual transition (shown by black arrows in Figure 2.7a), equivalent to 

the well-known Einstein coefficient of stimulated emission. The transition from 

the ȿ8ἃ to the ȿ88ἃ state via absorption of a photon can be expressed as: 
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ὡ
‎

ς
‰                                                      ςȢυ  

This equation implies that the single excitons provide zero net contribution for 

optical gain as we discussed in the previous section. Thus, the only source that 

can contribute to the optical gain in this system is stimulated emission by 

biexcitons (ȿ88ἃ ȿ8ἃ transition), which competes with photon losses from 

absorption due to the |0ἃī|Xἃ transition (Figure 2.7b). For these two transitions, 

the per-dot rates are equal and can be expressed as follow:  

ὡ ὡ ς‎‰                                               ςȢφ  

From the above analysis, we can conclude the ratio for the emission rates by 

biexcitons and single excitons is 4 to 1 (Eq. 2.5 and Eq. 2.6), which is consistent 

with the quadratic scaling of radiative rates with exciton multiplicity typically 

observed for QDs of various compositions [33-35]. To characterize the 

behaviour of an excited QD with biexciton, we can restrict the probabilities ὖ 

(the ground), ὖ (single-exciton) and ὖ  (biexciton) states by the conditionȡ  

ὖ ὖ ὖ ρ. In this case, the net rate of photon generation per unit 

volume equation can be expressed as: 

ὶ ὲ ὡ ὡ ς‎ὲ ὖ ὖ                        ςȢχ  

where ὲ  is the concentration of the QDs in the sample. This leads to another 

equation for the gain coeffi cient: 

Ὃ
ὧ

ὲ
ὶ ς

ὧ

ὲ
‎ὲ ” Ὃ”                                     ςȢψ  

where c is the speed of light in vacuum, n is the index of the colloidal QD 

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

” ὖ ὖ                                                 ςȢω  

Ὃ is the saturated gain obtained for ” ρ, and can be expressed as: 

Ὃ ς
ὧ

ὲ
‎ὲ                                                 ςȢρπ  

which corresponds to the complete population inversion when all QDs are in the 

biexciton states. 

Using the concept introduced above, we can write down coupled colloidal 

QD-light-field kinetic equations as follow: 

Äὖ

Äὸ
ς‎‰ὖ

‎

ς
‰ὖ

ὖ

†
                                                         ςȢρρ 

Äὖ

Äὸ
ς
‎

ς
‰ὖ ς‎‰ὖ ς‎‰ὖ

ὖ

†

ὖ

†
                       ςȢρς 
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Äὖ
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ς‎‰ὖ

‎

ς
‰ὖ

ὖ

†
                                                    ςȢρσ 

Ä‰

Äὸ
ς‎‰ὲ ὖ ὖ

‰

†
                                                    ςȢρτ 

The time constants †, †  and † are the single-exciton, biexciton, and the 

cavity photon lifetimes, respectively. The Eq. 2.14 only accounts the photons 

generated via stimulated emission and accumulate into the optical cavity mode. 

In principle, using a separate rate equation to account for photons produced by 

spontaneous emission is possible. However, we can disregard these photons 

since they do not accumulate in the optical cavity and they do not affect the 

carrier dynamics, which is a common approach when builds kinetic equations.  

The average QD occupancy ἂὔἃz is limited to 2 in this three-state model. The 

average occupancy can be expressed as ἂὔἃz ὖ ςὖ ρ ”. Here, we 

consider the situation of a Poisson distribution for the carrier populations across 

the colloidal QD ensemble, which is typically realized using short pulses to have 

the above band gap excitation of the sample [36]. In this case, the probability of 

having N excitons in a QD can be expressed as: 

ὴ ἂὔἃ ὔȦ Ὡἂἃ                                      ςȢρυ 

where ἂὔἃ В Ὥὴ represents the average QD excitation occupancy [32]. In 2 

fold degenerate emitting states QDs, the multiexciton contribution to the band 

edge optical gain is independent of its order and we can consider the same as a 

biexciton. As a result, the true average QD occupancy can be expressed as: 

ἂὔἃz ς Ὡἂἃς ἂὔἃ                                   ςȢρφ 

Here, by using Poisson probabilities in the expression for the optical gain onset 

(ὖ ὖ πȟἂὔἃz ρ ), we can obtain the true average occupancy for the gain 

threshold. This onset value can be found by solving the equation: 

ὔ ς Ὡ                                                ςȢρχ 

Where we can have ὔ ρȢρυ. 

2.1.4 Biexciton lasing threshold analysis 

From the analysis of the last section, we estimated that for pulsed pumping, the 

gain onset (threshold) is defined by the condition ὔ  ~ 1.15. The 

corresponding gain onset threshold for the per pulse photon fluence (Ὦ) can be 

simply estimated by ὔ Ὦ„ ρȢρυ („ is the QDôs absorption cross section), 

which yields Ὦ ρȢρυȾ„ . „ is at the order  ρπ  cm
2 

for common CdSe 

colloidal QDs. We can estimate Ὦ is at the order of ρπ photons per cm
2
, 
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which corresponds to a per pulse energy fluence ύ , of the order of 0.1-1 

mJ/cm
2
, depending on the different excitation wavelength. 

However, experimental studies show that the pump power densities are at the 

order of a few to a few hundreds of mJ/cm
2
 for the ASE onset and the lasing 

regime for the standard colloidal QDs [24], which is much larger than the one 

derived from the above theoretical analysis. This is usually tributed to the 

existence of the fast Auger recombination from the QDs. To achieve ASE and 

lasing, the optical gain has to reach a higher value not only sufficient to 

compensate the optical losses in the cavity but also has to be sufficiently large 

enough to outcompete the Auger recombination. 

For further use in chapter 4, we analyze the lasing threshold in case of CW 

excitation. To analyze the steady state situation, we add in Eq. 2.11-2.13 with 

the steady-state carrier generation term ὐ„ (here ὐ is the CW pumping intensity 

expressed in term of the photon flux). All the time derivatives have been set to 

zero [d(é)/dt = 0]. In the sub-threshold regime, we can assume there is no 

photon in the lasing cavity mode, hence ‰ π. Under the conditions mentioned 

above, the kinetic Eq. 2.11-2.13 from the last section can be rewritten into: 

ὖ

†
ὐ„ὖ π                                                             ςȢρψ 

ὐ„ὖ
ὖ

†

ὖ

†
ὐ„ὖ π                                   ςȢρω 

ὐ„ὖ
ὖ

†
π                                                           ςȢςπ 

To link ὖ, ὖ, ὖ  we add also: 

ὖ ὖ ὖ ρ                                                   ςȢςρ 

Then we can derive: 

ὖ
ὐ„††

ρ ὐ„† ὐ„††
                                    ςȢςς 

ὖ
ὐ„††

ρ ὐ„† ὐ„††
                                    ςȢςσ 

Since we have: 

ἂὔἃz πϽὖ ρϽὖ ςϽὖ                              ςȢςτ 

By using Eq. 2.22 and Eq. 2.23, we can rewrite Eq. 2.24 and find the CW 

excitation relation: 

ἂὔἃz
ὐ„† ςὐ„††

ρ ὐ„† ὐ„††
                                ςȢςυ 
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Using this expression, we can link the QD occupancy ἂὔἃz with the CW 

pumping flunce. To further investigate the influence of Auger recombination (or 

Auger lifetime) to the CW pumping lasing threshold, we will make some 

reasonable assumptions and plot the lasing threshold pumping flux ὐ  as a 

function of the biexciton lifetime †  (Fig. 2.8). 

We thereby assume the single exciton lifetime is purely radiative, leading to 

† †ȟ. The biexciton decay is the combination result with both radiative 

recombination (†ȟ ) and the nonradiative Auger process (†ȟ ). The overall 

biexciton lifetime can be expressed using equation [32]:  

†
†ȟ †ȟ
†ȟ †ȟ

                                            ςȢςφ 

 

Figure 2.8: The plot of the CW lasing threshold ὐ  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 nm. Adapted from ref [32]. 

Here, we assume that the radiative rate exhibits a quadratic scaling with exciton 

multiplicity, which yields †ȟ †Ⱦτ †ȟȾτ [32]. In the plot, we assume the 

absorption cross section „ of the colloidal QDs to be ρπ  cm
2
. The single 

exciton lifetime † †ȟ υπ ὲί, the biexciton radiative lifetime to be 

†ȟ ρςȢυ ὲί [32]. By using the assumed numbers above, with Eq. 2.25, we 

can have plot the CW lasing threshold ὐ  as a function of †  with different 

cavity photon lifetime, which is adapted from ref [32]. 



COLLOIDAL QDS AS NOVEL LIGHT EMITTING MATERIAL  35 

 
From the plot, we can observe a rapid increase in the threshold intensity with 

a decreasing biexciton lifetime. The incensement of ὐ  is not that much in the 

large value region of the biexciton lifetime (1-10 ns). But as the biexciton 

lifetime becomes smaller, in the small value region (<1 ns), where the Auger 

recombination process kicks in and dominates, the ὐ  becomes progressively 

steeper. For example, in the case of an ideal optical cavity with low optical 

cavity loss (†= 1 ns, black squares in the plot), the change of †  from 1 ns to 

50 ps results in a 3 orders of magnitude increase of  ὐ  from around ρπ W/cm
2
 

to ρπ W/cm
2
. It is obvious that to achieve a CW lasing with a †  = 50 ps 

biexciton lifetime is practically not possible due to the very high pumping 

intensity of ρπ W/cm
2
. On the other hand, a suppressed Auger process, which 

leads to a longer biexciton lifetime, might make CW lasing from a colloidal QDs 

device possible. 

Because Auger lifetime scales in direct proportion to the QDs volume, the use 

of larger QDs is expected to lower the lasing threshold. Experimental results 

indicate that using large volume QDs can indeed help to suppress the Auger 

process, as shown for example for thick-shell ñgiantò CdS/CdSe QDs or large-

size nonspherical nanostructures such as nanorods [37, 38], tetrapods [39], or 

nanoplatelets [40]. Another way to suppress the Auger process is to use alloyed 

interface core-shell QDs. These types of QDs have grading and smoothing of the 

confinement potential, which reduces the intraband transition involved in Auger 

recombination [32]. 

Microsecond-sustained lasing from colloidal QDs was first reported in [41]. 

In this paper, the authors employed inorganic-halide-capped QDs exhibit high 

modal gain. With the help of this inorganic halide and a thermally conductive 

MgF2 substrate, they have managed to reduce the heating problem and have 

demonstrated lasing with pump pulse duration of 0.4 ɛs and peak power of ~ 50 

kW/cm
2
 @ 355 nm. More recent 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 have further suppressed Auger 

recombination, which can be better for low threshold lasing as derived above. 

Combined with better thermal management, they have demonstrated a photonics 

crystal distributed feedback (PhC-DFB) type laser CW lasing with a threshold ~ 

8 kW/cm
2
 @ 441 nm.  

In our work, we used so-called flash- CdSe/CdS QDs, which are synthesized 

using a seeded growth approach that yields thick shell CdSe/CdS QDs in a fast 

and simple process [43]. Such QDs feature an alloyed CdSe/CdS interface, 

which helps to reduce strain and slow down non-radiative 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 emitters 

The progress of the last decades in miniaturization of electronic components 

allowed reducing the size of, e.g. central processing units (CPUs) while 

increasing at the same time its computational power. However, quantum 

mechanics tells us that there is a limitation to further decreasing the size of the 

transistors, the tiny ñcellò from which the CPU is built up. Therefore, a different 

kind of hardware strategy has become more interesting: a machine that exploits 

quantum theory more directly, to simulate nature, as suggested by Prof. 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 parties. The main advantage of 

quantum computation is the introduction of the superposition principle, which 

allows the introduction of the concept of a qubit. 

A single photon source is a key component to realize qubits for quantum 

computation and quantum communication. Here, the second-order intensity 

correlation function is generally used to determine the quality of a single photon 

source [44]: 

Ὣ †
ộὍὸὍὸ †Ớ

ộὍὸỚ
                                    ςȢςχ 

Here the Ὅὸ represents the light intensity at time t, where ἂẗἃ represents the 

time average. From an experimental point of view, we can also use the number 

of counts ὲὸ registered to a photon counting detector to represent the beam 

intensity, since ὲὸ  is proportional to the intensity of the impinging beam Ὅὸ. 

Hence, Eq. 2.27 can be rewritten as [44]: 

Ὣ †
ộὲὸὲὸ †Ớ

ộὲὸỚ
                                    ςȢςψ 

We can consider Ὣ † as a quantitative answer to the following question: If 

one has already detected a photon at time ὸ, what is the probability to detect 

another photon at time  ὸ †? Or more generally, if one has detected n photons 

at time ὸ, what is the probability to detect another n photons at time ὸ † [45]? 

For coherent light, e.g. the beam from a laser source, the number of photon in 

the laser beam per time duration is proportional to the intensity of the laser beam. 

The intensity of a  laser output beam is usually a constant. The number of counts 

at times ὸ and  ὸ † should be the same, hence Ὣ † ρ for any † [45]. 

A very important value is Ὣ π. This function answers this question: how 

often one can detect two photons at times very close to each other? Or what is 

the possibility to detect 2 photons at one time. This  Ὣ π value gives the 

probability of multiphoton emission events. For coherent light, like a laser, as 

we analyzed above,  Ὣ π ρ. For classical sources, like chaotic light, the 
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beam has intensity fluctuations and therefore a tendency to detect multiphoton 

events [45]. This leads to a result of Ὣ π ρ. It can be shown that for 

classical light sources always have Ὣ π Ὣ † ρ [45]. That means the 

antibunched light is not possible for this kind of light sources. 

But for quantum emitters, like single photon sources, antibunched light can be 

generated. The single photon source should emit individual photons at intervals 

[46]. A solitary quantum emitter is usually used to generate the single photon. 

Theoretically, there are lots of options, e.g. a trapped atom or ion, a nitrogen-

vacancy center or a QD [46]. The deterministic emission from the single photon 

source is usually triggered by periodic electronic or optical excitation to obtain 

outputs [46]. A highly efficient polarized emission from the single photon 

source which can be coupled to a well-defined spatial optical mode is also 

desired for ideal emitters [46]. 

 For an ideal single photon source, Ὣ π π, which is greatly reduced in 

comparison to classical light sources and coherent light sources. For practical 

quantum computation and quantum communication use, indistinguishable single 

photons are preferred. The indistinguishableness means that there is no 

dephasing between the emitted photons. This can be determined by evaluating 

the quantity ς†Ⱦ† [46]. Here † is the coherence time, which can be measured 

via the coherence length ὰ. † is the source emitterôs lifetime. No dephasing of 

the emitted photons for ideal single photon sources, hence results in  ς†Ⱦ†  1, 

meaning that the emitted photons from the source are fully indistinguishable. 

This can be quantified further through the two photon quantum interference 

measurement [46]. 

To check the quality of the single photon emission, an anti-bunching 

measurement is performed, using a so-called Hanbury Brown-Twiss set-up. The 

schematic diagram of the setup is shown in Figure 2.9(a) [47]. The incoming 

signals are split into two beams with a 50/50 beam splitter. There are two 

sensitive single-photon detectors to capture these two beams. The outputs of the 

detectors are connected to a Time-Correlated Single Photon Counting (TCSPC) 

unit. The TCSPC unit will repeatedly measure the signals from the two detector 

and show the time correlated data. The anti-bunched measurement can be 

performed with pulsed or CW excitation. Under the pulsed excitation, the 

typical time-correlated result from an anti-bunched source shows the individual 

pulses spaced by the excitation pulse period. The data will have a reduced or 

missing pulse at the correlation time difference of zero corresponding with 

different Ὣ π values of the single photon source. Under CW excitation, the 

typical time-correlated result from an anti-bunched source shows a flat line at 

none zero region. There should be a notable ñintensity dipò at the time 

difference of zero. Figure 2.9(b) shows the correlation amplitude measurement 

of a single photon source with CW (blue) and pulsed (red) excitation [47]. To 
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time tag the absolute arrival time of all the detected photons is another way to 

characterize the anti-bunching signal, which needs complicated correlation 

algorithm to realize that. This approach is not commonly used in the 

applications [47]. 

 

Figure 2.9: Hanbury Brown-Twiss interferometer set-up. (a) The schematic of the 

setup. (b) The correlation amplitude measurement results of a single 

photon source by using the Hanbury Brown-Twiss interferometer set-up. 

The blue curve is the result of CW excitation; the red curve is the result 

of pulsed excitation. Adapted from ref [47] 

Colloidal QDs and other nanocrystals [48] as quantum emitters provide 

potential as a single photon emitter. As already extensively introduced above, 

colloidal QDs synthesis makes it possible to not only tune the emission 

wavelength by controlling their size but also offers extensive control over the 

QD size, shape, compound and even allows to realize complex heterostructures. 

The experimental room temperature photon anti-bunching results with single 

CdSe/ZnS core-shell QDs was first reported for [49-50]. This experimental 

result can be attributed to the highly efficient, non-radiative Auger 

recombination of multi-excitons as we discussed in Chapter 2.1.1. Figure 2.9 

shows the result from reference [49] and from that we can clearly see an anti-

bunched signal with CW excitation from a CdSe/ZnS single quantum dot. This 

result is quite different from the result obtained for a CdSe/ZnS cluster. This 

enabled the emission of a single photon to be triggered optically by a high-

intensity excitation optical pulse [51, 52]. However, the early research also has 

shown that colloidal QDs have blinking issues which leads to an unpredictable 

variation of bright and dark periods [49-51]. But the recent improvement of the 

synthesis of colloidal QDs can suppress the blinking issue and further improve 

the colloidal QDsô potentials to act as a single photon source.   
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Figure 2.10: Measured distribution Îʐ of photon pair separation times ʐ for a 

CdSe/ZnS cluster and a single quantum dot. The line represents a fit to 

an exponential law. Adapted from ref [50]. 

However, for all the previous proof of principle research work, the 

characterization of the single photon sources based on colloidal QDs is usually 

done by spin coating a diluted solution onto a glass substrate [49-50]. The QDs 

are randomly located on the glass substrate. Also, most of the emission from the 

single QDs couple to free space and can only be collected with a microscopy 

system. 

In my thesis, I will investigate the possibility to realize on-chip single photon 

sources based on colloidal QDs. A SiN waveguide platform is optimized. We 

will show the colloidal QDs can be embedded into the SiN layer stacks without 

quenching their photoluminescence. We also show the photon emission from 

these embedded colloidal QDs can be well coupled in a waveguide. With the 

help of the waveguide platform, more complicated functionalities can be 

potentially supported to confine, guide, modulate and detect these single photons. 

Thus, more complicated quantum information processing might be possible.   
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