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Nederlandse samenvatting 

−Summary in Dutch− 
 

 

In geïntegreerde fotonische circuits worden fotonen geleid en gecontroleerd op 
een tijds en spatiale schaal in structuren met afmetingen van de orde van de 
golflengte. Dit vereist een geleidend medium met lage verliezen dat compatibel 
is met technieken voor nanofabricage. Gegeven zijn hoge brekingsindex en 
transparantie over een breed golflengtebereik vormt silicium nitride (SiN) 
daartoe een uitstekend materiaal. Het is compatibel met klassieke 
fabricagetechnieken gebruikt in de microelectronicawereld en laat toe om 
passieve optische structuren in hoge volumes en met hoge performantie te 
realiseren. Dit materiaal krijgt op dit moment dan ook veel aandacht. Gezien het 
een diëlektricum is het echter niet evident licht direct in SiN structuren te 
genereren. Daarom zijn inspanningen om actieve functies zoals lichtbronnen te 
integreren met het SiN platform van hoog wetenschappelijk en technologisch 
belang. Een mogelijke aanpak bestaat erin passieve SiN structuren te 
combineren met optisch actieve materialen gebruikmakend van hybride 
integratietechnieken. Een nieuw type van actieve materialen, colloïdale 
halfgeleider kristallen of kwantumdots (quantum dots, QDs), hebben rijke en 
aanpasbare optische en elektrische eigenschappen waarbij de sterke 
kwantumopsluiting van elektronen benut wordt. In het bijzonder beschikken ze 
over een breed afstembaar emissiespectrum en optische winst voor golflengtes 
die kunnen worden gevarieerd van het zichtbaar tot het infrarood 
gebruikmakend van kwantisatie en materiaalkeuze. Daarmee vormen ze een 
perfecte match voor SiN dat ook een breed transparantie spectrum vertoont. 
Daarom bieden halfgeleider QDs unieke mogelijkheden wat betreft hybride 
integratie met een SiN fotonisch IC platform, bv. voor de ontwikkeling van 
geïntegreerde lichtbronnen zoals efficiënte diodes, afstembare lasers en 
kwantumbronnen. 

Gezien het platform vrij nieuw is, is er nog veel ruimte voor het verbeteren 
van de fabricagetechnologie en de ontwikkeling van hoog-performante 
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bouwblokken zoals golfgeleiders met lage verliezen en on-chip resonatoren met 
hoge kwaliteitsfactor. Colloïdale QDs, die gesynthetiseerd worden in oplossing 
gebruikmakend van chemische technieken vertonen echter inherente verschillen 
met SiN waveguides, leidend tot 2 uitdagingen. Ten eerste worden fotonische 
circuits typisch gefabriceerd gebruikmakend van top-down processen zoals 
depositie, lithografie, etsen en substraatreiniging. Deze processen vereisen vaak 
hoge temperaturen, een hoog-reactieve plasma omgeving, organische 
contaminatie en mechanisch contact die elk op zich de kwaliteit van de QDs 
negatief kunnen beïnvloeden.  Anderzijds kan de introductie van de QDs het 
ganse proces bemoeilijken en leiden tot minder performante fotonische 
componenten. Om deze problemen op te lossen is nood aan een 
technologieplatform dat toelaat QDs te integreren met SiN-golfgeleiders zonder 
kun respectieve performantie te degraderen. 

Deze thesis is gewijd aan het ontwikkelen van een technologieplatform dat 
hoog-performante passieve SiN bouwblokken combineert met lichtbronnen 
gerealiseerd door de integratie van colloidale QDs in SiN resonatoren via een 
hybride techniek. Eerst en vooral werd een passief SiN platform ontwikkeld, 
gebruikmakend van planaire procestechnieken. Gebaseerd op een doorgedreven 
onderzoek van de benodigde processtappen – filmdepositie, lithografie en etsen 
– konden we golfgeleiderverliezen van ~1dB/cm demonsteren voor golflengtes 
variërend over het volledige gebied 600 nm tot 1360 nm, gebaseerd op lagen 
gedeponeerd met PECVD in een proces met lage temperatuur (120 °C en 
270 °C).  Gebruikmakend van dit platform ontwierpen en realiseerden we 
vrijstaande mikrodisk resonatoren verticaal gekoppeld naar onderliggende 

busgolfgeleiders. Hoge Q-factoren (2.5×105 @ 1310 nm) en finesses (2300 @ 
1310 nm) werden aangetoond zowel voor zichtbaar light als voor 
telecomgolflengtes. Bovendien hebben we aangetoond dat ons ontwerp en de 
fabricagemethodologie ook kan worden uitgevoerd met LPCVD SiN films. Dit 
opent een route om resonatoren met nog hogere Q-factor en nog breder 
transparantiegebied te realiseren. De nu gedemonstreerde devices gerealiseerd 
gebruikmakend van lab-based procestechnieken bieden daarom perspectief voor 
verdere ontwikkeling van SiN bouwblokken die kunnen gebruikt worden in 
diverse applicaties zoals optische interconnects, niet-lineaire optica en 
optomechanica. 

Voor de realisatie van actieve componenten gebaseerd op colloïdale QDs is 
het vaak nodig die QDs precies te kunnen deponeren in een vooraf gedefinieerd 
patroon. Daarom hebben een versatiele techniek ontwikkeld voor het definiëren 
van QDs op vlakke substraten in patronen met nanoschaal afmetingen. Startend 
van hoge kwaliteitsfilms gedeponeerd gebruikmakend van de Langmuir-Blodget 
techniek en een uniek lift-off proces konden we experimenteel zulke patronen 
demonstreren, zelfs tot op het niveau van unieke QDs. Afmetingen tot 30 nm 
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voor uniforme films en een yield van 40% voor single-dot patterning werden 
bereikt. Bovendien is een theoretisch model voorgesteld dat toelaat het 
experimentele proces te beschrijven en dat goede overeenkomst vertoont met de 
experimentele resultaten. Deze techniek opent mogelijkheden voor de studie van 
nieuwe devices waarbij de QDs precies gelocaliseed zijn, bv. binnen een 
optische caviteit. Meer in het bijzonder wordt deze techniek nu gebruikt bij de 
ontwikkeling van single-QD emitters. 

Eens het passieve SiN-platform en de technieken voor de structurering van 
QDs ontwikkeld waren focusseerden we ons op hybride integratie van SiN 
golfgeleiders en QDs, gebruikmakend van planaire procestechnieken. Eerst en 
vooral demonstreerden we hybride SiN-QD golfgeleiders met lage verliezen en 
toonden aan dat de QD emissie behouden werd in deze structuren. Daarna 
ontwierpen en fabriceerden we vrijstaande hybride SiN-QD microdisks verticaal 
gekoppeld met onderliggende passieve golfgeleiders. Gedetailleerde 
karakterisatie van deze devices liet toe hun hoge performantie te demonsteren: 
hoge Q-factoren en grote FSR, efficiënte koppeling van de QD-emissie naar de 
disk modes en uiteindelijk naar de onderliggende golfgeleider. 

Op de basis van al deze resultaten focusseerden we ons vervolgens op de 
demonstratie van on-chip QD-SiN microlasers. Eerst bestudeerden we de winst 
van QDs ingebed in SiN golfgeleiders. Een modale winst van meer dan 100 cm-1 
in (100/55/100 nm) SiN/QD/SiN structuren werd bekomen. Een identieke 
lagenstack werd dan gebruikt voor de fabricage van microdisks. Eerst toonde 
een kwantitatieve studie van de disk modes en hun verliezen aan dat lasing in 
principe mogelijk moest zijn, gezien de haalbare winst in deze stack. Wanneer 
we de disk pompten met een picoseconde laser konden we dan ook effectief 
laserwerking demonsteren, bij kamertemperatuur en met heel lage drempel (27 
μJ·cm-2 voor 7 μm diameter disk). Een uitgebreide karakterisatie van de 
spectrale, temporele en coherentie eigenschappen werd uitgevoerd. De resultaten 
tonen aan dat golflengteafstembare colloïdale QDs de basis kunnen vormen voor 
een versatiel SiN-golfgeleiderplatform. Dit opent perspectieven voor zowel 
praktische applicaties als fundamenteel onderzoek in kwantumemitters en 
kwantum elektrodynamica. 
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English summary 
 

 

The subject of integrated photonics is to miniaturize as many as possible optical 

functions on a chip and in essence it deals with two fundamental issues − 
generation of photons and their manipulation on a chip. The latter consists of 
transmission and control of light on a temporal and a spatial scale within 
wavelength-scale structures and requires a guiding medium with low loss that 
can be realized using nanofabrication. Silicon nitride (SiN), a complementary 
metal-oxide-semiconductor (CMOS) compatible material, given its high optical 
index and broad optical transparency, allows for high-volume integration of 
high-quality passive photonic components operating over a wide wavelength 
range and therefore is currently attracting a lot of attention. On the other hand, 
because of its dielectric nature it is hard to generate light in SiN and efforts to 
bring active functionalities such as light sources into the passive SiN platform 
are of high scientific and technological interest. An approach could be to 
combine passive SiN photonics with optically active materials through hybrid 
integration. As a novel type of matter, colloidal semiconductor nanocrystals or 
quantum dots (QDs) possess rich and adjustable optical and electrical properties 
due to strong quantum confinement of electrons and have been extensively 
studied in recent decades. In particular, they exhibit widely tunable emission 
spectra and more importantly optical gain at wavelengths that can be readily 
adjusted from infrared to visible wavelengths through size quantization and 
material choice, providing for a perfect match with broadband SiN photonics. 
Therefore, semiconductor QDs offer unique opportunities for hybrid integration 
with the SiN photonics platform, potentially enabling the development of 
integrated light sources such as low-cost and highly efficient light emitting 
diodes, tunable lasers, and controlled quantum emitters. In return, the 
combination of photonic building blocks and QDs provide a powerful tool for 
fundamental studies of light-matter interaction and quantum optics experiments. 

As a newly emerging photonic platform, there still remains a lot of room for 
improvement in aspects of fabrication technology and development of high-
performance building blocks such as low-loss waveguides operating over a 
broad wavelength range and high quality (Q) factor on-chip microresonators. 



xxvi ENGLISH SUMMARY 

For active devices, the solution-based QDs however have inherent differences 
from SiN photonics in terms of materials and processing, resulting in two issues. 
First, photonics fabrication is usually carried out using planar top-down CMOS-
like processes such as deposition, lithography, etching, and cleaning and those 
procedures often involve high temperature, a plasma environment, organic 
contamination, and mechanical contact, which would impair the quality of QDs. 
On the other hand, the introduction of QDs may increase the difficulty of the 
fabrication process and weaken the control of the qualities of photonic 
components. To solve all above problems, an enabling technique for integrating 
QDs and SiN photonics without degradation and incompatibility is required yet 
remains a challenge and attempts and efforts to develop it need to be undertaken. 

This thesis is devoted to develop a passive integrated photonics platform in a 
lab environment, based on plasma-enhanced chemical vapor deposition 
(PECVD) SiN and furthermore to realize light sources by incorporating colloidal 
QDs into SiN building blocks via a hybrid integration technique. 

First, a SiN photonics platform has been developed using a CMOS 
compatible technology. By thoroughly investigating the fabrication processes 
including film deposition, optical contact lithography, planarization, and in 
particular the dry etching of SiN, we have demonstrated waveguide losses of ~1 
dB/cm for the wavelengths ranging from 600 nm to 1360 nm in PECVD SiN 
deposited in a relatively low-temperature process from 120 °C to 270 °C. 
Relying on this platform, we further designed and realized vertically waveguide-
coupled free-standing SiN microdisks by using a unique design and optimized 

processes. High Q factors (2.5×105 at 1310 nm) and large finesses (2300 at 1310 
nm) have been achieved in these compact on-chip microresonators from the 
visible to telecom wavelengths. Moreover, we have demonstrated that our 
design scheme and fabrication technology for integrated free-standing SiN disks 
can be carried out also with low-pressure chemical vapor deposition (LPCVD) 
SiN films, thus potentially allowing for the realization of ultra-high-Q, ultra-
high-finesse, and low-mode-volume integrated SiN microresonators operating 
over even broader spectral bands. The current in-house developed techniques for 
SiN processing will provide valuable and universal guidance for future 
development of SiN-based photonics. The demonstrated high-performance SiN-
photonics building blocks can be used in various applications such as optical 
interconnect, nonlinear optics, optomechanics and others. 

To develop active photonics devices using QDs, a patterning technique is 
often required for registering QDs in defined active regions. Therefore, we 
aimed for developing a versatile and straightforward technique of pattering 
solution-processible QDs on solid substrates in nanoscale and single-dot levels. 
Using high quality Langmuir–Blodgett deposition and a unique lift-off process, 
we experimentally demonstrated both nanoscale and single-dot patterning of 
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colloidal QD-films. Feature sizes down to ~30 nm for a continuous and uniform 
film of QDs and a yield up to 40% for single-QD positioning have been obtained. 
Furthermore, a theoretical model was proposed to describe the process, which 
agrees well with experimental results. This patterning technique allows for 
further applicability in the context both of fundamental studies and development 
of novel on-chip optoelectronic devices using QDs, for instance, precisely and 
efficiently locating a single QD for optical or electrical excitation and 
integrating with photonic building blocks. In particular, in our own case, this 
technique is carried out in an ongoing effort to realize single-QD emitters 
whereby a single QD can be localized in photonic components for exploring on-
chip single-photon emission. 

Having established a SiN photonics platform and processing technique for 
QDs, we further created a versatile technique that enables hybrid integration of 
solution-processable QDs embedded within SiN photonics via CMOS-like 
fabrication technology and demonstrated low-loss QD-SiN waveguides with the 
preservation of QD emission. We designed and fabricated free-standing 
waveguide-coupled SiN microdisks with embedded QDs. The detailed 
characterization of the fabricated devices has revealed both high performance – 
high Q factors together with large free spectral ranges – and an efficient 
coupling of QD emission to disk resonance modes and eventually to the on-chip 
waveguide. On the basis of all previous achievements, we then aimed to 
demonstrate on-chip QD-SiN microlasers. First, we studied the optical gain of 
QDs embedded in SiN waveguide and obtained a net modal gain of more than 
100 cm-1 in a (100/55/100 nm) SiN/QD/SiN layer stack. The same layer stack 
was then used to fabricate microdisks coupled to bus waveguides and a 
quantitative analysis of the disk modes indicated the possibility of lasing with 
the measured optical gain. We observed lasing action in these disks pumped 
with picosecond laser pulse at room temperature, revealing an extremely low 
optical pump threshold of 27 μJ·cm-2 in a disk with only 7 μm diameter. A 
comprehensive characterization covering spectroscopic, temporal and coherence 
properties of these ultra-compact microlasers was also performed for colloidal 
QD-based lasers for the first time. These results constitute a clear demonstration 
that wavelength-tunable, colloidal QDs can pave the way not only for versatile 
active SiN photonics but also for on-chip cavity quantum electrodynamics and 
quantum optics based on QD emitters. 

In conclusion, this thesis created various usable technologies for SiN 
photonics and nanomaterials and successfully demonstrated high-performance 
SiN photonics and hybrid laser sources on it, thus opening up prospects for 
development of QD-based integrated optoelectronic devices in SiN photonics 
platform. 
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Introduction 
 

 

1.1 Introduction of research background 

Playing with light, basically high-frequency electromagnetic (EM) waves, in 

essence deals with two fundamental issues − light generation and propagation. 
For low-frequency EM waves these were successfully addressed by moving free 
electrons in conductive matter, eventually leading to the era of electronics. In 
contrast, for light this largely remained unexplored until the foundations of 
quantum physics were defined from which we attained the required 
understanding of light-matter or more precisely photon-electron interactions 
including scattering, absorption, and emission. Later, new physics and 
applications associated with light appeared, with in particular optical 
communication technology. The latter directly resulted from the emergence of 
lasers and low-loss optical fibers which fulfill the fundamental requirements for 
generation and transmission of light.  

Today, the goal of integrated photonics is to miniaturize optical functions as 
much as possible on a chip. To realize this, again two basic problems need to be 
resolved: generating and transmitting photons in a medium on chip. Furthermore, 
nowadays integrated photonics has been implemented in radically new 
applications such as information processing or sensing technology as well as for 
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fundamental optics research in various fields such as nonlinear optics, cavity 
quantum electrodynamics and quantum optics, in which new light sources and 
more sophisticated manipulation of light are necessary, requiring high-
performance photonic building blocks. Taking all of this into account, this work 
is devoted to develop a low-loss passive integrated photonics platform as well as 
light sources integrated on it.  

1.1.1 Integrated photonics 

The concept of integrated photonics was first introduced by Stewart E. Miller in 
1969 [1], who outlined a proposal for a miniature form of laser beam circuitry. 
The idea was, no doubt, initially driven by the development of lasers. Miller’s 
proposal, with the original purpose of providing a solution for a more stable 
optical system, however indicated more ambitious prospect of constructing 
complex integrated optical circuits which would interconnect a laser, modulator, 
coupler, and filter by planar waveguides using photolithographic techniques. In 
this way, optical functions in bulky components could potentially be realized in 
a single substrate, resulting in improved system stability and ultimately 
economical benefits. Clearly the objective of today’s integrated photonics 
remains similar to the early concept. But more emphasis is placed on high-speed 
and high-capacity optical communication, on-chip interconnecting and data 
processing at low-power consumption. Another distinct feature of current 
photonic integrated circuits (PICs) is the more complex hybrid co-integration of 
photonics and electronics required for multiple functionalities. 

As mentioned before, given an existing laser source, a material for 
efficiently guiding photons is a prerequisite since now we are playing with light 
on a planar chip instead of free space. Therefore, optical waveguides are, of 
course, key elements for building a photonic system. In general there are two 

types of planar waveguides − slab and channel waveguides, and here only the 
channel waveguide is under consideration due to its ability of confining light in 
both transverse directions and applicability for planar integration. The basic 
parameters and requirements for waveguides are: 

1. Propagation loss. Like superconductivity for electrons, a low-loss 
optical waveguide is an eternal pursuit in the photonics community. It 
can not only relax the power requirements of light sources but also allow 
for constructing more complex building blocks with advanced functions. 
The losses in a line waveguide stem from three main different sources: 
absorption loss, modal radiation, and scattering loss due to 
heterogeneities. Absorption can occur in bulk matter and at interfaces 
between the waveguide core and its surroundings (cladding). In most 
cases the former is the main contribution, although absorption at 
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interfaces sometimes becomes important. Since it is an intrinsic property 
of bulk matter, absorption highly depends on wavelength. Dielectric 
materials, such as silicon dioxide (SiO2 or silica) and silicon nitride (SiN), 
due to their large electronic band gap naturally exhibit transparency over 
a broad wavelength range ranging from the visible to the infrared (e.g., 
0.4 to 2.0 μm) and hence are preferred candidates for transmitting light. 
Crystalline silicon (Si) with a band gap at 1.12 μm, is a promising 
candidate for the telecom wavelength range of 1.3 to 1.6 μm. Another 
loss mechanism is modal radiation in an idealized waveguide geometry, 
which can be determined by theory or numerical simulation, and this loss 
can be negligible in a well-designed waveguide structure. The last loss 
factor is scattering by volume and interface heterogeneities. Most 
waveguide materials exhibit excellent homogeneity and the volume 
scattering can be neglected. The scattering losses at interfaces can be due 
to any imperfections during waveguide formation and among them the 
sidewall roughness is the main factor. It is proportional to the square of 
the roughness size (ߪ ߙ ,( ∝ ଶߪ	 [2]. In a relatively small dimension 
waveguide with high optical confinement, the scattering loss can be large 
and a main limitation for realizing higher performance photonic devices. 
The reduction of this loss rests on further improvement of fabrication 
technology which remains challenging, especially when the dimensions 
of the photonic components are becoming ever smaller. 

2. Dimensions. The critical geometrical parameters for a waveguide are its 
cross-sectional size and bending radius, which, to some extent, also 
determine the size of the final photonic chip. For a single mode 
integrated waveguide, these quantities are ultimately determined by the 
difference in optical refractive index between the waveguide core and 
cladding. The core with a high index can provide tight optical 
confinement and thus the waveguide mode can be constrained in a very 
small cross section with dimensions comparable to the photon 
wavelength in the medium. For example, in a waveguide with a 
rectangular cross section, the dimension (d) (width or height) required 
for single mode operation is approximately determined by ݀  with λ − the wavelength in vacuum, n1 − the index of the ,(2ඥ݊ଵଶ−݊଴ଶ)/ߣ≈

core, and n0 − the index of the cladding.  The acceptable minimum 
bending radius ܴ୫୧୬  can be related to the waveguide dimensions as ܴ୫୧୬ ∝ 	݀ଷ/ߣଶ [3]. Clearly, a higher index for the guiding medium is 
critical to build more complex structures and eventually to achieve a 
compact and dense integration in a photonic chip, these features now 
being important requirements in today’s photonics. 
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3. Fabrication process. A practical photonic system based on a certain 
waveguide platform should be realized using a fabrication technology 
with good repeatability and reliability. The techniques widely used in the 
microelectronics industry provide powerful tools for fabricating photonic 
devices and most photonic platforms have been achieved using these 
techniques. With the development of photonic research and applications, 
however, compared to conventional photonics there are two new trends 
for today’s photonics: from microphotonics to nanophotonics and from 
optics to optoelectronics integration. In nanophotonics, first the size of 
photonic components is measured in a few tens to hundred nanometers 
and therefore more advanced lithography techniques with high resolution 
are required. In addition to the traditional means, new nanotechnologies 
are needed to achieve well-defined integration with novel functions for 
the targeted applications. On the other hand, modern photonics 
integration tends to combine photonic and electronic circuits on a single 
chip. Thus, the compatibility of PIC fabrication with existing electronics 
integration processing technology is desired for enabling high-volume 
and low-cost.  

To fulfill above requirements for a waveguide photonic platform, both 
waveguide material and structural configuration should be chosen appropriately. 
Since Miller’s proposal of integrated optics in 1969, extensive studies were 
undertaken on a variety of waveguide materials such as dielectric materials [4-8], 
deposited semiconductor films with large band gap [9], and polymers [10, 11]. 
Early demonstrations focused merely on waveguide loss and remained far from 
realizing a complex system. Among all these material options, due to its extreme 
low loss and high thermal stability, silica based photonic integration attracted 
tremendous attention and a complete passive platform has subsequently been 
established [12, 13]. Because of its broad band operation, silica photonics has 
also been considered as a platform for visible and near infrared photonic devices, 
for instance, the quantum circuits using ~800 nm light source [14].  

Nevertheless, due to the very low index contrast between waveguide core 
and cladding, the waveguide cross section usually measures several micrometers, 
and the bending radius is typically a few millimeters, thus preventing dense 
integration with ultra-small footprint. Moreover, the low optical confinement in 
silica fundamentally inhibits the attempts to construct advanced photonic 
components such as high quality (Q) resonators and photonic crystal structures 
allowing for the versatile manipulation of photons. To enable this, the key 
solution is to use high index waveguide materials allowing for tight light 
confinement in sub-wavelength dimensions. As the most widely explored 
material in integrated electronics, Si offers the desired high index and exhibits 
low optical transmission loss at telecom wavelengths and thus can serve as the 
waveguide medium for photonics. More importantly, the use of Si potentially 
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allows for monolithic integration of Si electronic and photonic circuits using 
mature complementary metal-oxide-semiconductor (CMOS) processing 
technology. However, this investigation was not carried out until 1986. The first 
implementation of Si as a waveguide operating at the 1.3 and 1.6 μm 
wavelengths consisted of a heavily doped Si substrate and a lightly doped Si 
guiding layer [15]. The width of the final waveguide was 10 μm. It exhibited up 
to 20 dB/cm loss, due to the low index contrast and large leakage loss to the 
substrate.  

Later, the Si waveguide geometry with a thin layer of crystalline Si on top of 

an oxide layer − so-called silicon on insulator (SOI) − was proposed. Low 
optical loss was theoretically predicted for a slab-type waveguide with only 0.2 
μm top Si layer and 0.5 μm buried oxide between the guiding layer and the Si 
substrate [16]. The slab waveguide is less useful for integration and 
subsequently a library of optical components based on rib waveguides in SOI 
has been developed [17-19]. However the single-mode rib waveguide still 

possessed micrometer dimension (e.g., width × height = 3 μm × 2 μm cross 
section and millimeters bending radius in Ref. 19). To make full use of the high 
index of Si, a stripe waveguide structure is needed allowing to reduce the cross-
sectional dimensions to a few hundred nanometers, and the minimum bending 
radius to a few micrometers. The biggest limitation to achieve such waveguide 
was the low accuracy of the available lithography. With the help of high-
resolution electron-beam lithography (EBL), various Si photonic building blocks 
were realized nevertheless, including low-loss waveguides [20, 21], high-Q 
photonic crystal cavities [22], and high-speed modulators [23]. More significant 
progress in Si photonics however has been made using standard CMOS 
processes and passive and active Si photonic components with high performance 
were demonstrated, including low-loss waveguides [24-28], grating couplers 
[29], spectral filters [30], high-Q photonic crystal cavities [31], optical 
modulators [32], photodetectors [33], and laser sources [34] on the Si platform. 
The successful implementation of CMOS technology in Si photonics paves the 
way toward ultra-compact and large-scale integration of Si PICs, bringing 
exciting benefits to practical applications particularly in optical communication, 
on-chip interconnection, and information processing. 

Despite the great promises of Si photonics, there is still continued interest 
and real efforts in pursuing other materials for realizing a photonic platform as 
reinforcement or even replacement of the existing platforms. The momentum of 
this activity originates not only from the poor light-emission efficiency in Si due 
to its indirect band gap nature, but also from its limitation in usable wavelength 
range, intrinsically preventing photonic-based research and applications in the 
wavelength range below the Si band gap. Integrated photonics at short 
wavelength range, e.g., in the near infrared and visible, have gained increasing 
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attention recently in both fundamental research and application development 
including nonlinear optics, quantum optics, and sensing technology. Even at 
telecom wavelengths, despite a low linear loss, Si actually has large nonlinear 
loss due to its small band gap, a fundamental limitation for applications in 
nonlinear optics. In addition, the current technology platform in Si photonics 
restricts the optical layer only to a single Si layer on a SOI substrate, making it 
difficult to construct multiple-layer or even three-dimensional photonic chips. 
Last, though mature in manufacturing, the SOI substrate is not that cost-efficient, 
another drawback in particular for mass application requiring low cost. 
Therefore, an appropriate wave-guiding material should be considered and based 
on it a passive and active platform can be built up. In this thesis, we will choose 

SiN − another CMOS-compatible material − as waveguide material and develop 
a low-loss passive SiN photonics platform operating from visible to infrared 
wavelengths by using CMOS-like processes in a lab environment. Furthermore, 
light sources integrated in SiN photonics will be demonstrated exploiting hybrid 
integration of semiconductor nanocrystals as efficient light-emitters. 

1.1.2 Semiconductor nanocrystals 

Semiconductor nanocrystals are nanometer-sized crystalline particles which 
comprise tens to thousands atoms. Their size ranges from ~1 nm to ~10 nm. 
These nanoparticles retain the lattice structure of bulk crystals but their 
electronic properties differ often showing a behavior intermediate between 
macroscopic solids and atoms. This can be attributed to the physical 
confinement of electrons in all three spatial dimensions, and the associated 
quantum confinement effects. As such these nanocrystals are also called 
semiconductor quantum dots (QDs). For simplicity, hereafter the term QDs will 
be used to refer to semiconductor QDs. When the spatial size of the solid shrinks 
down, the motion of electrons evolves from a free to a confined situation. This 
spatial confinement results in a dramatic change of the electron state density and 
concomitantly electronic energy quantization in QDs, compared to continuous 
energy bands of a bulk material, as schematically illustrated in Figure 1.1(a) and 
(b). For a QD with a radius of R, the electrons can be regarded to be placed in an 
infinite spherical potential well and by solving the Schrödinger equation one can 
obtain a set of discrete electronic energy levels that will be proportional to R-2. 
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Figure 1.1: (a) Evolution of density of states in semiconductor as a function of 
dimension. Adapted from [48]. (b) Sketches of electronic structures in 
bulk semiconductors and QDs. Adapted from [49]. (c) Absorption 
(solid curves) and emission (dashed curves) spectra of CdSe QDs with 
increasing QD size from bottom to top. The dashed red line indicates 
the band gap of bulk CdSe of ~712 nm. Adapted from [50]. 

In real QDs, the situation is more complex. Their research began in the early 
1980s initiated by Ekimov [35-39], Efros [40-43], and Brus [44-47], with the 
purpose of understanding the size dependence of QD optical absorption in a 
glass matrix or a colloidal solution. The size-dependent optical properties of 
QDs fundamentally arise from their electronic structure, and for this analysis, 

according to the ratio of QD radius ܴ , to the Bohr radius ܽ୆  of the bulk 
exciton one can identify three different regimes: weak confinement in the limit ܴ > ܽ୆ , intermediate confinement for ܴ ∼ ܽ୆ , and strong confinement when ܴ < ܽ୆	 [43]. In the strong confinement regime, if we neglect Coulomb 
interaction between the electron and hole, the size-dependent energy gap ܧ୥(QD)  of QDs (lowest excited electronic state) relates to the bulk 

semiconductor energy gap ܧ௚(bulk)  simply as ܧ୥(QD) = ୥(bulk)ܧ +ℏଶߨଶ/(2݉∗ܴଶ), where 1/݉∗ = 1/݉ୣ + 1/݉୦, and ݉ୣ and ݉୦ are the electron 

(a)

(b) (c)



8 CHAPTER 1 

and hole effective masses, respectively [46]. From this expression, clearly, the 
band gap of a QD compared to the bulk one will blue shift and show a distinct 
size dependence. This has been experimentally demonstrated in absorption and 
emission spectra of QDs, as nicely shown in Figure 1.1(c). 

Although unique electrical and optical properties were predicted 
theoretically in this new class of materials, for practical utilization of such tiny 
QDs, the possibility for preparing QDs with desired properties is a prerequisite. 
Generally, there are two main routes to the formation of QDs: top-down and 
bottom-up approaches. The latter one appears to be the mainstream in today’s 
QD research, and mainly includes two different methods: epitaxial growth on 
suitable solid substrates and wet-chemical synthesis typically in solution. QDs 
chemically synthesized in solution are also known as colloidal nanoparticles and 
it is this type QDs that is employed in this thesis. However, it is not a trivial task 
to synthesize high-quality QDs with good control of QD composition, size, 
shape, monodispersity, and size distribution. A significant progress of 
fabrication of QDs was made by Murray et al who introduced a simple synthesis 
technique for the fabrication of high-quality II-VI semiconductor QDs through 
the pyrolysis of organometallic reagents in wet chemical reaction [51]. This 
method was applied to produce a variety of semiconductor QDs including III-V 
and IV-VI QDs [52]. Later, QDs with more complex shapes and various 
structures were achieved [53-56]. In particular, core-shell type QDs provides a 
level of stability that is of essential importance in biology applications [57-59]. 
Moreover, it allows for effective passivation of the QD surface, bringing us 
additional ways for engineering QD electronic structures and hence electrical 
and optical properties such as tuning the band gaps, improving luminescence 
quantum yields, and enabling efficient optical gains. Today, the availability of 
nanotechnology for QDs makes them appealing as platforms in nanoscience for 
manipulating electrons in mesoscopic scale and also as material building blocks 
for optoelectronic device applications [60], such as photovoltaic energy 
conversion [61-63], photodetectors [64, 65], light-emitting diodes [66-69], and 
laser sources [70-72]. 

As highly luminescent emitters, obviously QDs have great potential for the 
use in passive photonics as light-generating media. Via hybrid integration of 
QDs with photonic components it might be possible to develop integrated light 
sources, a major bottleneck in most photonic platforms. Such a hybrid approach, 
combining an active material with a passive platform, in fact has been widely 
explored in Si photonics, e.g. by means of wafer bonding techniques or through 
direct growing III-V semiconductors lasers on Si PICs, and various laser devices 
operating at telecom wavelengths have been demonstrated. In the case of SiN 
photonics, there are two main driving forces for the marriage of QDs with SiN 
PICs. First the emission and optical gain bands in QDs can be easily adjusted by 
size quantization and material choice within a broad spectral range covering 
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from the visible to mid-infrared wavelengths, as shown in Figure 1.2. Such wide 
spectral tunability perfectly matches the broad operation window of SiN 
photonics. Second, the solution processability of QDs together with depositable 
SiN film provides flexibilities in design and fabrication, potentially allowing for 
integrating either an ensemble or single QDs deterministically in SiN PICs for 
laser or single photon emitter devices.  

 

Figure 1.2: Size-dependent emission of QDs fabricated with various types of 
semiconductor materials. The bottom indicates the ranges for the 
various colors and the top panel indicates commonly available laser 
sources. Adapted from [73]. 

On the other hand, solution based QDs have inherent differences from SiN 
photonics in terms of material and processing techniques, resulting in two issues. 
On the one hand, photonics fabrication is usually carried out using planar top-
down CMOS-like processes such as deposition, lithography, etching, and 
cleaning. Those procedures often involve high temperature (e.g., up to ~300 °C), 
a plasma environment, organic contamination, and mechanical contact, which all 
could impair the quality of the QDs. In return, the presence of QDs will certainly 
increase the difficulty of fabricating high quality integrated circuits, resulting e.g. 
in imperfections of the geometrical shape and increased etching roughness. To 
solve all above problems, an enabling technique for coherently integrating QDs 
and SiN photonics without degradation and incompatibility is required. 
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1.2 Definition of research objectives 

Given above considerations, we defined two objectives for this thesis. First, we 
will develop a low-loss passive SiN photonics platform. By systematical 
optimization of the fabrication processes, in particular, the optical lithography 
and dry etching, we aim for low-loss waveguides operating from 600 nm to 
1360 nm. Based on this platform, we will further design and demonstrate free-
standing SiN microdisk resonators vertically coupled with on-chip waveguides 
aiming for high-Q and high-finesse integrated microresonators.  

The second objective is the development of light sources on SiN photonics. 
A powerful technique for pattering QDs on a solid substrate at nanoscale or 
single-dot level will be first developed. This technique can in the future be used 
in deterministic coupling of QDs with SiN devices e.g. for the investigation of 
single-photon sources based on QDs. Afterwards, a hybrid integration 
technology will be developed for embedding QDs in SiN photonics and low-loss 
QD-SiN waveguides and optically active microdisks are demonstrated. 
Furthermore, on-chip integrated QD-SiN microdisk lasers will be investigated 
and demonstrated by performing comprehensive characterization for laser 
devices. The successes of low-loss SiN photonics and integrated QD laser 
sources on it will pave the way for development of QD-based integrated 
optoelectronic devices in SiN photonics and thus provide new opportunities for 
both practical applications and fundamental research. 

The research is carried out in a close collaboration between the Ghent 
University research groups Photonics Research Group (PRG) and Physics and 
Chemistry of Nanostructures (PCN), which have ample expertise in respectively 
integrated photonic devices and the synthesis and characterization of colloidal 
QDs. Additionally, a collaboration with IBM Research in Zurich, Switzerland, 
was set up particularly on high speed device characterization. 

1.3 Structure of thesis 

In this Chapter, we reviewed the background of integrated photonics and 
semiconductor nanocrystals. On the basis of this, we aim for the development of 
a SiN passive photonics platform and propose the concept of hybrid integration 
of QDs with SiN photonics with the purpose of developing light sources. Both 
opportunities and challenges for accomplishing such integration technology 
were discussed. Then appropriate goals of the thesis were defined. 

In Chapter 2, we will focus on the process development of a laboratory scale 
SiN photonics platform and the experimental demonstration of low-loss 
waveguides and high-Q microdisk resonators operating from visible to infrared 
wavelengths. 
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Chapter 3 deals with a pattering technique for QDs. Using an optimized lift-
off process we develop a technique for both nanoscale and single-dot patterning 
of QD films, demonstrating feature sizes down to ~30 nm for uniform films and 
a yield of 40% for single-dot positioning. While first of all presenting a unique 
tool for studying physics of single QDs, the process also provides a pathway 
towards practical QD-based optoelectronic devices. 

In Chapter 4, we develop a platform for the hybrid integration of SiN 
photonics with QDs. Based on this platform, SiN waveguides with a monolayer 
of embedded QDs are fabricated. Both the preservation of QD luminescence and 
low waveguide loss are demonstrated. This fabrication technology is further 
used for developing waveguide-coupled free-standing SiN microdisks hybridly 
integrated with embedded colloidal QDs. The detailed photoluminescence 
characterization of the fabricated devices reveals both high performance in disk 
resonators and efficient coupling of QD emission to disk resonance modes and 
eventually to the on-chip waveguide. 

Relying on all the previous achievements, Chapter 5 aims for demonstration 
of lasing in a QD-SiN microdisk. Prior to this, first we study the optical gain in 
QD-SiN waveguides and demonstrate a high modal gain with only a ~55 nm 
thick QD layer. Then lasing is demonstrated in a high-Q QD-SiN microdisk 
under femtosecond optical pumping. A pronounced power increase and reduced 
lifetime of the waveguide coupled emission concurring with a spectral 
narrowing and enhanced temporal coherence are observed. With a lasing 

threshold as low as 27 μJ·cm-2 for a 7 μm disk, these ultra-compact waveguide-
coupled QD-SiN microdisks open the prospect of integrated photonics based on 
QDs. 

Chapter 6 finally summarizes the work of this thesis and also brings forward 
proposals for further work.  
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Development of passive 
SiN photonics 

 

 

2.1 Silicon nitride integrated photonics 

Silicon nitride (SiN), a dielectric materal with a large band gap of ~5 eV [1], 
exhibits transparency from the visible to the infrared. Compared with silica it 
has a fairly high optical index of ~2.0 [2] and allows making low-loss 
waveguides over a broad wavelength range while permitting a reasonable level 
of integration density. More importantly, SiN has been widely used in the 
microelectronics industry and well developed techniques for SiN material 
preparation and processing are available. This compatibility with 
complementary metal-oxide-semiconductor (CMOS) technology potentially 
allows for large-scale integration and cost efficiency. Hence SiN could be a 
promising candidate for building an integrated photonics platform. Before 
continuing, it is worth mentioning the methods for preparing SiN. There are 
several ways for the preparation of SiN [3] and the most extensively used 
technologies are plasma-enhanced chemical vapor deposition (PECVD) and 
low-pressure chemical vapor deposition (LPCVD), with both deposited SiN 
films amorphous in nature. Note that CVD-based techniques can produce nitride 
films with composition ranging from silicon nitride to silicon oxynitrides and 
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with optical index varying from ~1.5 to 2.0 and that here we restrict our 
attention only to silicon nitride. LPCVD can deposit nearly stoichiometric 
nitride (Si3N4) with high purity and normally involves high temperatures 

(~700−900 °C) with a slow growth rate of 1−10 nm/min [4]. In addition, 
LPCVD SiN films typically exhibit high tensile stress limiting the film thickness 
to 400 nm if cracks need to be avoided. For thicker films multiple depositions in 
sequence are needed. PECVD on the other hand can be performed at relatively 

low temperatures (less than 500 °C), gives faster deposition rate and allows for 

large film thickness (up to 1 μm) in a single run [3]. With respect to optical 
properties, SiN formed by both methods always contains a certain amount of 
hydrogen bonded to silicon (Si-H) and nitrogen (N-H) [5-10] and these bonds 
lead to considerable absorption in the infrared. Particularly there is a prominent 
absorption peak around 1520 nm due to the second overtone absorption of the 
N-H stretching vibration [11-14]. Especially, SiN prepared by PECVD at 
relatively low temperatures has much higher hydrogen concentration (over one 
order of magnitude) than LPCVD SiN and hence exhibits higher optical loss 
around the 1550 nm telecom wavelength [9, 13]. The hydrogen content in both 
types of SiN can be minimized by optimizing the deposition conditions [9]. On 
the other hand, it can also be substantially reduced by an annealing process at a 

higher temperature (above 1000 °C) [9-14]. Nonetheless for PECVD SiN there 
appears to be a lower bound for the material loss around 1550 nm in the order of 
1.0 dB/cm [13, 15]. For LPCVD SiN on the other hand a loss as low as 0.01 
dB/cm [16, 17] has been reported. 

The early work exploiting SiN as a light guiding medium focused on the 
visible and demonstrated losses of 0.1 dB/cm for LPCVD [18, 19] and 1.14 
dB/cm for PECVD [20] at 632.8 nm in SiN slab waveguides with a SiO2 buffer 
layer as optical insulator deposited on a Si wafer. Then a LPCVD SiN rib 
waveguide was fabricated via wet etching by Henry et al. who demonstrated 

waveguide losses less than 0.3 dB/cm in the 1.3−1.6 μm range after an annealing 
procedure [11]. The material loss of the PECVD SiN from visible to infrared 

was also examined and revealed losses of 0.1−0.3 dB/cm in the 0.63−1.35 μm 

wavelength range.   In the 1.4−1.6 μm range higher losses were measured which 
subsequently could be decreased to 0.6 dB/cm by annealing out hydrogen [13].  

In the field of integrated photonics, SiN has received growing attention over 
the past decade. Low-loss (~0.1 dB/cm) channel waveguides with a thin core 

layer (150−200 nm) of LPCVD SiN and large lateral dimensions (4−18 μm) 
fabricated via CMOS techniques have been realized in the visible [21, 22]. In 
the telecom wavelength range, waveguide structures with a multi-layer SiN core 
[23] or buried in a thick oxide cladding [24] have been investigated and a loss of 
0.1 dB/cm was achieved at 1550 nm. In particular, low-confinement waveguides 
of ultra-low loss with TriPleXTM technology [16, 25] have been demonstrated 
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and state-of-the-art waveguide losses of ~10-3 dB/cm were reported [26, 27]. 
High-confinement strip waveguides with very low losses have recently been 
demonstrated [17, 28]. For PECVD SiN, a great effort has also been undertaken 
for the development of low-loss waveguides from the visible to the infrared [15, 
29]. In particular, SiN photonic integrated circuits (PICs) with high performance 
have been accomplished completely within a CMOS pilot line [30, 31] and this 
platform has been proposed as a solution for multi-layer photonics, for instance 
back-end integration [32]. Apart from waveguide platform development, a 
variety of fundamental studies and applications based on SiN photonics have 
been undertaken. This includes the demonstration of integrated high quality (Q) 
resonators [17, 33-40], nonlinear optics [41-45], optomechanics [46-48], optical 
interconnect and communication [49, 50], and on-chip optical sensing [51-53]. 

As a newly emerging photonics platform, it is believed that there still 
remains a lot of room for improvement in aspects of fabrication technology and 
development of high performance building blocks like high-Q resonators and 
even light sources. In this chapter, relying on an optimized etching process, we 
will independently establish a low-loss SiN platform working from 600 nm to 
1360 nm relying on a low temperature PECVD process and standard contact 
mask lithography. Then waveguide-coupled free-standing microdisk resonators 
with compact size and high-Q will be realized. These technologies form the base 
for later development of active SiN devices and undoubtedly provide valuable 
and universal guidance for future investigation on SiN photonics.  

2.2 Fabrication technologies 

The SiN photonic components are fabricated on silicon wafers with a 3 μm 
thermal SiO2 box layer to isolate optical modes from the bottom silicon substrate. 
All fabrication is carried out using planar processes running on conventional 
fabrication tools in our clean room, including deposition, patterning, etching, 
and planarization. Since the performance of a photonic device is very sensitive 
to geometry, especially when the feature size of the structure is reduced to a few 
hundred nanometers, stringent dimensional is critical and fabrication with very 
high accuracy and reproducibility is desired to minimize the discrepancy 
between designed and resulting devices. Therefore, optimization of all processes 
is necessary. In this section, we introduce the main fabrication technologies 
developed leading to optimized procedures for patterning and etching of SiN 
photonic devices. 
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Deposition 

The SiN films are deposited in an Advanced Vacuum Vision 310 PECVD tool 
equipped with different RF frequency sources: a 13.56 MHz high frequency (H-f) 

and a 100−460 kHz low frequency (L-f) source. Thus the system can be 
operated in three modes: H-f, L-f, and mixed frequency (M-f). The temperature 

of the chamber plate can be varied from 120−270 °C. A gas mixture of SiH4, 
NH3, and N2 is used to generate reactive plasma species and the gas ratio is 
optimized to realize SiN films with refractive index close to 2.0. The RF power 
and chamber pressure are fixed at medium levels to maintain a moderate 

deposition rate of 10−15 nm/min. SiN films deposited at both H-f and L-f (~100 
kHz) and at temperatures of 120 °C and 270 °C are investigated for waveguide 
fabrication. In addition to SiN, the same system is also used to deposit SiO2 and 
amorphous Si (aSi) in the disk fabrication process.  

 

Figure 2.1: (a) Measured refractive indices n of SiN films deposited under 
different conditions. (b) The extinction coefficients k. 

Figure 2.1 shows the complex refractive indices of different SiN films 
measured by ellipsometry. In Figure 2.1(a), it is clear that the high-temperature 
SiN has higher index than the low-temperature SiN. For instance, the index of 
H-f SiN changes from 1.978 to 1.826 with decreasing the temperature from 
270 °C to 120 °C, indicating a reduction in the material density probably due to 
higher hydrogen content. Compared to the deposition temperature, the RF 
frequency only has a small effect on the index. On the contrary, from Figure 
2.1(b) the RF frequency has a dramatic effect on the extinction coefficient with 
values for L-f SiN over two orders of magnitude lower than for H-f SiN, 
implying higher optical loss in H-f SiN films. Note that the absorption in the 
infrared due to hydrogen bonds is not reflected in the extinction coefficient 
curves of Figure 2.1b since Cauchy models were used for fitting the data. 
Therefore, we fabricated waveguides with all these SiN films and examined the 
losses to find the best material for photonics.  
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Pattering 

Patterning is the process of defining the designed image on a substrate and 
subsequently transferring this image on the substrate by deposition, etching, etc. 
Several techniques have been invented for patterning and among them the major 
one is optical lithography commonly utilized for mass fabrication in CMOS 
manufacturing. In this thesis, all SiN photonic structures are defined with 
contact lithography on a Karl Süss MA6 Mask Aligner using a 320 nm exposure 
source with a power density of 5.0 mW/cm2. Since the patterned photoresist (PR) 
is further used as dry etching mask we selected AZ® MiR™ 701 as a positive 
resist specially designed for high-resolution lithography together with AZ® 726 
(MIF) as developer. Figure 2.2 schematically shows the basic process flow for 
contact lithography. First, we prepare the substrate through deposition of a SiN 
film and apply PR on it by spin-coating. Then the sample with the PR layer is 
brought in contact with a photomask consisting of a patterned chrome film on a 
quartz plate and subsequently exposed to UV light. For a positive resist, the 
illuminated regions (those not blocked by the chrome film) will become soluble 
in a suitable solvent (developer) and then washed away after development. For 
negative resists the situation is opposite and in that cased unexposed areas will 
be dissolved. 

 

Figure 2.2: The lithography process flow for a positive resist. (a) Prepare 
substrate, (b) apply resist, (c) exposure, (d) after development.  

Given its ease of operation and acceptable resolution, contact lithography is 
widely used for chip-scale proof-of-concept demonstrations in research where 
typically a several hundred-nanometer tolerance is acceptable. In the context of 
nanophotonics fabrication, however, the accepted fabrication imperfection 
should be below ten nanometers or even less for minimizing scattering losses 
caused by any distortion of structure. Furthermore, the ideal PR mask for dry 
etching exhibits steep and smooth sidewalls to ensure a vertical pattern transfer, 
although this requirement can be relaxed by optimizing the etch process. In 
Figure 2.3, we show scanning electron microscope (SEM) images of 
experimental results where the influence of lithography imperfections on the 
final structure can be clearly seen. The effect of the PR sidewall profile on the 
SiN pattern is illustrated in Figure 2.4. Therefore, the lithography process needs 
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to be carefully optimized with the goal to attain a stable process with high 
reproducibility and good size definition as well as keeping steep sidewalls with 
minimal roughness. Here we strongly recommend the readers to refer to online 
application notes for details about lithography processes, e.g. from the resist 
supplier MicroChemicals [54]. 

 

Figure 2.3: The etched SiN waveguide patterns with different lithography of (a) 
less distortion and defect and (b) clear wave-shape distortion along 
waveguide. The insets show associated lithography before etching.  

 

Figure 2.4: The effect of the PR mask on etched SiN patterns. Schematic etch 
results with a sloped PR sidewall (a) and with an ideally vertical 
sidewall (b). The real etched cross-sectional profiles under the same 
etching conditions but with different PR sidewall slopes in (c) and (d). 
The images are taken by means of focused ion beam (FIB).  
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The optimization of high-resolution AZ-701 resist involves various process 

steps including spin-coating, soft bake, exposure, post exposure bake, and 
development. The key is to attain a maximized contrast between development 
rate (dissolution rate of exposed resist in developer) and dark erosion rate 
(dissolution rate of unexposed resist), thus minimizing the deterioration for 
smallest features [54]. This dissolution contrast is mainly determined by 
exposure dose (i.e., exposure time) and concentration of developer, and a 
maximum contrast can be achieved under a moderate developer concentration 
and an optimum exposure dose. The latter can be obtained with an exposure-
series test with a fixed developer and from the resultant dose-dependent curve 
the development rate (time) starts to saturate at a certain dose where the 
optimum exposure dose is nearby. In Figure 2.5 we show the exposure-
development time curves in AZ-726 developers with different concentrations. It 
is obvious that development time at the beginning decreases sharply with 
increasing exposure time and then quickly saturates at a certain exposure time. 
The saturation times for development are ~14 sec at 60 sec exposure and ~55 
sec at 90 sec exposure for undiluted and diluted AZ 726, respectively. Since the 
dark erosion grows faster than the development rate with increasing developer 
concentration, a moderate concentration is preferable to obtain highest 
dissolution selectivity. From a practical viewpoint, the diluted developer allows 
for a somewhat longer and easier to control development time and thus relaxes 
the process window. With those considerations in mind, we use ~100 sec 
exposure time and the developer of AZ-726 diluted with H2O at a ratio of 2:1. 
Additionally, the other parameters are also optimized. We summarize the 
optimal procedure for high-resolution AZ 701 resist under 320 nm and 
5mW/cm2 exposure as follows: 

a. Clean substrate and bake at 120 °C for 3 min on hotplate 
b. If necessary, apply adhesion promoter, e.g., TI Prime with a bake at 

120 °C for 3 min on hotplate 
c. Apply AZ 701 by a one-step spinning at 4000 rpm for 40 sec with an 

acceleration of ~4000 rpm/min (thickness ~800 nm) 
d. Soft bake at 100 °C for ~60 sec on hotplate 
e. Expose ~100 sec at vacuum contact mode 
f. Post exposure bake at 110 °C for ~60 sec on hotplate 
g. Develop by immersing in AZ-726:H2O = 2:1 for ~60 sec 
h. Rinse with DI water for ~60 sec. 
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Figure 2.5: The development time of AZ-701 resist with a thickness of ~800 nm 
as a function of expose time in different developers of undiluted and 
diluted AZ-726. The dilution rate is [AZ-726]:[H2O] = 2:1 in volume. 
The soft bake is 100 °C for ~60 sec and the post bake is 110 °C for 
~60 sec and the exposure power density is 5mW/cm2. 

The lithography process described above allows a 500 nm lines-and-spaces 
resolution and individual waveguide patterns with a width down to 0.4 μm. This 
process aims to achieve a good mask for dry etching and the dimensions of 
patterns designed on the mask can be faithfully transferred to the target substrate 
assuming no undercut etching occurs. The current process is able to guarantee 
feature sizes above 1.0 μm with acceptable imperfection density and good 
reliability, while below 1.0 μm the degree of fabrication imperfection may 
increase. It is important to add that a successful lithography depends on precise 
control of the whole process and it could be further improved in several ways, 
for example by removing edge bead and using an antireflective layer especially 
when requiring large-area uniformity. Finally, we show the SEM images of a 
lines-and-spaces pattern and waveguide pattern before and after etching, proving 
that the optimized contact lithography process can resolve these features almost 
down to the theoretical resolution limit1. 

                                                            
1 The resolution of contact lithography is governed by near-field diffraction and the 
minimum period of line-space pattern can be expressed as 2 ୫ܹ୧୬~3ඥ2/ݖߣ, where λ is 
the wavelength of exposure light and z is the thickness of resist. For 320 nm light and 750 
nm thick resist, it gives ~1.0 μm period. 
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Figure 2.6: The lines-and-spaces design with 1.0 μm period of (a) photoresist 
pattern and (b) SiN pattern after etching. Waveguide with 400 nm 
design width in (c) resist pattern and (d) etched pattern. 

Etching 

Etching is another important process for transferring pre-defined patterns into 
substrate layers in planar micro-fabrication technology. Two main etching 
approaches can be distinguished: wet chemical and dry plasma etching, the 
former performed usually in a reactive solution while the latter mostly in a 
plasma gas reactor. Briefly, for a plasma etching process, a plasma generator 
creates etchant species (atoms, molecular radicals and ions), and the material to 
be etched is removed by chemical reactions of those reactive radicals along with 
volatile products formed and evaporated (chemical etching), and/or by direct 
physical sputtering due to ion bombardment on the material (physical etching). 
In general, physical etching is directional and shows less material dependence, 
while chemical etching is sensitive to material properties and usually 
nondirectional. All plasma conditions including excitation power, pressure, and 
gas chemistries can affect the etching process and results. For more 
fundamentals of plasma etching, the reader is referred to some excellent books 
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[55, 56]. In this thesis, dry etching, more specifically reactive-ion etching (RIE), 
will be used for structuring the SiN layers. A resist pattern is used as mask in an 
Advanced Vacuum Vison 320 RIE tool equipped with 13.56 MHz RF excitation 
and a cooling system to maintain the sample plate temperature at ~20 °C.  

The most important aspect for dry etching is directionality, particularly in the 
context of defining submicron structures. The directionality refers to different 
etch rates in horizontal and vertical directions with respect to the sample surface, 

resulting in two typical etched sidewalls − anisotropic and isotropic profiles − as 
illustrated in Figure 2.7. For an ideal anisotropic process, etching takes place 
only in vertical direction, leading to faithful pattern transfer and vertical 
sidewalls; while in an isotropic process, etching has no preferential direction, 
resulting in characteristic undercutting of the mask and circular profiles. We can 
define the degree of anisotropy A as A=1-dH/dV, where dH is the horizontal 
undercut distance and dV is the vertical etch depth, and thus for totally isotropic 
and anisotropic etch we have A=0 and A=1, respectively. In the case of 
waveguide definition, obviously an anisotropic etch is desired to achieve a 
rectangle waveguide with controlled dimensions, especially when the line width 
of the waveguide is comparable to the film thickness. In general, plasma etching 
gives only partially anisotropic profiles due to the chemical etching component 
involved. But almost pure anisotropic etching can be attained by control of the 
physical and chemical processes occurring during plasma etching and thus the 
etch rate ratio of vertical to horizontal components could be significantly 
increased by boosting the vertical etch rate and/or suppressing the horizontal 
rate. Two phenomenological mechanisms of etching have been proposed to 
achieve such enhanced directional etching: ion-enhanced vertical etching and 
inhibitor-induced anisotropic etching [56], as schematically shown in Figure 2.8. 
During the first process, ion impact damages the surface of the material to some 
extent and makes it more chemically reactive to the neutral radicals and thus 
accelerates the chemical etching in the vertical direction. Meantime, the etching 
of the sidewalls proceeds at a normal and relatively slow chemical etch rate, 
since the ion flux mainly moves perpendicular to the surface and has no 
essential bombardment on the lateral surface, thereby leading to an anisotropic 
etch profile. In the second mechanism, the formation of inhibitor materials (e.g., 
polymers) occurs under some plasma circumstances and an inhibitor film can be 
deposited on lateral sidewalls that see little or no ion bombardment. This film 
then can act as a passivation barrier to completely inhibit sidewall etching, as 
depicted in Figure 2.8. By contrast, on horizontal surfaces the ion attack can 
prevent formation of the inhibitor film and makes these areas continuously 
subject to chemical radicals and thus keeps the etching proceeding, thereby 
making the total etch anisotropic. In practice, obviously, the maximum 
anisotropy can be obtained by combining above two mechanisms.  
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Figure 2.7: Illustration of isotropic and anisotropic etching profiles with PR as 
mask. 

 

Figure 2.8: Two mechanisms responsible for anisotropic etching: ion-enhanced 
vertical etching (left) and inhibitor-induced anisotropic etching (right). 

In our study, we choose fluorocarbon CF4 as the basic gas for SiN etching. 
Additional gases (O2, H2, SF6) are also used to adjust the etch conditions. In the 
fluorocarbon plasma system, the fluorine to carbon (F/C) ratio is a key factor to 
determine the boundary between polymer inhibitor formation and etching and 
this ratio can be readily adjusted by additives such as O2 and H2, as illustrated in 
Figure 2.9. Since the conditions of either pure polymer formation or pure 
etching cannot result in effective anisotropic etching, we need precise control of 
the plasma conditions to balance the protective and etching processes and to 
maximize the anisotropy. Moreover, in photonic devices a smooth etched 
surface with less roughness is desired and the etching process should also fulfill 
this requirement. Last, since SiN films deposited at different temperature are 
used for further integration, our etching should allow for an anisotropic profile 
starting from such mixed SiN layers with considerable differences in material 
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density and hence in the etching behavior between those SiN films. For 
simplicity, hereafter the terms H-SiN and L-SiN will be used to refer to SiN 
deposited at high temperature (~270 °C) and at low temperature (~120 °C) 
respectively. It should be mentioned that the PECVD frequency shows 
negligible effect on the etching and we distinguish SiN only according to 
deposition temperature. 

 

Figure 2.9: Etching and polymerizing regimes in CF4 plasma as influenced by 
various plasma conditions. Adapted from [55, 57]. 

As a good starting point for optimization of the etching process, first we 
examine the influence of general plasma conditions on the etch rate and 
experimentally obtain the overall effect of these conditions in the etching 
process, similarly as shown in Figure 2.9. The etch rate is measured for both H-
SiN and L-SiN films. First we add H2 or O2 to CF4 and show the results in 
Figure 2.10. Clearly, the addition of H2 reduces the etch rate and eventually 
stops the etching. This is attributed to the inhibitor formation exceeding the 
etching rate. The etch rate selectivity of L-SiN to H-SiN is also reduced, 
implying the transition of the dominant etching process from chemical to 
physical etching, as we expect less material dependence in a physical etching 
process. These effects associated with the increasing H2 to CF4 ratio arise from 
the reduction of fluorine radical concentration via H-F combination and H-
assisted inhibitor formation. The function of H2 is potentially useful to realize an 
anisotropic etching, as will be discussed later. Oppositely, initial addition of O2 
increase the etch rate as well as the selectivity of L-SiN to H-SiN, associated 
with increasing the concentration of fluorine radicals via C-O combination. 
Additionally, the presence of O2 can remove the inhibitor polymers and thus 
favor isotropic etching. Note that at higher O2 content the etch rate does not 
further increase but declines because of a relatively lower percentage of etchant 
gas CF4. In Figure 2.11, we show the effect of plasma power and chamber 
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pressure on the etch rate. With increasing the plasma power, the bias voltage for 
accelerating ions is increased, resulting in enhancement of ion-assisted chemical 
and physical etching. To maintain a moderate etch rate the plasma power is 
fixed at 210 W for all of the following experiments, if not specified otherwise. 
Increase of pressure creates higher density of plasma and enhances the chemical 
etching, while reducing the mean free paths of ions and thereby decreasing the 
ion bombardment effect. Nevertheless, the etch rate still increases as long as the 
ions can maintain moderate attack on the surface.  

 

Figure 2.10: The etch rate as a function of gas flow rate. (a) Power = 150W, 
Pressure = 40mTorr, CF4/H2 = 40sccm/X sccm. (b) Power = 150W, 
Pressure = 40mTorr, CF4/O2 = 40sccm/X sccm. 

 

Figure 2.11:  (a) The etch rate as a function of power. Pressure = 40mTorr, 
CF4/H2 = 40sccm/3sccm. (b) The etch rate as a function of pressure. 
Power = 210W, CF4/H2 = 40sccm/3sccm. 

In the following section, we will comprehensively optimize the etching 
process by adjusting pressure and gases to obtain vertically etched sidewalls and 
smooth surfaces. The optimal conditions will be determined by detailed SEM 
analysis of the etch profiles of structures defined in a SiN film. 
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Planarization 

Surface planarity is a prerequisite for ensuring high-quality lithography. In 
general, a photonics fabrication process begins with a flat substrate that is then 
processed by various planar processes including deposition, patterning, etching, 
and so on. These processes always introduce surface roughness and topologies, 
for example, waveguide fabrication creates ridge and trench-like topologies as 
depicted in Figure 2.12(a), and thereby prohibits further build-up of complex 
structures in particular for a device with a vertical coupling scheme that will be 
later used in our integrated waveguide-coupled high-Q microresonator. 
Planarization is a process that evens out any submicron irregular topographies 
and smoothes the surface of a substrate. A number of planarization techniques to 
achieve this goal were developed such as thermal reflow process, etch-back 
method, and chemical mechanical polishing (CMP). Among these, CMP can 
attain global planarization across the entire substrate with extremely smooth 
surface finish and thus will be utilized in our fabrication. A typical CMP process 
uses an abrasive and corrosive slurry (e.g., silica particle suspension) to remove 
rough pieces of the substrate surface assisted by both chemical corrosion and 
mechanical polishing. In practice, a substrate is mounted upside down on a 
rotating (sometimes also sweeping) carrier and the surface to be planarized is 
brought into contact with a rotating platen which is covered with a polishing pad, 
while applying a certain mechanical force on the carrier. During the motions of 
the carrier and platen, the slurry continuously flows onto the platen. Higher 
points on the substrate are removed first and faster than the lower areas by small 
particles, eventually achieving planarization. In this thesis, we use a Mecapol 
P400 polishing tool from Presi together with a Stacked IC1000/Suba IV 
polishing pad and a silica slurry (particle size of 30-50 nm). 

The aim of planarization is to end up with a smooth surface on top the pre-
fabricated components. Therefore, the deposition of a material matrix prior to 
CMP is needed for protecting fabricated structures and providing removable 
material, as shown in Figure 2.12(b). In our experiments, either SiO2 or aSi is 
deposited depending on the targeted end structure. As a rule of thumb, the 

thickness of the deposited layer is about 2−3 times the initial step of the 
structures. Depending on the endpoint of the polished surface, we can 

distinguish between two kinds of polishing results − under polishing and critical 

polishing − as shown in Figure 2.12(c) and (d) where the polish ends up in the 
deposited layer and at the very top of the structure, respectively. In a real 
process, critical polishing is difficult to achieve and usually we obtain an over 
polishing profile in which the structures are also slightly polished. After 
optimization of experimental parameters for the polishing tool used in our 
fabrication, we can achieve the planarization with a local roughness (peak-peak) 
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below 5 nm and a global planarity of ±15 nm thickness variation over a length 
of 10 mm. In Figure 2.13 we show the SEM results of different CMP steps on a 
structured Si wafer as an example and it is clearly seen that the developed CMP 
process can achieve chip-scale planarization. 

 

Figure 2.12: Schematics of CMP process with SiO2 deposition. (a) Substrate 
with patterned SiN structures. (b) Over deposition of SiO2 cladding. 
Two CMP surface finishes of under polishing (c) and critical polishing 
(d).  

 

Figure 2.13: A real CMP flow: (a) patterned substrate, (b) deposition of SiO2, 
and (c) result after CMP process.  

2.3 Low-loss SiN waveguides 

In this section, we will explore an optimized dry etching process for SiN 
photonic fabrication. Based on this technique, we design and fabricate 
waveguide wires for wavelengths ranging from 630 nm to 1360 nm. The losses 
for these waveguides are characterized in detail. 

2.3.1 Optimization of dry etching 

As pointed out before, achieving low loss waveguides requires vertical and 
smooth sidewalls and therefore we need optimization of the RIE conditions. 
Various plasma chemistries, such as CHF3/O2 [17], CF4 [34], C4F8/SF6/H2 [37], 
and SF6/CH4 [50], have already been used in SiN photonics. In our fabrication, 

under 
polishing

critical 
polishing

a b

c

d

SiO2 SiNSi

cba

Si Si Si

SiO2 SiO2



38 CHAPTER 2 

we aim to develop versatile etching recipes that are capable of achieving 
anisotropic and smooth etching not only for a single SiN layer but also for a SiN 
film stack deposited at different temperature. However, unlike what is the case 
for SiN-films deposited in a single step, due to the considerable difference in 
material density the etching behavior of H-SiN and L-SiN films deposited on top 
of each other can vary a lot. As a result, the standard etching processes described 
in literature result in a stepwise transition at the interface, which can lead to 
uncontrolled waveguide dimensions and additional losses. An optimized process 
should be sufficiently anisotropic and can passivate the sidewalls such that those 
are not etched during the process, resulting in topologically united sidewall 
surfaces. Moreover, the roughness of the etched sidewalls should be minimized 
to reduce the associated scattering loss of the waveguide. Further, even for 
etching of composite SiN films integrated with quantum dots which will be 
discussed in Chapter 4, the process should be capable of achieving vertical 
sidewalls and reasonably smooth surfaces. Consequently, the understanding of 
etching behavior of SiN in our plasma system is necessary and detailed analysis 
of the etching results is needed for evaluating the efficiency of the experimental 
setting. 

Based on previous results of SiN etching in a CF4 plasma, we fixed the RF 
power at 210 W and focus on the effects of pressure and gas ratios on etching 
profiles of H-SiN/L-SiN layers. The etched samples are inspected by SEM 
analysis on FIB milled cross-sections. In order to avoid excessive charging 
effects, we carried out the initial etching experiments and the corresponding 
SEM check on SiN-films deposited on bare silicon substrates without the 
insulating SiO2 buried oxide layer. This resulted in considerably better pictures 
and allowed inspecting both the etched profile and surface roughness with 
higher resolution. 

The optimization begins with studying the influence of plasma pressure on 
etched profiles. We etched an H-SiN/L-SiN stack with a fixed gas composition 
of CF4/H2 (80sccm/3sccm) but under different pressures. The addition of H2 is 
expected to facilitate the formation of inhibiting polymers and thus the gas 
contribution to isotropic etching can be reduced or eliminated from our 
consideration. In Figure 2.14(a-c) we show FIB-defined cross-sectional images 
of the H-SiN/L-SiN films etched at 20, 40, and 80mTorr, respectively. When 
making a cross section, the structure is protected by a Pt layer deposited in situ 
by electron beam and ion beam. Note that the resist mask was retained during 
SEM examination for verifying the reliability of the contact lithography process. 
For a pressure of 20mTorr, the profile exhibits nearly vertical sidewalls without 
observable steps at the interface of H-SiN and L-SiN. Two reasons can account 
for this result: either the same lateral etch rates for two SiN layers or no lateral 
etching at all owing to the formation of an inhibitor layer. However, the 
measured etch rates for unpatterned H-SiN and L-SiN films are 75 nm/min and 
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111 nm/min, respectively, implying different etch rates also in the lateral 
direction, although such difference could be smaller than in the vertical direction. 
Consequently, under 20mTorr pressure the steep sidewalls are attributed to the 
formation of a protective polymer that prevents the etching of sidewalls.  In 
Figure 2.14(a), it is also obvious that the resist mask has a steep sidewall and 
that the dimension of the designed feature is faithfully transferred into the SiN, 
demonstrating the suitability of our contact optical lithography for defining a dry 
etching mask. With increasing pressure, however, the sidewalls show a more 
circular profile with a clearly observable discontinuity at the interface between 
both SiN layers especially for 80mTorr pressure as shown in Figure 2.14(c). 
Compared with Figure 2.14(a), there is also a considerable reduction in 
dimensions, ~55 nm and ~85 nm in bottom width for 40mTorr and 80mTorr, 
respectively, a clear indication of sidewall etching due to insufficient inhibitor 
growth. At higher plasma pressure, the density of reactive species proportionally 
increases and hence chemical etching is promoted. Since the sidewall inhibitor 
can also be removed by plasma etching and when the removal rate outcompetes 
the polymer deposition rate, sidewall etching occurs, making the etching less 
anisotropic. To ensure a satisfying protection of sidewalls, the pressure is kept at 
20mTorr for the following experiments. 

 

Figure 2.14: FIB cross-sectional images of the as-etched H-SiN/L-SiN 
waveguide with a designed width of 1.0 μm and a total thickness of 
300 nm. The etching gases are CF4/H2 (80sccm/3sccm) and the 
pressures are (a) 20mTorr, (b) 40mTorr, and (c) 80mTorr. 

Next, to investigate the influence of the gas composition on the degree of 
anisotropy, we etched an H-SiN/L-SiN stack with pure CF4 and then added 
either O2 or H2 for comparison. In Figure 2.15(a-c) we show cross-sectional 
images of the H-SiN/L-SiN films etched with CF4 (40sccm), CF4/O2 
(40sccm/3sccm), and CF4/H2 (40sccm/3sccm), respectively. Pure CF4, as shown 
in Figure 2.15(a), etches both SiN layers primarily in the vertical direction but 
there is also considerable lateral etching resulting in a curved profile. To adjust 
the etched profile, we first added a small amount of O2 to the CF4 flow. The 
result is shown in Figure 2.15(b), showing that the presence of O2 results in a 
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more isotropic etching of the L-SiN layer with strong undercutting of the resist 
mask. At the interface between both SiN layers a strong step is visible indicating 
that the L-SiN and H-SiN exhibit significantly different etch rates in the 
horizontal direction. This enhanced isotropic etching results from the increasing 
concentration of fluorine radicals together with the lack of sidewall protection, 
which is removed in the presence of the O2 plasma [55]. The impact is stronger 
for the L-SiN layer. As a consequence the horizontal etch rate difference 
between L-SiN and H-SiN is increased, leading to a step at the interface. The 
variation in horizontal etching rate between the L-SiN and H-SiN layers is a 
further manifestation of the distinct change in their material density and of the 
need for a nearly complete anisotropic etching process for obtaining vertical 
sidewalls with a continuous surface. In Figure 2.15(c), we present the etched 
profile when using a gas mixture of CF4/H2 which shows the desired straight 
sidewall with a united surface, albeit with a slight slope. This significant 
improvement can be attributed to a greatly increased anisotropic etching 
occurring due to the formation of a protective polymer layer on the sidewalls in 
the presence of H2 [57, 58]. This polymer layer inhibits etching of the lateral 
surfaces whereas on the bottom surface it is removed by the directional ion 
bombardment leaving it fully exposed to reactive species. Accordingly the 
process is dominated by the vertical etching component and there is hardly any 
lateral etching. Therefore, we adopt the gases of CF4/H2 for the further 
experiments. 

 

Figure 2.15: FIB cross-sectional images of the as-etched H-SiN/L-SiN 
waveguides. The etching gases are (a) CF4 (40sccm), (b) CF4/O2 
(40sccm/3sccm), and (c) CF4/H2 (40sccm/3sccm). 

In order to further improve the etch profile in terms of sidewall slope and 
surface roughness, we adjusted the CF4/H2 ratio in the process using values of 
40sccm/3sccm, 60sccm/3sccm, and 80sccm/3sccm for the respective gas flows 
(Figure 2.16). When increasing the proportion of CF4 in the system, the slope of 
the etched sidewall is gradually tuned from a positive profile to a vertical one as 
obvious in Figure 2.16(a-c). More importantly, the roughness of the sidewall is 
reduced by increasing the ratio of CF4 to H2. The effect of the CF4/H2 ratio on 
the sidewall slope originates from the competition between the etching process 

(c)(b)(a)
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and the polymer inhibitor deposition [57]. At proportionally higher hydrogen 
flows (CF4/H2 ratio of 40sccm/3sccm) there is an excess deposition of the 
polymer inhibitor on the lateral surface where it is not removed by the vertical 
ion bombardment, resulting in a sloped profile and a much rougher surface as 
shown in Figure 2.16(a) and (d). As an extreme example of this effect, when 
increasing the H2 flow rate to 20sccm no etching at all occurs as shown 
previously. By reducing the hydrogen content (CF4/H2 ratio of 80sccm/3sccm) 
the fine balance between etching and deposition results in a vertical sidewall and 
an improved surface roughness, as shown in Figure 2.16(c) and (f). When 
further increasing the CF4 flow the profile tends toward the profile obtained 
using pure CF4, shown in Figure 2.15(a). 

 

Figure 2.16: FIB cross-sectional and sidewall images of the as-etched H-SiN/L-
SiN layers. The gas system is CF4/H2 with different ratios of (a, d) 
40sccm/3sccm, (b, e) 60sccm/3sccm, and (c, f) 80sccm/3sccm. 

Summarizing, under a critical ratio of CF4/H2 (80sccm/3sccm), a proper 
pressure (20mTorr), and a RF power of 210 W, the RIE process is dominated by 
anisotropic etching featured by nearly vertical sidewalls while at the same time 
the roughness of surface is reduced. Under these conditions the etch rates are 
~70nm/min for H-SiN, ~100nm/min for L-SiN, and ~30nm/min for AZ-701 
resist. These conditions are valid for single H-SiN and L-SiN layers or the 
combination of them. However, we should point out that etching of pure H-SiN 
films the process could be slightly shifted to the isotropic side by finely 
adjusting plasma conditions to balance the sidewall profile and surface 
roughness for minimizing the losses of devices. The same strategy can also be 
used to obtain the etching recipe for LPCVD SiN. On the other hand, for 
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composite films of SiN with other materials like quantum dots, the etching 
recipe also needs small modification as will be shown in Chapter 4.  

2.3.2 Design and fabrication 

As the standard waveguide design, we adopt a strip geometry with a rectangular 
cross section as shown in Figure 2.17. In such a waveguide structure, the optical 
modes can be classified according to the polarization of the electric (magnetic) 
field into two types: quasi transverse-electric (quasi-TE) and quasi transverse-
magnetic (quasi-TM) modes. In the coordinates of Figure 2.15, the dominant 
component of the E-field is Ey for quasi-TE modes while Hy is dominant in 
quasi-TM modes (H-field mainly lies in x-y plane so the name of transverse-
magnetic). For simplicity, hereafter these modes will be simply referred to as TE 
and TM. In our waveguide design and loss analysis, only TE modes will be 
considered and the loss measurements are carried out at three wavelengths of 

λ=638 nm, 900 nm, and 1310 nm. In fact, the waveguide transmission spectra in 

the ranges of 600−900 nm and 1260−1360 nm (O-band) show no observable 
intrinsic absorption peaks and thus the losses studied at these wavelengths can 
represent the loss level of above broad ranges. 

 

Figure 2.17: Geometric configuration of strip SiN waveguide. 

We theoretically investigate the loss at λ=900 nm and the thickness is set at 
~ 200 nm so that TM modes cannot be supported in single-mode TE waveguide. 
By numerically solving Maxwell's equations for the electromagnetic field under 
given boundary conditions with the finite difference method, we find the optical 
modes and their properties. In Figure 2.18(a) we plot the calculated effective 
indices neff of the fundamental (the first order) and the second order TE modes in 
SiN waveguide with different widths. Guided modes exist only when neff is 
larger than the substrate index. Thus for single-mode operation the width can 

range from 0.5 to 1.2 μm. Above 1.2 μm the 2nd TE mode is also supported. 
Figure 2.18(b) and (c) present the cross-sectional mode profiles for the 1st and 
2nd TE modes in waveguides with a width of 0.8 μm and 1.6 μm, respectively. 
The mode confinement factor, defined as the fraction of the mode energy 
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density in the waveguide region, is an important parameter for the waveguide 
and we obtain ~60% confinement factor for TE modes at 200 nm thickness. For 
integrated photonics, waveguide bends are always necessary and bending loss 
should be considered in the design. Figure 2.19 shows the calculated bending 
loss as a function of bend radius for a 0.8 μm-wide waveguide. Here the bending 
loss refers only to the radiation loss of bending modes and does not include any 
losses caused by mode mismatch. In practice, the bending loss should be low, 
for instance below 1.0 dB/cm, and from Figure 2.19 this loss corresponds to a 
minimum bend radius of ~25 μm with a loss of 0.006 dB/90° turn. By changing 
the geometry of the waveguide even smaller bend radius can be achieved, for 
example, a bend radius of 10 μm is practically feasible for a 1.0μm-wide and 
0.25μm-thick waveguide. 

 

Figure 2.18: Optical modes of SiN waveguide with 200 nm thickness at λ=900 
nm. (a) Calculated effective index neff of the first and second order TE 
modes as a function of waveguide width. Here we take the index of 
1.92 for SiN and 1.45 for oxide. The electric field intensity profiles for 
the waveguides with a width of 0.8 μm in (b) and 1.6 μm in (c). 
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Figure 2.19: Calculated bending loss as a function of the radius of bends for 

0.8μm-wide and 0.2μm-thick SiN waveguide at λ=900 nm. 

To fabricate the waveguide circuits, we designed a contact mask which 
contains waveguide wires with widths varying from 0.8 μm to 2.0 μm, taking 
into consideration the limits of mask manufacturing and lithography.  For each 
width we included a straight reference waveguide and spiral waveguides with a 
series of lengths of 1, 2, 4, and 8 cm for loss measurements with the cut-back 
method. The number of bends (90° turn) for all spiral waveguides are the same 
(32 bends in total) and the bend radius is fixed at 100 μm, for which the bending 
loss is negligible according to the calculation. Away from the spiral part, both 
sides of the waveguides are tapered to 3.0 μm to facilitate easier facet cleaving 
and reproducible coupling to and from the chip. The fabrication starts with a Si 
(100) wafer with a 3 μm thermal SiO2 box layer, onto which a single PECVD 
SiN layer (thickness depending on operating wavelength) is deposited. Both H-
SiN and L-SiN films prepared under different plasma frequencies are employed 
to fabricate waveguides to compare the losses between them. After deposition, 
the whole wafer is diced into about 2.5 cm by 2.5 cm chips along the <110> 
crystal orientation for further processing. By using the previously optimized 
lithography process we pattern the chip with AZ-701 resist keeping waveguide 
lines parallel to the edge of the chip for easy cleaving. The chip is subsequently 
etched with the optimized RIE recipe described above to transfer the waveguide 
patterns into the SiN layers and form strip waveguides. Finally, the chip is 
cleaned in Acetone and then O2 plasma for measurement. In Figure 2.20 we 
present the SEM pictures of the fabricated SiN waveguides with ~200 nm 
thickness. The high quality in terms of waveguide sidewall, defect control and 
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large-area uniformity are obvious, indicating the reliability of the fabrication 
process.  

 

Figure 2.20: SEM pictures of fabricated H-SiN waveguides with ~200 nm 
thickness. (a) Cross section of waveguide, (b) top view image with 
inset showing tilted sidewall, (c) titled view of spiral waveguide, and 
(d) overview of 1.0 cm-long spiral waveguide. 

2.3.3 Waveguide loss characterization 

In order to measure the transmission of the waveguides, the two sides of the chip 
are cleaved perpendicular to the waveguide lines to form facets and enable fiber 
edge coupling. The waveguide propagation losses are determined with a cut-
back method by measuring transmissions of spiral waveguides of different 
lengths, whereby the losses can simply be extracted by fitting the length-
dependent fiber-to-fiber transmission. The measurement is carried out on a 
horizontal set-up, as shown in Figure 2.21. The set-up uses microlensed fibers to 
couple light in and out to the cleaved facets of the waveguide and the fibers are 
horizontally mounted on XYZ translational piezo-stages, which allow for 
precision alignment of the fiber tip with respect to the waveguide facet. The cut-
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back method for measurements of propagation losses assumes constant coupling 
conditions for waveguides with identical design but varying lengths and thus the 
transmission will be linearly dependent on the length of the waveguides in a dB 
scale. However, in real measurements the coupling is not identical shifting from 
waveguide to waveguide. We estimated the coupling uncertainty to be below 1.5 
dB. Considering the longest spiral waveguide is 8 cm, this uncertainty results in 
an upper limit for the error in the measured losses of less than 0.2 dB/cm.  

 

Figure 2.21: Photograph of horizontal fiber setup. Left: the overview of the 
whole setup. Right: the waveguide chip aligned to the fibers. The 
insets are micrographs of alignment of the lensed fiber to a waveguide. 

I. Waveguide loss @ λ = 900 nm 

We fabricated waveguides with a thickness of ~200 nm and measured the 

transmission at λ=900 nm using a near-infrared tunable laser. The transmitted 
power is maximized with a polarizer resulting in excitation mainly of the TE 
modes. We use single-mode lensed fibers designed for 1550 nm, and the 
measured insertion loss for one waveguide facet is ~2.5-3 dB at 900 nm. Note 
that for wider waveguides supporting 2nd order TE modes light from the lensed 
fiber can be coupled into higher order modes (albeit less efficiency given the 
larger mode matching with the fundamental mode). Therefore the measured loss 
is in fact the combination of 1st and 2nd order TE mode losses, which will be 
larger than the loss for a pure 1st order TE mode.  

First, we investigate the influence of the deposition temperature on the 
waveguide loss. The SiN films are deposited at low RF frequency (~100 kHz), 
as from ellipsometry measurements (see section 2.2) this type SiN is expected to 
have a lower material absorption loss. We measured the losses for H-SiN and L-
SiN waveguides and the results are plotted as function of the designed 
waveguide width in Figure 2.22(a). For both cases, the losses rapidly decline for 
widths increasing from 0.8 μm to 1.2 μm and then exhibit a more gradual 
decrease for widths varying from 1.2 μm to 1.5 μm. The relatively larger losses 
and fitting errors at widths of 0.8 μm and 0.9 μm for both H-SiN and L-SiN 
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waveguides can be attributed to the fact that the deviation of dimensions and 
other fabrication imperfections of in our optical lithography become more 
significant when the feature size decreases below 1.0 μm, resulting in notable 
scattering losses. For a L-SiN (n~1.85) waveguide with a 0.8 μm design width, 
the fabricated width is 650-700 nm close to the cutoff width of the fundamental 
TE mode and thus also leakage loss is non-negligible. When increasing the 
width to 2.0 μm, the losses for H-SiN and L-SiN apparently saturate to 0.94 
dB/cm and 1.88 dB/cm, respectively. The inset of Figure 2.22(a) shows the 
transmission of the 2.0μm-wide waveguides for different lengths and the 
corresponding linear fits. The small discrepancy between the measured and 
fitted results clearly demonstrates the uniformity of lithography with a low 
defect density and the reliability of the cut-back method for determining the 
waveguide loss. It is interesting to note that for all widths L-SiN waveguides 
have about two times the loss of the H-SiN waveguides, which can be 
understood from the differences in material quality and sidewall etching. For 
smaller widths the effect of sidewall roughness dominates the waveguide loss 
and the SEM analysis showed this effect is relatively more important in L-SiN, 
causing the higher losses in L-SiN waveguides. For wider waveguides and in 
particular for the 2.0μm-wide waveguides, which support also higher order TE 
modes at the wavelength of 900 nm, the material absorption and the scattering 
within the waveguide become more important. This leads us to conclude that the 
L-SiN layer exhibits an intrinsically higher material loss (volume absorption and 
scattering) by a value of ~0.9 dB/cm than the H-SiN layer deposited at higher 
temperature. This can be ascribed to high hydrogen concentration associated 
principally with insufficient reaction during film formation at low deposition 
temperature [9, 13, 59] and therefore the material absorption and film 
inhomogeneity increase. Nevertheless, the loss below 2.0 dB/cm for SiN 
deposited at 120 °C indicates its capability for low temperature photonics, which 
will be very useful in some situations where low processing temperature is 
desirable, for example, we will use L-SiN in hybrid integration of SiN with 
quantum dots, given the fact that the optical quality of the quantum dots is 
maximally preserved when limiting the process temperature [60]. 
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Figure 2.22: (a) Waveguide losses at different widths of H-SiN (270 °C) and L-
SiN (120 °C) layers deposited at low RF frequency in (a) and of H-
SiN (270 °C) layers deposited at different RF frequencies in (b), 
obtained by linearly fitting waveguide-length dependent transmission. 
The thickness of all waveguides is ~200 nm. The inset in (a) shows the 
transmission (normalized to the reference waveguide) of 2μm-wide 
waveguides at different lengths together with the corresponding linear 
fits of the slopes for different types of waveguide, indicating a very 
small discrepancy between the measured and fitted results. 

As seen from optical index measurement, the RF frequency is another 
important parameter that can affect the material properties, particularly in terms 
of absorption. We measured the losses of waveguides fabricated from H-SiN 
films deposited at high RF frequency (13.56 MHz) and present the result in 
Figure 2.22(b). For comparison, the result of low-frequency H-SiN is also re-
plotted. It is obvious that the high-frequency SiN exhibits higher losses 
compared with low-frequency SiN at the same waveguide width and this loss 
difference, considering similar etching and dimensions in both waveguides, is 
mainly due to material absorption. In 2.0μm-wide waveguides where the 
absorption loss is dominant over the scattering loss the measured data gives a 
good estimate for the material absorption, which at 900 nm is ~5.7 dB/cm larger 
in high-frequency SiN compared to low-frequency SiN. It is speculated that this 
higher material absorption coefficient is related to the fact that these films are 
Si-rich, resulting in a large content of Si-Si bonds in such nitride film possibly 
along with the formation of Si nanocrystals, those phenomena likely to be 
favored under high RF frequency but inhibited under low RF frequency [29]. In 
addition, the effect of RF frequency on material absorption appears to be 
reduced at low deposition temperature. Nevertheless, from now on, we focus 
only on low-frequency SiN films in further fabrication except where otherwise 
mentioned. 

For practical applications, the loss of single-mode waveguides is of most 
interest. From the calculation, the upper cutoff width for single-mode operation 
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is ~1.2 μm, corresponding to a measured loss below 2.0 dB/cm for H-SiN as 
shown in Figure 2.22. Therefore, we can state that a single-mode loss of ~2.0 
dB/cm has been achieved in strip SiN waveguides. Although extensively 
optimized, the contact lithography used is still the biggest limitation in defining 
narrow waveguides with less imperfections, given that we are coming close to 
the theoretical resolution limits. Lower loss single-mode waveguides could be 
realized by reducing waveguide thickness and increasing the width, thereby 
relaxing pattering tolerances. In Figure 2.23(a), we show the simulation results 
for 135nm-thick waveguides and clearly see that the upper cutoff width for 
single TE mode operation is close to 1.8 μm. The mode in this waveguide is less 
confined in the SiN region than the mode in the 200nm-thick SiN waveguide. 
We experimentally verified this and show the measured losses in Figure 2.23(b). 
At a width of 1.5 μm, well below the cutoff width, we obtain a propagation loss 
of ~1.0 dB/cm as shown in Figure 2.23(b).  

 

Figure 2.23: (a) Calculated effective index neff of 1st and 2nd TE modes as a 

function of waveguide width with t=135 nm thickness at λ=900 nm. 
The inset shows the field profile of the 1st TE mode in a 1.5 μm wide 
and 135 nm thick waveguide. (b) Measured waveguide losses at 
different widths with thickness of ~135 nm, obtained by linearly 
fitting waveguide-length dependent transmission. To cancel out the 
bending loss the data of the reference straight waveguide doesn’t take 
part in the fit. The inset in (b) shows the transmission of 1.5 μm wide 
waveguides at different lengths together with the linear fit of the slope. 

Nonetheless, a thinner waveguide results in a lower mode confinement factor 
of ~35% in 135 nm SiN thickness compared with ~60% in 200 nm SiN. As a 
consequence, the minimum bend radius to ensure low bending loss will 
significantly increase. For comparison, in a 1.2μm-wide waveguide the bend 
radius to maintain a ~1.0 dB/cm loss level is 100 μm for 135 nm thickness, 
whereas it is only 15 μm for 200 nm thickness. In addition to controlling the 
bending loss, a special design strategy is needed to reduce the scattering loss due 
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to mode mismatch between straight and bend parts, and this often becomes more 
critical for thinner waveguides. As an experimental proof, we obtained an extra 
~2.4 dB loss in 2μm-wide spiral waveguides which include 32 bends compared 
to that of a straight waveguide. Considering simulations show the bending loss 
of 2 μm wide waveguides is negligible, this excess loss can be attributed to 
mode scattering at straight-bend transitions. In 200nm-thick waveguides we do 
not observe such loss. Therefore, there is a trade-off between waveguide loss 
and other requirements in integrated photonics and the waveguide design should 
be carefully optimized for a given application.  

II. Waveguide loss @ λ = 638 nm 

Next we explore the waveguide loss at visible wavelengths. In this case the 
thickness of the waveguide is set at ~140 nm in order to suppress TM modes and 
thus to a maximum extent get rid of their reflection in measured losses. To 
increase the coupling efficiency, we use single-mode lensed fibers designed for 
operation at ~720 nm. The measured insertion loss for one waveguide facet is ~4 
dB. Figure 2.24(a) shows the measured losses for different waveguide widths. 
For 2.0 μm-wide waveguides we obtain losses as low as 1.16 dB/cm and 2.05 
dB/cm for H-SiN and L-SiN waveguides, respectively. From the images in 
Figure 2.24(a) and (b), it is obvious that in terms of defects the fabrication is 
quite uniform over the measured area yet that the scattering loss is clearly 
noticeable. Especially, below 1.0 μm width the scattering related to the reaching 
the limit of the lithography process rapidly increases and becomes the main 
contribution to the waveguide loss as shown in Figure 2.24(a). It can be 
reasonably expected that a loss level of 2.0 dB/cm for H-SiN and 3.0 dB/cm for 
L-SiN in single-mode waveguides could be achieved by using high-resolution 
lithography. We should also point out that with the current thickness the bending 
loss due to mode mismatch is still high and a thicker waveguide design would be 
beneficial to reduce this loss even without special bend design. 
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Figure 2.24: (a) Waveguide losses at different widths for H-SiN and L-SiN, 

obtained by linearly fitting waveguide-length dependent transmission. 
The thickness of all waveguides is ~140 nm and the loss is measured 
at 638 nm. The inset in (a) shows the camera-recorded image of light 
propagating in a 1.0 cm-long spiral waveguide. (b) The micrograph of 
the transmission through a 8.0 cm-long waveguide. 

III. Waveguide loss @ λ = 1310 nm and λ = 1550 nm 

Since transparency over a wide wavelength band is one of the main advantages 
of SiN photonics, it is important to examine the waveguide loss also at telecom 
wavelengths. We fabricated both H-SiN and L-SiN waveguides and characterize 

their losses in the 1260−1360nm wavelength range using a tunable laser source. 
While the designed thickness was ~400 nm, the fabricated samples had 
thicknesses of ~350 nm for H-SiN and ~450 nm L-SiN. Again we use single-
mode lensed fibers optimized for 1550 nm, and the measured insertion loss for a 
single waveguide facet is ~3-3.5 dB. First we measure the loss for H-SiN and L-
SiN films at a fixed wavelength of 1310 nm and show the results in Figure 
2.25(a). Note that for H-SiN, the data of the waveguides with 0.8 μm design 
width is missing: the actual fabricated devices had a reduced width of ~0.65 μm 
and exhibited very high modal loss. The results show that, compared to the 638 
nm or the 900 nm data, the loss decreases more gradually with increasing the 
width. We believe this can be attributed to the reduced impact of scattering at 
longer wavelength. At 2.0 μm width, we obtain a loss of 0.95 dB/cm and 1.24 
dB/cm for H-SiN and L-SiN films, respectively. The small difference between 
both types of SiN films indicates that the intrinsic absorption is comparable 
within the measured spectrum. From numerical calculations, the upper cutoff 
width for single TE mode waveguide is ~1.5 μm and hence we can state that a 
loss of ~2.0 dB/cm in a single-mode waveguide for both SiN films has been 
attained. 

We also investigate the waveguide loss over the whole O-band spectrum by 
sweeping the transmission from 1260-1360 nm. Figure 2.25(b) shows the 
transmission spectra of 1.5μm-wide waveguides of different lengths whereby the 
spectra are normalized to the reference waveguide to remove wavelength-
dependent laser power and coupling responses. Note that there is a ~2 dB peak-
to-peak amplitude variation of the transmission originating from the interference 
between transmitted and reflected (by cleaved facets and taper sections) beams 
(mainly 1st TE mode). It is clear that the transmission is almost flat over the 
whole spectrum and the reduction of transmission with increasing length shows 
negligible dependence on the wavelength. To illustrate this explicitly, we extract 
the waveguide loss simply using 1 cm and 8 cm transmission data and plot it 
versus wavelength in the inset of Figure 2.25(b) showing that the loss over the 
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entire spectrum varies between 2.0−2.5 dB/cm. A similar behavior of waveguide 
loss versus wavelength is found for L-SiN. These results let us the conclude that 
there are no intrinsic absorption peaks within the O-band spectrum in our SiN 
deposited at either high or low temperature, making them suitable for passive 
integrated photonics at O-band wavelengths. 

 

Figure 2.25: (a) Waveguide losses at different widths for H-SiN and L-SiN 
measured at 1310 nm, obtained by linearly fitting waveguide-length 
dependent transmission. The IR camera-recorded image in the inset 
illustrates the light propagating in a 1.0 cm long and 1.2 μm wide 
spiral waveguide. (b) The transmission spectra of 1.5 μm wide H-SiN 
waveguides of different lengths, normalized to the reference 
waveguide. The inset shows the wavelength dependent loss extracted 
from 1 cm and 8 cm waveguide lengths.  

Last, we are also interested in the material absorption in PECVD SiN films 
around 1550 nm and the impact of the earlier mentioned hydrogen content on 
this absorption. Figure 2.26 presents the spectra of a ~1cm-long H-SiN 
waveguide before and after an annealing process. The data of an as-deposited 

SiN waveguide are recorded by using a broad infrared LED source (1450−1700 

nm) and a tunable laser (1500−1630 nm) and both give nearly the same results. 
It is clearly seen that in the as-deposited SiN waveguide there is a prominent 
intrinsic absorption band with a width more than 70 nm centred at ~1520 nm.  
This absorption band is attributed to the second overtone absorption of the N-H 
stretching vibration. This material absorption can result in an additional 
waveguide loss of ~15 dB/cm. In fact, from the experimental data the loss above 
1590 nm in as-deposited waveguide is comparable to that at 1310 nm. Thus the 
absolute waveguide loss would be around 16 dB/cm at 1520 nm. The material-
absorption limited waveguide loss can be partially removed by an annealing 
process to reduce the content of hydrogen. We carried out two-hour annealing at 
1000 °C in a nitrogen ambient for an as-deposited waveguide and record the 
transmission in Figure 2.26. Obviously, the absorption at the peak position is 
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significantly reduced by a value of ~10 dB/cm, while the annealing doesn’t 
change the properties away from the absorption band, for example from 1590 
nm to 1630 nm. Although annealing results in a distinct improvement, the 
material loss in SiN due to hydrogen cannot be eliminated completely. Besides, 
annealing at high temperature also increases stress and creates cracks in the SiN 
film, resulting in low fabrication yields. Lastly, the material loss at ~1520 nm in 
PECVD SiN film can be reduced by optimizing the deposition conditions but 
that goes beyond the objectives of this thesis. 

 

Figure 2.26: Transmission spectra of as-deposited and post-annealed 400 nm 
thick and 2 μm wide SiN waveguide with ~1 cm length. The spectra 
are recorded with a broad LED source and a tunable laser source and 
normalized to the associated source spectrum measured by tip-to-tip 
fiber coupling. 

Finally, we summarize the losses for 2 μm wide waveguide measured at 
three wavelengths both for 270 °C and 120 °C SiN films in Table 2.1. For single 

TE mode waveguides, the losses are correspondingly ~1−2 dB/cm higher than 
those in 2 μm width for 900 nm and 1310 nm. It is believed that the loss levels at 

these wavelengths at least represent the wavelength bands of 600−900 nm and 

1260−1360 nm. Further, given no intrinsic absorption mechanism has been 

reported in PECVD SiN between 900−1260 nm, we believe that low loss 
waveguides can be obtained from visible to O-band infrared wavelengths. In 
particular, we demonstrate that the fabrication of those waveguides can be 
carried out using conventional contact lithography and relatively low-
temperature processes. 
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Table 2.1: The summary of waveguide losses at different wavelengths for 
PECVD SiN films deposited at 270 °C and 120 °C. 

2.4 On-chip integrated high-Q SiN microdisk 
resonators 

On-chip integrated microresonators like traditional optical cavities internally 
provide light confinement on a temporal and a spatial scale and potentially allow 
manipulations of photon lifetime and density. More importantly, the integrated 
resonators enable a controllable and easy exploitation of these unique properties 
of a resonator by on-chip coupling via waveguide wires. Because of the 
possibilities of mass fabrication and high reliability offered by using CMOS 
technology, on-chip microresonators are attractive for a wide range of 
fundamental studies and applications including cavity quantum electrodynamics, 
nonlinear optics, optomechanics, ultra-low threshold lasers, optical interconnect 
and communication, and optical sensing. In many fields, a high quality factor, an 
effective mode coupling scheme, and a compact cavity are highly desirable. In 
the context of SiN photonics, it remains a challenge to achieve these 
requirements due to the relatively low optical index contrast with respect to the 
substrate (commonly oxide), processing issues, and material absorption. In fact, 
by solving some of these problems, as mentioned before, other authors have 
demonstrated several types of SiN resonators with high Q factors but often 
required large dimensions. 

In this section, on the basis of the previously developed low-loss SiN 
platform using a PECVD process at a relatively low temperature of 270 °C, we 
develop SiN waveguide-coupled high-Q SiN microdisks with radii of only a few 
micrometers by using a free-standing design and a vertical coupling scheme. We 

experimentally demonstrate an intrinsic Q factor of more than 1.5×105 together 
with a finesse of 2300 (free spectral range of ~30 nm) in a disk with only 15 μm 

diameter operating in the range of 1260−1360 nm and a Q factor of 1.2×105 in 

the 730−850 nm wavelength range. Furthermore, it is shown that the coupling 
strength between the disk resonator and the bus waveguide can be readily 
changed by tuning the parameters of the geometric configuration. We also show 

Wavelength 
(nm)

Thickness
(nm)

Width (μm)
Waveguide loss (dB/cm)

270 °C 120 °C

638 ~140 2 1.16 2.05

900 ~200 2 0.94 1.88

1310 350−450 2 0.95 1.24
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the ability to control the coupling between the bus waveguide and different 
radial modes of the disk resonator by taking advantage of the vertical coupling 
strategy. Our fabrication technique can be extended to LPCVD SiN films for the 
realization of ultra-high-Q and ultra-high-finesse waveguide-coupled microdisks 
operating over a broad spectrum, and we will also give some preliminary results 
on such devices. 

2.4.1 Basics of microdisk resonators 

Dielectric microdisks form an important class of optical microresonators and can 
support high-Q resonances, well-known as whispering gallery modes (WGMs), 
the name of which originates from the study of acoustic waves. These modes are 
confined by continuous total internal reflection along the periphery of the disk 
and can circulate in the cavity for a long time thus leading to high-Q factors. The 
WGMs can be found in several geometries typically with circular perimeters 
including microrings, microspheres, microtoroids, and cylinders. Among those 
microdisk and ring resonators are of great value in integrated cavities due to 
their compatibility with planar fabrication techniques.  

The WGMs are a set of eigenstates of the electromagnetic (EM) field in a 
resonator system and their properties such as resonance frequency and mode 
structure can be in principle obtained by solving Maxwell’s equations under 
given boundary conditions. However, in most realistic resonators it is impossible 
to accomplish this goal analytically and numerical methods are needed for 
accurate calculation. Here we give a brief theoretical description of WGMs as 
they occur in our disk structure and then introduce basic parameters for a 

microcavity. Consider a time-harmonic electromagnetic field ۴ =  ୧ఠ௧ି݁(ܚ)۴
with angular frequency ω where F = {E, H}, in a source-free and homogeneous 
dielectric medium. Then Maxwell’s equations can be simplified to the time-
independent Helmholtz’s wave equations: 

2 2 2
0( ) ( ) ( ) 0k n∇ + =F r r F r ,  (2.1) 

where k0 is the free-space wave number, ݇଴ = ߱ඥߝ଴ߤ଴ = ߱/ܿ  with ε0 the 

permittivity, μ0 the permeability of free space and c the speed of light in vacuum, 
and n is the refractive index of the medium. In a thin microdisk, the modes only 
propagate in the disk plane and the finite vertical extension can be taken into 
account within the effective-index approximation [61, 62]. In this way, the 
problem is reduced to a two-dimensional one in which the modes can be 
separated to TE (E-field in the disk plane, H-field out of plane) and TM (H-field 
in the disk plane, E-field out of plane) polarizations and further obtained by 
solving the scalar wave equations for longitudinal field components. In the 
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cylindrical coordinates (r, φ, z) as shown in Figure 2.27(a), Hz (TE) and Ez (TM) 
are the components to be solved and using the method of separation of variables 
the solution can be expressed as following: 

( , , ) ( ) ( ) ( )zF r z R r Z zφ φ= Φ ,  (2.2) 

where Fz = {Ez, Hz}. Thus Equation (2.1) can be separated as 
2

2 2 2
0 eff2
( ) 0

d Z
k n n Z

dz
+ − = ,  (2.3) 

2
2

2
0

d
m

dφ
Φ + Φ = ,   (2.4) 

2 2
2 2
0 eff2 2

1
( ) 0

d R dR m
k n R

dr r dr r
+ + − = , (2.5) 

where neff is introduced as the effective index and m is a constant, which will be 
determined by imposing a suitable boundary condition. Equation (2.3) gives the 
standard slab mode solutions and usually only the lowest order is relevant in a 
thin disk. Considering the rotational symmetry of the disk and therefore the 
periodicity condition, Equation (2.4) results in a set of eigenfunctions of the 

form Φ = ଵ√ଶగ ݁±୧௠థ  with associated eigenvalue of m being an integer, thus 

giving rise to the azimuthal mode number. The radial distribution is given by 
Equation (2.5) called the Bessel equation of the m-th order whose solutions are 
Bessel functions. Considering the wave function to remain finite inside the 
cavity and outgoing wave condition, the radial mode solution is given by  

0 eff

(1)
0

( )    
( )

( )        

m m

m m

a J k n r r R
R r

b H k r r R

≤
=  >

,  (2.6) 

where Jm is the Bessel function of the first kind and m-th order and Hm
(1) is the 

modified Bessel function of the first kind and m-th order (also called the Hankel 
function of the first kind). Applying the boundary condition at the interface of 
disk and surroundings leads to a characteristic equation which determines a set 

of discrete eigenvalues of neff and resonance frequencies ωnm with n denoting the 
n-th zero of the characteristic equation and associated with the radial mode 
number. Thus WGMs can be labeled with (n, m) in thin disk. Intuitively, n gives 
the number of field maxima in the radial direction in disk and m gives the 
number of wavelengths around the disk. Always the modes with lower n but 
higher m possess larger Q factors. Also note that due to rotational symmetry the 
modes (±m) are two-fold degenerate in frequency, corresponding to 
counterclockwise and clockwise traveling waves in the azimuthal direction.  
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The above mathematical analysis gives us a qualitative understanding of the 

WGMs in a simplified geometry. For a real three-dimensional disk, the modes 
will be quasi-TE and quasi-TM (hereafter still referred to as TE and TM) and the 
above theory cannot precisely calculate characteristic quantities of the WMG 
such as resonance frequency and quality factor, or even the coupling behavior 
for a complex structure. Therefore, numerical computing methods are required 
in photonic modeling and device design. We use both the commercial finite-
difference time-domain (FDTD) solutions from Lumerical [63] and a freely 
available FDTD software package developed at MIT [64, 65]. The latter also 
supports cylindrical coordinates and thus simulates more efficiently for 
structures with axial symmetry such as the disk resonator. In Figure 2.27(b) we 
show a typical 1st order (fundamental) TE WGM profile in a SiN disk simulated 
with FDTD. For this mode Er is dominant and m=34 (34 periods for the 
oscillation of electric field around the perimeter of the disk). To illustrate the 
difference of the modes with different radial mode number, we also calculate the 
mode profiles of the 2nd and 3rd order radial TE modes and compare them with 
the 1st order mode in Figure 2.27(c). It is obvious that the number of field 
maxima (|E|2 has the same pattern and is not shown here) is equal to the radial 
order n and that higher order radial modes are weakly confined manifested by a 
distinct radiation pattern, resulting in lower Q factors.  

 

Figure 2.27: (a) Disk with radius R and thickness t in cylindrical coordinates. 
The red trajectory schematically depicts WGM. (b) FDTD simulated 

TE(1,34) WGM mode pattern in r-φ (left) and r-z (right) planes of a 

SiN (index ~1.92) disk with R=5 μm and t=400 nm in air (λres~1300 
nm). (c) TE WGMs of different radial orders of n=1, 2, 3. The m 

number is chosen so that the resonance λres is around 1300 nm. The Q 

factor are 1.6×107 (n=1), 1.6×104 (n=2), 1.6×102 (n=3). 

The WGMs in a microdisk can be characterized by some basic parameters 
including the Q factor as already mentioned, free spectral range, finesse, and 
mode volume. These parameters can be obtained by simulation or by 
measurement. 
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Q factor 

In an ideal optical cavity, the mode oscillates inside at a deterministic frequency 
for infinitely long time. However, due to the dissipation of energy in a real 
cavity, the field of the mode decays with time and the extent of decay is 
measured by a dimensionless quantity, i.e., the Q-factor of the mode, which is 
defined as: 

0 0

1 1P

Q Uω ω τ
= = ,  (2.7) 

where U is the EM energy stored in the cavity, P is the outgoing power, ω0 is the 

resonance frequency and τ is the energy storage time (photon lifetime) [66]. 

From this definition, the EM energy within the cavity decays as e-γt with γ =1/τ 

=ω0/Q and thus the field of the cavity mode oscillates with a complex frequency 

as ۳ ∝ ݁ିఊ௧/ଶି୧ఠబ௧. The frequency distribution for the resonance power can be 
obtained by the Fourier transform of the time-varying field and is given by 

2

2 2
0 0

1
( )

( ) ( / 2 )Q
ω

ω ω ω
∝

− +
E . (2.8) 

Therefore, the resonant line shape of power has a Lorentzian peak in the 

frequency domain with a full width δω at half-maximum and δω = ω0/Q. Thus 
the Q factor can also be expressed as 

0 0Q
ω λ
δω δλ

= ≅ ,   (2.9) 

where λ0 is the wavelength at resonance and δλ is the full width of the 
wavelength-dependent line shape function. Since the Q factor defines a photon 

lifetime of τ = Q /ω0 for the optical power to decay to 1/e, the corresponding 

decay length L is simply calculated as L=cτ/neff, where neff is the effective index 
of the mode 2 . Thus we can relate the Q factor to an effective absorption 

coefficient α=1/L as 

eff

0

2 n
Q

π
αλ

= .   (2.10) 

This expression is useful to calculate the Q factor for a given absorption 
coefficient. 

                                                            
2 Sometimes, the group index ng of the mode is adopted instead. In the case SiN, the 
difference between neff and ng is small. 
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The Q factor of a resonant mode is determined by all loss mechanisms in the 

cavity, and according to the definition in (2.7) the overall Q can be written as ܳିଵ = ∑ ܳ୧ି ଵ୧ , where Qi relates to the contribution of the i-th loss mechanism. 
In the case of a SiN disk, the total Q factor (also called loaded Q) consists of 
loss contributions such as modal loss (i.e. radiation loss), volume material 
absorption, scattering loss (both volume and surface), surface absorption (at 
interfaces), and external coupling loss (e.g. to a waveguide), given by  

-1 -1 -1 -1 -1 -1 -1 -1
tot rad mat scat s.a. coup int extQ Q Q Q Q Q Q Q= + + + + = + , (2.11) 

where Qint (unloaded Q) excluding the coupling loss contribution is also referred 
to as the intrinsic Q factor. The radiation loss related Qrad is inherent in WGMs 
due to incomplete confinement of photons by a curved reflection boundary and 
hence strongly depends on disk dimensions (approximately an exponential 
increase with growing radius) and index contrast. This Q factor can be 
calculated by using FDTD simulation. The material absorption limited Qmat is 
universal and easily obtained using the expression (2.10). However, it is difficult 
to measure the material absorption coefficient with high accuracy in deposited 
SiN films due to its relatively small magnitude. The loss measurement of long 
waveguides, as performed previously, can give a good estimation of material 
loss, provided other losses in measured waveguides are negligible. The Qscat due 
to volume scattering actually can be wrapped with material loss and assumed to 
be large enough. The scattering loss by surface roughness, however, is likely to 
be a main limitation for realizing high-Q integrated microresonators. For the 
surface, roughness comes from the fabrication process and remains challenging 
to be reduced. The surface absorption (1/Qs.a.) can be ignored in our disk. The 
Qext due to coupling between disk and waveguide is of practical importance in 
devices and can be readily tuned in the design. Finally, the total Q factor is 
determined through the expressions (2.7) or (2.9) and experimentally attained by 
exciting WGMs in the disk and measuring the response in the time or frequency 
domain. For example, obtaining a transmission spectrum by scanning the laser 
through a resonance is commonly used for measuring Q factors up to 108, and 
will be employed in this thesis. Alternatively, the photon lifetime can be directly 
recorded in the time domain using a lifetime measurement set-up [67].  

Free spectral range, finesse, and mode volume 

The WGMs in a disk have to satisfy a quantized resonance condition the same as 
the standing-wave condition in a Fabry–Pérot interferometer, given by 

eff2m Rnλ π=  ,  (2.12) 
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where m is the azimuthal mode number, λ is the resonance wavelength, R is the 
geometrical radius of the mode, and neff is the effective index of the mode. The 
free spectral range (FSR) is defined as the wavelength (frequency) spacing Δλ 

(Δω) between adjacent WGM resonances. In weakly dispersive WGMs, we have ݊୥(ߣ) = ݊ୣ୤୤(ߣ) − ߣ ୼௡౛౜౜(ఒ)୼ఒ , where ng is the group index. Then the FSR can be 

expressed as 

2

g g

,     
2

c

Rn Rn

λλ ω
π

Δ = Δ = .  (2.13) 

Clearly, a smaller disk results in larger FSR. In practice, it is much easier to 
realize a small FSR, whereas it is much more difficult to achieve a larger one 
together with an acceptable Q factor although this is what is needed for 
important applications like single-mode operating lasers. 

By combing the Q factor and the FSR, we can introduce an important figure 
of merit of a cavity, the finesse, defined as 

Finesse
FSR FSR Q

δλ λ
⋅= = .  (2.14) 

The finesse directly relates to some physical quantities in a cavity, for instance, 
the field enhancement factor in a cavity is proportional to the cavity finesse. It is 
always desirable to have a large finesse, intuitively meaning high Q in a 
relatively small disk, but it is challenging to achieve. To the best of our 
knowledge, the state-of-the-art finesses for on-chip integrated resonators (Si, 

SiN, …) are ~104 at ~1550 nm [17, 36] and ~1.5×103 at ~650 nm [34, 35]. 
Apart from temporal confinement described by the Q factor, in many 

applications, the spatial confinement is equally important and is characterized by 
the mode volume (V). A common definition for the mode volume related to the 
energy density of the mode is given by 

( )
2 3

2

( ) ( )

max ( ) ( )
v

d r
V

ε

ε
=  r E r

r E r
,  (2.15) 

where the integral is performed over all space. This definition is interpreted as 
the equivalent occupying volume in which the whole energy of the mode is 
distributed homogeneously at the peak value. Clearly, the mode volume 
measures the extent of energy concentration on spatial scale and a small value 
implies a higher photon density in the cavity. This then leads to an increased 
light-matter interaction, which is critical in many studies such as nonlinear 
optics at a low power level, ultra-low threshold lasers and single-photon emitters 
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based on the enhancement of spontaneous emission. In the disk, the mode 
volume shows an approximately linear dependence on the radius of the disk and 
a smaller disk obviously benefits the lower mode volume. 

On-chip waveguide coupling to microdisk 

Most cavity parameters can be probed by the external excitation of WGMs in 
the cavity. Moreover, further exploitation of unique optical functions in an 
integrated cavity requires efficient and controlled excitation through co-
integrated waveguides, which can provide robust and reproducible coupling to 
on-chip resonators. In this thesis, a simple waveguide-disk coupling design is 
adopted by using an evanescent coupling technique, as schematically shown in 
Figure 2.28. This design allows achievement of efficient and controllable 
coupling, due to natural phase matching of the modes in the SiN waveguides and 
disks and the implementation of a vertical coupling configuration as will be 
introduced later.  

 

Figure 2.28: Schematics of a waveguide-coupled microdisk. The input single 
mode in a straight waveguide is coupled to a counterclockwise WGM 
in a disk. 

For a weakly coupled cavity (Q factor is large enough, e.g., >100), the 
coupling behavior in the structure of Figure 2.28 can be described by the 

temporal coupled-mode theory [66, 68]. Consider a disk WGM of frequency ω0 

and intrinsic lifetime τ0 (determined by the intrinsic Qint), and a coupling lifetime 

τext (determined by the Qext) with a single-mode bus waveguide, and also assume 
no parasitic losses at the coupling junction (e.g., back-reflection, scattering 
losses), we can write: 

0 in
0 ext

1 1
( )

2 2

dA
i A s

dt
ω κ

τ τ
= − + + + ,  (2.16) 
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out ins s Aκ= − ,   (2.17) 

where A is overall complex amplitude (giving both magnitude and phase) and is 
normalized so that |A|2 is the cavity mode energy, sin/sout are the input/output 
field amplitudes of the waveguide mode and |sin|

2 is normalized to the input 

power, and κ represents the strength of the cavity-waveguide coupling and |ߢ| = ඥ1/߬ୣ୶୲ . Assume the excitation of ݏ୧୬ = ݁ି୧ఠ௧ , then the steady-state 

transmission through the waveguide is given by 

2

out 0 ext
2 2 2

0 0 extin

4
1

( ) ( )

s
T

s

τ τ
ω ω τ τ

= = −
− + +

. (2.18) 

Equation (2.18) results in a Lorentzian function and the loaded Q factor can be 
extracted by a fit of transmission peak/dip. Depending on the relation between 
intrinsic and external coupling decay rates, the transmission can be characterized 
by three coupling regimes. 

(i) Under coupling: τ0 < τext, the waveguide coupling is weak and the 

cavity decay rate 1/τ0 exceeds the coupling rate 1/τext. 

(ii) Critical coupling: τ0 = τext, the coupling loss is matched to the intrinsic 
cavity loss. In this case the power is completely transferred into the 
cavity mode (eventually dissipated out via intrinsic loss channels) and 
the transmission vanishes due to the destructive interference of the field 
coupled out of the cavity and the transmitted input field. 

(iii) Over coupling: τ0 > τext, the coupling rate to the waveguide surpasses 
the intrinsic decay rate. 

From Equation (2.18), a high Q factor is measured in the under- and critical- 
coupling regimes. Using Equations (2.7) and (2.11), the transmission at the 

resonance (ω =ω0) can be expressed as: 

2

0
int

2
1

Q
T

Q

 
= − 
 

,  (2.19) 

where Q is the loaded and also the measured Q-factor. This expression can be 
used to calculate the intrinsic Q factor from the transmission spectrum obtained 
in the under- or critical- coupling (2Q > Qint). 

2.4.2 Design and fabrication 

Our waveguide-disk design is based on SiN platform and therefore the important 
condition of phase matching for the evanescent coupling is naturally satisfied. 
The cross sections of the disk and waveguide are designed as an ideal rectangle 
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shape which can be perfectly produced using the previously developed etching 
process. As coupling geometry, due to several reasons we choose vertical 
coupling configuration in which the top free-standing SiN disk is vertically 
coupled to the bus SiN waveguide on the bottom as shown in Figure 2.29(a). A 
first consideration is that the space separation (i.e., coupling gap) between the 
waveguide and disk can be realized by a deposition step, rather than a 
lithographical definition and etching step used in lateral coupling. Thus the 
lithographic resolution limit is avoided and a coupling gap ranging from tens to 
hundreds of nanometers can be precisely controlled, and meanwhile the 
individual fabrication processes, especially in the disk layer, can be improved in 
terms of lithographic and etching uniformity due to the absence of interference 
effects among complex structures. Secondarily, the vertical coupling scheme 
makes it much easier to achieve a free-standing SiN disk by using aSi as 
sacrificed layer and subsequently an alkaline-based wet etching process, due to 
huge wet etching selectivity of aSi to SiN (even low temperature SiN). Third, 
the vertical coupling structure offers more degrees of freedom in the control the 
coupling strength via tuning vertical gap or horizontal offset. In particular, 
different maxima positions of radial order WGMs in disk as seen in Figure 
2.27(c), potentially allows a respective control of the overlap of the evanescent 
fields of WGM and waveguide modes by changing underneath waveguide 
position or mode profile, making selective coupling among radial order modes 
possible. In a side-coupled design, however, coupling simultaneously occurs in 
all radial modes often featured in a complex transmission spectrum with all 
radial modes present. A further advantage of vertical coupling will be seen in the 
integration with active materials in Chapter 4.  

In vertical coupling, surface planarity is a prerequisite for accomplishing 
high-quality lithography. Using previously developed CMP processes based on 
SiO2 deposition or aSi deposition, we can have two designs of the device as 
shown in Figure 2.29(b) and (c). Since the aSi based CMP can provide extra 
spacing between disk and substrate, the WGM loss leaking to substrate is further 
reduced. Nevertheless, both will be used in passive SiN fabrication.  

 

Figure 2.29: SiN disk-waveguide vertical coupling configuration. (a) Overview 
of the free-standing SiN disk supported on aSi pillar coupled to SiN 
waveguide planarized with SiO2 CMP. (b) Cross-sectional view of the 
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coupling region of (a). (c) Cross-sectional view of another similar 
vertical coupling design but coupled to an air-cladded waveguide 
realized with aSi CMP. 

Design 

The SiN waveguide and disk are designed for the O-band wavelengths because 
of the availability of a high-resolution tunable laser source. The design can be 
easily scaled to longer or shorter wavelengths and as an example a 

demonstration of a high-Q SiN disk operating in the 700−900 nm wavelength 
range will be given later in this chapter. First, we use a SiO2 CMP process 
resulting in the device illustrated in Figure 2.29(a) and (b). The SiN disk is 
suspended on aSi pillar and vertically coupled to a straight bus SiN waveguide 
buried in a SiO2 cladding with a smooth top surface. The parameters of the 
geometry are listed in Table 2.2.  

 

Table 2.2: Structural parameters of the SiN waveguide-disk design. 

Following FDTD simulations, we choose a thickness of 400 nm for both the 
waveguide and the disk layers, guaranteeing a fundamental TE mode with a low 
loss at ~1310 nm. The width of the bus waveguide is designed in the range of 

0.8−1.5 μm with the actual fabricated width being ~0.6−1.4 μm. Below 1.4 μm, 
the waveguide perfectly operates in single TE mode and therefore only TE 
WGMs in the disk are excited. The diameter of the SiN disk is changed to study 
the properties of the WGMs such as Q factor, FSR, and coupling behavior of 
modes of different orders. The coupling gap, defined as the vertical spacing 
between the waveguide top and the disk bottom, is determined by the thickness 

of the aSi pillar and varies in the range of 150−700 nm. The horizontal offset is 
defined as the relative distance of the center of the bus waveguide with respect 
to the edge of the disk and varies from -450 nm to +450 nm with the bus 
waveguide moving away from the disk as schematically indicated in Figure 
2.29(b). The undercut distance d, as shown in Figure 2.29(b) should be 
sufficiently deep to eliminate leakage of the TE WGMs to the aSi pillar. We 
performed a simulation of the Q factor (Qrad) as a function of the undercut 
distance for the disk with a 15 μm diameter and 400 nm gap, as shown in Figure 
2.30(a).  It can be seen that the aSi pillar has negligible influence on the Q of the 
1st radial TE modes in the disk when the undercut distance is above 2.0 μm 
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wg width
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gap offset
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(which is insufficient for higher order TE modes however, e.g., > 3.0 μm for 2nd 
TE WGMs). In Figure 2.30(b) we show the typical fundamental TE WGMs in a 
free-standing SiN disk. The mode is well confined in the SiN layer with little 
leakage loss to the substrate.  

 

Figure 2.30: FDTD simulated Q factor of the 1st TE mode around 1300 nm for 
different undercut etch distance, with a fixed pillar of 400 nm height 
and a diameter of 15 μm for the disk SiN. Inset: simulated structure. (b) 
The 1st TE(1,53) mode profile of radial electric field and intensity for 
the disk with an undercut of 3 μm. 

The influence of the substrate on the Q factor is further illustrated in Figure 
2.31(a), which shows the Q factor as a function of aSi pillar height. The Q-factor 
nearly exponential grows with increasing the height (gap). From the mode 
distribution in Figure 2.31(b), it is clear that the mode of the SiN disk directly on 
the SiO2 exhibits higher radiation loss to the substrate compared with that in a 
disk suspended over the substrate. Evidently, the free-standing design can enable 
high Q WGMs even in small disks. 

 

Figure 2.31: (a) Simulated Q factor of the 1st TE mode around 1300 nm as a 
function of aSi pillar height (gap) in a 15μm-diameter disk. (b) The 
electric field distribution of the modes with 0 and 400 nm height. 

In Figure 2.32, we present the simulated Q factors for different disk 
diameters. The mode number (n,m) is chosen so that all resonances are around 
1300 nm for comparison. It can be seen that the Q factors of the 1st and 2nd radial 
TE modes increase exponentially with the diameter, and the 1st modes have an 
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average 1-2 orders higher Q than the 2nd modes. Besides, the 1st TM modes have 
an even lower Q than the 2nd TE modes. 

 

Figure 2.32: Simulated Q factors of the 1st and 2nd TE modes around 1300 nm as 
a function of disk diameter. The aSi pillar is set at 400 nm height and 
the undercut is 3.5 μm. 

Last, we calculate the coupling strength between the bus waveguide and the 
disk by performing three-dimensional FDTD in which only the coupler region is 

simulated to calculate the power coupling efficiency (η) per round-trip. We 
hereby also exploit a mode-expansion technique integrated in Lumerical FDTD. 
We investigate the effect of waveguide width and offset on the coupling 
efficiency and plot the results in Figure 2.33. First, at a fixed offset, as shown in 

Figure 2.33(a) the η of the 1st TE mode remains almost unchanged except for 
very narrow widths (in fact the waveguide is lossy below 650 nm width), while 

the η of the 2nd TE mode exhibits an exponential decay with widening the width. 
Therefore, by using a wider waveguide, the higher order radial modes can be 
suppressed efficiently yet without changing the coupling strength for the 1st 
modes. In practice, the 1st order modes, which always have larger Q, can be 
excited firstly at critical-coupling regime accompanied by the maximum 
transmission extinction in the spectrum. At that point the higher order modes 
with lower Q are still far under coupled and thus barely excited. On the other 

hand, from Figure 2.33(b), the η for both TE orders approximately decrease 
exponentially with increasing the offset, due to reducing field overlap of the 
modes. Thus an appropriate choice of offset can result in critical coupling for the 
2nd order modes while the 1st order modes are already over coupled with the 
resulting shallow transmission dip. Consequently, we are able to achieve 
selective coupling between the WGMs of different orders. Note that there are 
still additional degrees of freedom in adjusting the coupling, such as the 
coupling gap, the thickness and shape of the bus waveguide. 
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Figure 2.33: The simulated power coupling efficiency (η) per round-trip at 
~1300 nm between fundamental TE waveguide mode and the 1st and 
2nd TE WGMs in the 30μm-diameter disk, as a function of  waveguide 
width (a) and offset (b). The gap is fixed at 400 nm and air-cladding 
waveguide is used.  

Fabrication 

The SiN and SiO2 are deposited using 270 °C PECVD, the aSi using 180°C 
PECVD, which results in a smooth surface. The previously optimized contact 
lithography and RIE processes are used throughout the fabrication. The mask is 
designed so that within a block of the die we can have a group of differently 
sized disks with each one coupled to different width waveguides at a fixed offset 
and then we repeat such block in one direction on the chip (perpendicular to the 
waveguide wires) with changing the offset to create the whole mask. In this way, 
the vertical alignment error between the waveguide and disk can be 
compensated by the offset as long as we have a large offset variation. The bus 
waveguide possesses a 200μm-long section of the designed width at the 
coupling region and is then tapered to 3.0 μm to reduce the waveguide loss and 
facilitate easier end-fire coupling. Figure 2.34 schematically shows the 
fabrication flow of the design with the SiO2 CMP process. Firstly, a 400 nm 

thick SiN is deposited onto a 2.5×2.5 cm2 Si chip with a 3 μm thermal SiO2 box 
layer and then the bus waveguide is patterned by lithography and subsequently 
transferred onto the SiN layer by RIE to form a strip waveguide as shown in 
Figure 2.34(a). After waveguide fabrication, a 1.2 μm SiO2 cladding is deposited 
and CMP is used to flatten the surface. Next, a gap layer of aSi and disk layer of 
400 nm SiN are successively deposited on the planarized substrate. Then the top 
disk is fabricated, aligned with respect to the buried bus waveguide, as shown in 
Figure 2.34(d) and (e). Finally an alkaline-based wet etching is carried out to 
undercut the aSi and realize a free-standing SiN disk supported on the aSi 
pedestal as drawn in Figure 2.34(f). We show one typical fabricated result in 
Figure 2.35. The designed configuration of the device is well realized, 

600 800 1000 1200 1400 1600
0.01

0.1

1

 1st TE

 2nd TE

 η 
(%

)

Width (nm)

offset=200nm

-600 -400 -200 0 200 400 600

0.1

1

10  1st TE

 2nd TE

width=750nm

 η 
(%

)

Offset (nm)

(a) (b)



68 CHAPTER 2 

demonstrating the suitability of our fabrication process to accomplish this 
integrated vertical coupling devices fabricated on chip scale. 

 

Figure 2.34: Schematics of the fabrication flow of SiN free-standing microdisk 
vertically coupled to on-chip waveguide. (a) Definition of SiN 
waveguide. (b, c) SiO2 cladding deposition and CMP Planarization. (d, 
e) Deposition of aSi and SiN and definition of SiN disk. (f) Undercut 
etching of aSi. 

 

Figure 2.35: Fabricated SiN waveguide-disk coupled device with 15 μm 
diameter disk. (a) Optical images of an array of disk and (b) a selected 
disk. (c) SEM images of the disk and (c) enlarged view of the coupling 
region as indicated with the dashed red box in (c). 

2.4.3 Characterization and discussion 
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The fabricated devices are characterized by taking transmission spectra from 
1260 to 1360 nm. A tunable laser source is coupled to the cleaved facets of the 
bus waveguide on the same setup used for waveguide loss measurements. First, 
we characterized a chip with a measured aSi pillar of ~500 nm height and ~3.3 
μm undercut. Both disk parameters and coupling tunability are characterized and 
discussed. 

Q factor of the disk 

The fabricated devices are characterized by taking transmission spectra from 
1260 to 1360 nm.  A tunable laser source is coupled to the cleaved facets of the 
bus waveguide on the same setup used for waveguide loss measurements. The 
input power is set low enough (< -25 dBm) to avoid thermal effects. First, we 
characterized a chip with a measured aSi pillar of ~500 nm height and ~3.3 μm 
undercut. In Figure 2.36, we show the transmission of a set of disks with 
different radius coupled to waveguides of the same width at the fixed offset. 
Under these conditions, the smaller disks are under coupled due to their lower 
intrinsic Q while the larger ones are nearly critically coupled. Note that the 

background oscillation with 1.5−2 dB peak-to-peak amplitude, as seen from the 
inset in the spectrum of the 10μm-diameter disk, comes from the interference 
between transmitted and beams reflected by the facets. The transmission spectra 
clearly feature sharp dips at the WGM resonances and a flat transmission 
without parasitic insertion losses in the off-resonance regions. In addition, more 
than 20 dB maximum transmission extinction can be achieved near critical 
coupling. This shows our vertical coupling scheme provides an efficient way of 
exciting disk WGMs via an on-chip single-mode straight waveguide. The 
variation of the resonance wavelength on chip scale is less than 1.0 nm, 
implying excellent uniformity of the fabrication processes. In Figure 2.36, for 
smaller diameters, only the pure 1st order radial TE mode family is present in the 
spectra. For the 30μm-diameter disk, the 2nd radial mode family is also excited. 
In line with the simulations it exhibits a larger FSR and lower Q factor 
compared with the 1st order modes. In this way we can differentiate the 1st and 
2nd order mode families in the transmission spectra, as denoted with the red and 
blue arrows, respectively in Figure 2.36.  
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Figure 2.36: Normalized transmission spectra of the disks with different 
diameters of 2R = 10, 15, 20, 30 μm. The width of the bus waveguide 
is ~650 nm and the offset is around -120 nm. Red arrows designate the 
1st TE WGMs with fitted Q factors. Blue arrow denotes the 2nd WGMs 
in 30 μm diameter. 

By fitting a Lorentzian function, we can extract the loaded Q factors and 
from these calculate the intrinsic Qint using Equation (2.19). They are plotted 
together with the finesse for different disk diameters in Figure 2.37(a) at the 
resonance of ~1300 nm. With increasing the diameter, both Q factor and finesse 

increase and reach the maximum values of Qint=7.3×104 and finesse of 525 in 
the 30μm-diameter disk. For the smallest diameter of 7 μm, we still obtain a 

respectable Q factor of 3.7×103 and finesse of 120. Obviously, it is impossible to 
achieve these high qualities in a SiN disk which are not free-standing. To 
determine the limits for the Q factor, we come back to Equation (2.11) and 
assume the main contributions to the intrinsic Q in our disk are Qrad, Qmat, and 
Qscat. Consider the material loss of 1 dB/cm previously measured in a waveguide 

at 1300 nm, Qmat is calculated to be around 3×105 using Equation (2.10). Qrad 
can be obtained by simulation and Qscat can then be extracted using Equation 
(2.11). We plot Qscat and Qrad in Figure 2.37(b). It can be seen that the Qint in SiN 
disks of smaller diameters (<15 μm) is mainly limited by the scattering loss and 
radiation loss and that the scattering loss is dominant for larger disks. The 
scattering loss could be reduced by using even larger disks or improving the 
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fabrication process, whereas the material loss will be the main limit of the Q 
factor in our PECVD SiN disk.  

 

Figure 2.37: (a) Measured intrinsic Q factors and finesse of the 1st TE modes 
around 1300 nm as a function of disk diameter. (b) Extracted Qscat and 
simulated Qrad for different diameters.  

Tunability of the coupling between waveguide and disk 

As shown in the simulation results, the coupling strength of WGMs can be tuned 
by changing the width of the bus waveguide or the offset, allowing operation in 
different coupling regimes. In particular, due to their differences in mode 
properties and coupling behaviors, selective coupling between different mode 
orders can be realized. In Figure 2.38 we show the evolution of the transmission 
of a 30μm-diameter disk with increasing the width of the bus waveguide. In the 
spectra, the 1st order modes remain almost unchanged due since the coupling 
strength is fairly independent of the bus width. By contrast, the transmission 
depth of the 2nd order mode family is substantially reduced when widening the 
bus waveguide and eventually becomes negligible for the 1110 nm wide bus 
waveguides. This removal of the higher order modes using wider waveguide 
arises from insufficient coupling strength and therefore these modes are far 
under coupled. Thus changing the dimension of the bus waveguide offers an 
effective way of exciting only fundamental WGMs in larger disks. Note that 
when the waveguide is wide enough to support higher order modes, the 
transmission spectrum will be contaminated by the inference of higher order 
waveguide modes that can be excited by input coupling or coupling from disk 
modes. 
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Figure 2.38: Normalized transmission spectra of the 30 μm diameter disk at the 
offset of -120 nm but different widths of the bus waveguides. Red and 
blue arrows designate the 1st and 2nd TE radial modes respectively. 

 

Figure 2.39: Normalized transmission spectra of the 30 μm diameter disk 
coupled to 650 nm bus waveguide at various coupling offsets. Red and 
blue arrows designate the 1st and 2nd TE radial modes respectively. 

In Figure 2.39 we show the evolution of the transmission of a 30μm-
diameter disk with changing the offset. It is obvious that when reducing the 
offset (i.e., moving the bus waveguide closer to the disk) the 1st TE mode family 
evolves from an under coupled to the critically coupled and eventually to the 
over coupled regime, with an overall transmission dip varying from 7 dB to 20 
dB and back to 7 dB. On the other hand, the transmission depth of the 2nd order 
modes gradually increases when moving the waveguide closer to the disk, which 
indicates an increasing coupling strength for this mode family. For the offset of -
620 nm, the second order modes reach nearly critical coupling. Therefore, the 
critical coupling condition occurs at different offset for both mode families, 
mainly due to significant difference in Q factors of different order modes. A 
proper choice of coupling offset allows to excite either a certain order mode of 
interest or a collection of modes of different orders, a clear advantage of the 
vertical coupling configuration.  
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2.4.4 Further improvement of device performance 

The performance of the waveguide-disk coupled device can be improved on 
from two aspects. First, we can employ the design of Figure 2.29(c) and thus 
gain an extra spacing between disk and substrate to exponentially increase the 
radiation Q factors of WGMs as shown in Figure 2.31(a), in particular for small 
disks, while still keeping the same coupling gap between disk and waveguide. 
Additionally, it is found that the surface with direct CMP finish is much 
smoother than the as deposited aSi surface thus guaranteeing the definition of a 
more ideal disk geometry. The core of achieving such design relies on the aSi-
based CMP process. Second, further optimizing the etch process can minimize 
scattering loss. This optimization using a reflow process for photoresist in 
lithography together with a slightly modified etching process was described 
previously.  

 

Figure 2.40: Transmission spectra of the disks fabricated with aSi-based CMP 
process. The coupling gap between disk and waveguide is ~460 nm. 
The width of bus waveguide is 880 nm and the offset is around -100 
nm. The devices work at nearly critical-coupling regime. 

The fabrication flow of the structure in Figure 2.29(c) is similar to the 
processes in Figure 2.34 but using a one-step aSi-based CMP process to replace 
the SiO2-based CMP and aSi-deposition processes used before. In Figure 2.40, 
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we show the measured transmission spectra of the disks fabricated with the aSi-
CMP process, which have a similar mode structures as those made with the SiO2 
CMP design. However, the Q factor and finesse are notably improved, as shown 
in Figure 2.41(a). In the 15μm-diameter disk, we achieve a finesse of 2300 

together with an intrinsic Q factor of 1.5×105, the state-of-the-art values in 
PECVD SiN resonators. For the smallest 7μm-diameter disk, the FSR is as large 

as 45 nm with a Q factor up to 2.7×104 which is limited by radiation and 
scattering losses as shown in Figure 2.41(b). The highest Q is measured in a 

30μm-diameter disk with a record value of 2.5×105 which almost reaches the 

limitation imposed by the material loss of 1 dB/cm (Qmat=3×105). This is also 
confirmed by the saturation of the Q when further increasing the diameter of 
disk. On the other hand, from Figure 2.41(b) the Qscat is dramatically improved 
by more than one order of magnitude compared with the results in Figure 

2.37(b). In the 30μm-diameter disk, we realize a Qscat up to 1.5×106, suggesting 
it is possible to make even higher performance microdisks if we would use a 
low-loss SiN material. To prove this we used a 300 nm LPCVD SiN layer (from 
TriPleXTM technology) for disk fabrication with a slightly modified RIE etching 
condition of gases of CF4/H2/SF6 = 80sccm/7sccm/3sccm, a pressure of 20mTorr, 

and a RF power of 210 W. We achieved a Q of 3.0×105 in a 30μm-diameter in 
the first test, as shown in Figure 2.42. Higher Q is expected by using thicker or 
larger disks and by optimizing the etch processes for LPCVD SiN. We believe 
the combination of the current processing technique with LPCVD SiN will make 
it possible to realize on-chip waveguide-coupled microresonators with ultra-high 
Q, ultra-high finesse, and low mode volume. 

 

Figure 2.41: (a) Measured intrinsic Q factors and finesse of the 1st TE modes 
around 1300 nm as a function of disk diameter. (b) Extracted Qscat and 
simulated Qrad for different diameters.  
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Figure 2.42: (a) Transmission spectrum of a LPCVD SiN disk with 30 μm 
diameter fabricated with aSi CMP. (b) Measured intrinsic Q factors 
and finesse of the 1st TE modes around 1300 nm for the disks 
fabricated in 300 nm LPCVD SiN.  

Finally, it should be added that the splitting of the transmission dip is also 
observed in our measurement. This splitting, commonly encountered in high-Q 
WGM resonators, arises from scattering-induced intermode coupling of two 

degenerate eigenmodes − counterclockwise and clockwise traveling WGMs [69, 
70]. The mode splitting can result in variations of dip depth over the 
transmission spectrum due to the change of the coupling condition. 

2.4.5 Scaling working wavelength beyond 1310 nm 

The design and fabrication of vertically waveguide-coupled disks can be easily 
scaled to other wavelengths. Taking the SiN material loss and available tunable 
laser sources into account we explore the performance of SiN microdisks in the 

wavelength range of 700−900 nm. The waveguide thickness is set at ~150 nm to 
ensure single-mode operation and the disk thickness is set at ~200 nm to support 
high-Q WGMs. As a demonstration we present the transmission spectrum 
around 745 nm of a 15μm-diameter disk in Figure 2.43. We obtain an intrinsic Q 

of 5×104 with ~400 finesse, the best results reported in PECVD SiN resonators 

for visible or near infrared. Higher Q up to 1.2×105 is achieved in larger disks. 
The main limitation in Q consists of material and scattering losses. 
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Figure 2.43: Transmission spectrum of the disk with 15 μm diameter fabricated 
with aSi CMP. The width of bus waveguide is ~510 nm and the 
coupling gap is ~300 nm. The disk is under coupled. Red and blue 
arrows designate the 1st and 2nd TE radial modes respectively. 

Last, it is also of interest to characterize these disks in the telecom 
wavelengths around 1550 nm, although the material loss of PECVD SiN 
becomes large as shown previously. We present the transmission of a 30μm-
diameter disk from 1500 nm to 1630 nm in Figure 2.44(a). Clearly the 
absorption at ~1520 nm results in extra 9 dB insertion loss and the intrinsic Q of 

the mode nearby is 1.8×104, compared with the Q of 7×104 for the mode at 1600 

nm. Considering two main contributions to Qint − radiation loss (Qrad) and 
material absorption (Qmat) and using Equations (2.10) and (2.11), we extract the 
material loss for all 1st TE family modes in the spectrum and plot the result in 
Figure 2.44(b). The maximum loss is ~15 dB/cm at ~1520 nm, very close to our 
estimated result from waveguide measurement. Beyond the absorption band, e.g., 
at 1600 nm, the loss is at the level of 3 dB/cm. Nevertheless, high-Q microdisks 
working at 1550 nm can be realized simply by using low-loss LPCVD SiN and 
for the first test we demonstrate a Q up to 105 and a finesse of 1200 in a 20μm-
diameter disk with 300 nm thickness. Higher performances are definitely 
realizable in future demonstrations.  
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Figure 2.44: (a) Transmission spectrum of the SiN disk with 30 μm diameter in 
the same chip characterized in Figure 2.40. The width of bus 
waveguide is 1100 nm and the offset is around 200 nm. The disk is 
under coupled. (b) Extracted material loss for the 1st TE family modes 
in (a). 

2.5 Conclusion 

We have developed a SiN photonics platform CMOS compatible technology 
steps. By thoroughly optimizing the fabrication processes for SiN deposition and 
contact lithography, and particularly for dry etching of SiN, we achieved low-
loss waveguides of ~1 dB/cm for the wavelengths ranging from 600 nm to 1360 
nm in PECVD SiN deposited at relatively low-temperature from 120 °C to 
270 °C. On the basis of the developed SiN platform, we further designed and 
realized vertically waveguide-coupled free-standing SiN microdisks exploiting a 

unique design and the developed processes. High-Q factors (2.5×105 at 1310 nm) 
and large finesses (2300 at 1310 nm) have been demonstrated in these compact 
on-chip microresonators from the visible to the O-band telecom wavelengths, 
representing the state-of-the-art performance in integrated PECVD SiN 
resonators. Moreover, we demonstrated that our design scheme and fabrication 
technology for integrated free-standing SiN disks can be extended to LPCVD 
SiN films, thus potentially allowing for the realization of ultra-high-Q, ultra-
high-finesse, and low-mode-volume integrated SiN microresonators operating 
over even broader spectral bands. 

The current processing techniques for SiN will certainly provide valuable 
and universal guidance for future development of SiN-based photonics. The 
demonstrated high-performance SiN-photonics building blocks can be readily 
used in practical applications such as optical interconnect, nonlinear optics, 
optomechanics, and on-chip optical sensing. The developed technologies also 
form the base for the development of active SiN devices through the 
combination with active materials as will be described in subsequent chapters. 
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Development of patterning 
technique for QDs 

 

 

To develop active photonics devices using colloidal semiconductor quantum 
dots (QDs), often a patterning technique for registering QDs in predefined active 
regions is required. Since QDs are mostly synthesized and stabilized as colloidal 
dispersions in solution while the processing of photonics devices is performed 
on a planar solid substrate, it remains challenging to transfer a solid film of QDs 
with well-defined geometrical shape and position to a substrate. Moreover, 
deterministically positioning QDs at the single-dot level becomes a highly 
desired tool in not only fundamental studies but also real device applications 
such as integrated single-dot emitters for single-photon sources based on QDs, 
as currently being investigated in our group. 

In this chapter, we aim for developing a versatile and straightforward 
technique of pattering QDs on solid substrates on nanoscale and single-dot 
levels. This patterning technique allows for further applicability in the context 
both of fundamental studies and development of novel optoelectronic devices 
using QDs, for instance, precisely and efficiently locating a single QD for 
optical or electrical excitation and integrating with photonic building blocks. 
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3.1 Introduction to patterning of QDs 

Semiconductor QDs have emerged as a novel class of materials of high 
scientific and technological interest, due to their unique electrical and optical 
properties. Combined with their suitability for solution-based processing, which 
makes them compatible with a wide range of existing material technologies, this 
makes for an ideal platform for fundamental studies in nanoscience and a wide 
variety of potential applications such as light-emitting diodes, photodetectors, 
lasers, and biosensing. Whereas colloidal QDs are synthesized as colloidal 
dispersions, multiple applications need QD films with different requirements in 
terms of film area, thickness, and patterning. As a result, the geometrically 
controlled deposition of QD mono- and multilayers is an essential step for 
exploiting their unique properties in practical applications. For instance, the 
quantitative analysis of the interaction between active QDs and photonic 
components such as optical waveguides [1, 2], resonators [3-5], and surface 
plasmons [6] requires well-controlled pattern shape and accurate placement of 
QDs integrating with passive photonics. Well-controlled approaches to deposit 
QDs in nanoscale patterns can also enable QD-based devices such as light-
emitting diodes, photodetectors, modulators, or sensors to be further 
miniaturized and eventually integrated on photonic chips. 

Parallel to application development, the investigation of QD properties at the 
single-dot level has become of significant importance to deepen the 
understanding of some of their fundamental optoelectronic properties and their 
interaction with external environments. Seminal studies have addressed the 
dynamical and spectral properties of single QDs, either through photoexcitation 
or via tunneling spectroscopy [7-15] and their coupling to microcavities [16], 
plasmonic nanocavities [17], or optical antennas [18-21]. The QD properties 
these investigations revealed, such as single photon emission [7, 8, 16] and 
tunable radiation by coupling with photonic building blocks [18-21], may 
eventually promote the development of single-QD based devices, such as single 
photon sources and controlled quantum emitters. Currently, most of the achieved 
investigations with single QDs rely either on randomly deposited QDs combined 
with careful localization of target devices around targeted QDs, or on directly 
patterning QDs close to the predefined structures. Both the random approach 
and existing direct-patterning approaches of QDs, however, have very low yield 
of localizing single QDs and lack an accurate control over the QD position, thus 
limiting the experimental efficiency and hampering the development of single-
QD devices. Therefore, one of the biggest challenges for single-QD studies, and 
eventually for single-QD devices, is the ability to position a single QD at a 
predefined location with an accuracy of a few tens of nanometers or less. 
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Various approaches to deposit QDs in micrometer- and nanometer-sized 
patterns have been proposed in literature, using such methods as optical 

lithography combined with Langmuir−Blodgett (LB) deposition [22], direct 
electron-beam lithography (EBL) on LB films [23] or combined with a lift-off 
process [24-26], electrostatic self-assembly techniques [27, 28], and lithography 
assisted by surface functionalization [3, 20]. However, despite the significant 
progress made in patterning QDs, the technique still remains to be improved in 
terms of the control over patterning geometry and dimension, and the quality of 
the patterned layer. For instance, in most demonstrated experiments for QDs 
pattering, it remains a challenge to achieve the uniform and contamination-free 
patterns that applications will eventually need. Moreover, little approaches have 
demonstrated a straightforward and high yield positioning of individual QD. 
Often, downscaling a methodology to single QD positioning leads to significant 
complications due to the extremely small size of QDs and single QD deposits 
typically come together with ill-defined QD patches. 

Here, we introduce an EBL-based technique for the formation of 
nanopatterned QD monolayers providing excellent control over the pattern 
structure and maintaining a well-defined QD surface density in the monolayers. 
By combining photoresist patterning by EBL, LB deposition of a QD monolayer 
and an optimized lift-off process, we demonstrate QD patterns with feature sizes 
down to ~30 nm and with arbitrary predefined shapes. The patterned QD 
monolayer exhibits sharp edges and the process leaves the monolayer and the 
blank substrate free of residues. Moreover, we show that the same approach 
applies to the formation of single QD patterns with a single-QD deposition yield 
as high as 40%. Importantly, the approach relies on methodologies compatible 
with standard solid-state pre- and postprocessing steps that can be applied on 
large area substrates. A numerical model describing the statistical behavior of 
the QD deposition process is developed and shows excellent agreement with the 
experimental results. The nano- and single-QD patterning technology proposed 
here not only provides a powerful tool for the fundamental studies of QDs but 
also represents a significant step toward optoelectronic devices based on QD 
nanopatterns and, eventually, single QDs. 

3.2 Methodologies 

Figure 3.1 schematically illustrates the proposed processing scheme. Firstly, 
using EBL we define the desired pattern in a diluted ZEP 520A resist film with 
an initial thickness of ~40 nm. Any possible residues are removed using a few 
seconds of oxygen plasma. If a thinner resist film is needed, the oxygen plasma 
is applied for longer time. Next a close-packed monolayer of QDs is formed 
through a LB machine (Nima 312D) and then transferred onto the patterned 



88 CHAPTER 3 

substrate, by pulling the substrate out of the LB trough. We use oleic acid 
passivated CdSe/CdS core/shell QDs synthesized 3  by a seeded-growth flash 
approach [29] with a diameter of ~10 nm and a central emission peak of ~650 
nm. Finally, a lift-off process is carried out and the resist is removed from the 
substrate leaving the patterned QDs behind. The quality of the QD pattern is 
examined by a high-resolution scanning electron microscope (SEM) (FEI Nova 
600) and photoluminescence (PL) characterization on a micro-PL setup. 

 

Figure 3.1: Schematics of the experimental flow of the patterning of QDs. 

The formation of close-packed and residue-free QD-film patterns down to 
nanoscale dimensions relies upon several key processes including high-
resolution EBL, deposition of a high quality QD LB-film onto a patterned 
substrate, and a clean lift-off process. 

3.2.1 High-resolution EBL in thin resist film 

As shown in Figure 3.1, the dimension of the final QD pattern is directly 
determined by the EBL pattern. More importantly, the thickness of the resist 
should be thin enough to minimize edge effects during transferring of the QD 
film onto a patterned substrate as we will further analyse in detail. In the 
experiment, we use diluted ZEP 520A positive resist and oxygen plasma to 
control the thickness of the resist in the range of 15 to 40 nm. The exposure dose 
in EBL is optimized to define nanoscale patterns of various shapes and feature 
sizes. In Figure 3.2 we show the various defined patterns in a ~33 nm thick resist. 
In particular, the hole patterns with a minimum diameter of ~30 nm are defined 
in dot-exposure mode in our EBL system and they will be employed for the 
investigation of single-dot patterning. 

                                                            
3 The synthesis was carried out by Dr. Raquel Gomes of the UGent PCN group. 

Deposition

resist substrate
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QDs

LB filmEBL pattern
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Figure 3.2: (a) SEM images of EBL patterns of various shapes with a resist 
thickness of ~33 nm. The scale bar is 10 μm. (b) Enlarged views of the 
patterns of hole (top panel), line (middle panel), and ring (bottom 
panel), with different feature sizes. 

3.2.2 LB QD film deposition on the patterned substrate 

There are several ways to form a QD solid film from the solution phase 
including simple spin-coating and the LB technique [22]. In comparison with 
spin-coating, the LB deposition of QDs used here provides better control of both 
the quality and the exact thickness of the QD film. With spin-coating, whereby 
the QD film is formed directly from the solution by evaporating the solvent, it is 
impossible to obtain a uniform layer of QDs and the resultant film is typically 
either submonolayer in nature or consists of areas with multilayers of varying 
thickness. Spinning QDs on a patterned substrate unavoidably results in over 
deposition of QDs near steps or a discontinuous film around pattern edges. As a 
result the subsequent lift-off process is made difficult by the limited amount of 
solvent seeping through the accumulated QD layer near steps or the film might 
completely peel off from the patterned areas. In contrast, the LB technique 
allows preparing a highly uniform monolayer of QDs over large areas, even 
when these are not completely flat, as long as the height variations are 
sufficiently gradual. When depositing the LB film onto a patterned substrate 
with sharp edges, the film around the patterned location will bend and break up 
as schematically indicated in Figure 3.1, resulting in exposed sidewalls 
favorable for the subsequent lift-off process. On the other hand, due to the 
additional area associated with the sidewalls, the QD density within the area of 
the pattern will be smaller than that of a closed packed film as illustrated in 
Figure 3.1. This effect is illustrated by SEM images of the substrate after QD 

(a) (b)
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deposition but before resist lift-off, as shown in Figure 3.3. It can be seen that 
the resist is covered by an undisturbed LB film up to the pattern edges whereas 
part of the QDs within the pattern stick to the resist sidewalls. 

 

Figure 3.3: SEM images of as-deposited QD-film morphology after LB process 
on resist patterns with a thickness of ~33 nm. Tilted and top views for 
a hole pattern (a, b) and a trench pattern (c, d), respectively. The red 
dashed circles in (a, b) indicate the hole, and the lines in (c, d) indicate 
the edge of the trench. 

3.2.3 Optimization of the lift-off process 

Obviously, to minimize the above described edge effect the resist thickness 
needs to be thinned down. However, there is a trade-off between reducing the 
thickness of the resist and establishing an effective lift-off process without 
residues: the thicker the resist, the easier and cleaner the lift-off, and vice versa. 
When the thickness of the resist becomes comparable to the size of the QDs, 
lifting off QDs from the substrate becomes nearly impossible since all openings 
are covered by the close-packed QD film and no dissolvent can seep into the 
resist to start of the lifting process. More importantly, because of the strong van 
der Waals’ interaction [22] between the QDs and the substrate, the lifted QDs 

100nm 100nm

100nm 100nm
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can redeposit on the substrate from the dissolvent, an effect much more notable 
for thinner resists. Therefore, an efficient lift-off procedure turns out to be 
critical in obtaining a contaminant-free patterning and the associated threshold 
thickness for the resists needs to be determined.  

In previous work whereby LB-deposited QD films were patterned using 
optical lithography photoresist films with a thickness of ~1.0 μm were used.  For 
such a relative thick photoresist redeposition of QDs on the substrate can be 
avoided, even when using simple acetone as the dissolvent [22]. In recent work, 
it was shown that using EBL resist with a thickness of tens of nanometers spin 
coated diluted QDs can be lifted off albeit still with redeposition of QDs for very 
thin resist [26]. In our test as shown in Figure 3.4(a, b), pure acetone cannot lift 
off a QD LB-film deposited on resist with a thickness below ~1 μm. This is 
believed to originate from the high quality of the LB-film, which is more 
compact than the spin coated film. To develop a lift-off process that is 
compatible with thin resist layers and that does not leave undesired residual QDs 
on the substrate, we prepared a mixture of acetone and toluene as dissolvent for 
efficient lifting off QDs on thin resist. It is well known that acetone, widely used 
for cleaning and lifting-off most optical and EBL resists, is a polar solvent. As 
such it cannot form a stable and homogeneous suspension for typical QDs 
passivated with organic ligands, due to their nonpolar functional groups. On the 
other hand, toluene is commonly used as a nonpolar solvent for dispersing QDs 
in an extremely stable suspension. Hence, a mixture of acetone and toluene can 
exploit their respective relevant functionalities: dissolving the resist by acetone 
and stabilizing the lifted QDs by toluene, preventing redeposition of QDs on the 
substrate. The ratio of the two solvents has to be optimized in order to obtain a 
fairly moderate dissolution rate for the resist and to provide a sufficient 
stabilization of the removed QDs by the surrounding solvent, avoiding 
immediate attachment of the lifted QDs onto the substrate. However, simply 
rinsing the substrate in the mixture of acetone and toluene (e.g., a 1:2 volume-
ratio of acetone to toluene), is not sufficient: there is almost no lift-off QDs and 
most of them are still redeposited on the substrate as shown in Figure 3.4(c). 
This could be understood by the fact that the in-situ released QDs can still 
immediately attach to the substrate before entering into the solvent. To prevent 
this, we employ a mild ultrasonic treatment to take the lifted QDs away from the 
substrate and subsequently to stabilize them in the solvent, and this approach is 
demonstrated to be very effective as shown in Figure 3.4(d), which uses the 
same solvent ratio as in Figure 3.4(c). Still, there are some residual QDs left for 
an aceton:toluene volume ratio of 1:2. When changing the ratio to 1:4 however, 
an almost residue-free pattern can be achieved as shown in Figure 3.4(e). When 
further increasing the relative amount of toluene, for instance with a 1:10 ratio 
of acetone to toluene, the redeposition of QDs becomes again significant as seen 
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in Figure 3.4(f), due to the now very slow dissolution rate for the resist. 
Therefore, in summary we experimentally determine that the optimal solvent 
ratio of acetone to toluene is around 1:4 for an efficient and clean lift-off process. 

 

Figure 3.4: Optimization of lift-off process. (a) SEM image of the QD LB-film 
as deposited on the resist pattern substrate. (b) Lift-off result by 
rinsing with pure acetone. (c) Lift-off result by rinsing with a mixture 
of acetone and toluene (using a 1:2 volume ratio of acetone to toluene). 
(d-f) Lift-off results by using an ultrasonic in acetone and toluene with 
different volume ratios of 1:2, 1:4, and 1:10, respectively. 

Based on the optimized solvent, we further investigate the threshold 
thickness of the resist for successful lift-off without residual QDs. We patterned 
the substrates with the same mask but with different resist thicknesses of 16, 22, 
and 30 nm and then carried out the LB deposition and lift-off process in the 
mixture of acetone and toluene with a ratio of 1:4. In Figure 3.5, we show the 
SEM results after the lift-off process for different resist thicknesses. It is clearly 
seen that there are some random residual QDs redeposited in the area outside of 
the patterned region for the 16 nm thick film while all residues can be eliminated 
for films thicker than 22 nm. Actually, the threshold thickness was determined 
to be even lower, at ~20 nm for the used QDs with ~10 nm diameter. It is 
believed that this threshold thickness depends on several factors such as the size 
of the QDs and the type of surface ligands. As a rule of thumb, a resist pattern 
with a thickness double that of the diameter of the QDs including passivating 
oleic acid ligands can be effectively lifted off without redeposition (in 
association with the optimized 1:4 ratio of acetone to toluene mixture as 
described above). 
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Figure 3.5: Determination of the threshold thickness of resist. SEM images after 
lifting off the resist with the thicknesses of (a) 16 nm, (b) 22 nm, and 
(c) 30 nm. Lift-off process was carried out by using an ultrasonic in 
the mixture of acetone and toluene with a volume ratio of 1:4. 

 

Figure 3.6: SEM images of the microscale patterns of LB QD film after lift-off. 
(a) Overall view of the pattern, (b) zoom-in view of the corner of the 
pattern, and (c) high-resolution view of LB QD film. 

To verify the quality of the QD film prepared using the above process, firstly 
we patterned a ~23 nm thick resist layer deposited on a silicon substrate with 
microscale feature size and then carried out the lift-off process. Figure 3.6 shows 
the result, indicating that the LB technique allows transferring a uniform 
monolayer of QDs onto the patterned substrate and that the lift-off process 
works efficiently without leaving any unwanted residual QDs or resist. The 
excellent performance of the lift-off process can clearly be seen in Figure 3.6(b), 
where the enlarged SEM image of the corner of the pattern distinctly shows a 
sharp boundary between the monolayer of QDs and the lifted area, without 
peeling off the patterned QDs. Figure 3.6(c) presents the morphology of the QD 

(a) (b) 

(c) 
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film at higher magnification, showing a nearly close-packed film except for a 
few tiny voids within the film, possibly caused by the size dispersion of the QDs 
or small aggregations in the QD solution. It can also be learned that the QD film 
can be well preserved after our lift-off process, thanks to the sufficient adhesion 
of QDs to the substrate. 

3.3 Nanoscale patterning 

Using the optimized lift-off process and a resist thickness near the previously 
determined threshold value, we achieve nanoscale patterning of QD films. In 
Figure 3.7, we show patterning results with various shapes and different feature 
sizes. First, we patterned the QDs in lines and crossings with various widths, 
ranging from 30 to 250 nm, as shown in Figure 3.7(a) and (b). The lift-off 
process is demonstrated to be efficient for nanoscale patterns down to 30 nm 
feature size without any observable redeposition of free QDs or tearing of 
patterns. Moreover, it can be seen that the LB deposition is capable of 
transferring the QD film to the substrate through a 30 nm trench pattern in a 20 
nm thick resist film, although as the magnified view for the 30 nm design in 
Figure 2b shows there is an evident loss of QDs because of the non-negligible 
sidewall effect in the narrowest trenches. In fact, it appears that the breaking up 
of the LB film by the resist sidewalls randomizes the QD deposition at the 

pattern edges. This probably reflects the dominance of QD−substrate 

interactions over QD−QD interparticle interactions [30]. As can be seen at the 
top of the 31 nm strip shown in Figure 3.7(b), this can favor the deposition of 
QDs as individual entities on the resist sidewalls or the substrate over the 
systematic assembly of QDs in 2D or even 3D aggregates. 

In patterns of 60 nm and wider on the other hand, a nearly perfect closed-
packed film is formed, implying that the quantity of QDs can be actually 
determined, very important for the quantitative study of QD properties and their 
interaction with the environment. To verify preservation of the PL in the QDs, 
we carried out micro-PL measurements on the patterned QDs. The result shown 
in the inset of Figure 3.7(a) clearly indicates that the emission properties of the 
QDs are well preserved after LB deposition and the lift-off process, verifying 
further study is indeed of practical value. Similarly, we successfully patterned 
QDs in microring shapes with different widths as can be seen Figure 3.7(c) and 
(d). 
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Figure 3.7: SEM images of the nanoscale patterns for QD films. (a) Line and (c) 
ring patterns with different widths, and the enlarged views for some 
selected widths for line (b) and ring (d) patterns, respectively. The 
insets at the right lower corner in (a, c) show the respective micro-PL 
of the corresponding pattern shapes. 

Finally, using a mask consisting of holes with different diameters we found 
uniformly filled QD patches can be formed for holes of 60 nm diameter, as 
shown in Figure 3.8(a). Compared to the line and ring patterns these hole 
patterns are more difficult to form. To fill the resist hole the LB film now has to 
bend in all directions. When the size of the hole becomes comparable to the 
thickness of the resist, given the increasing ratio of the sidewall to hole area, the 
proportion of QDs deposited on the resist sidewalls that are eventually lifted off 
significantly increases while the probability for the QDs to remain in the target 
hole site on the substrate decreases. As shown in Figure 3.8(b), a reduction of 
the diameter of the hole in the resist also induces a more random deposition of 
the QDs on the substrate, similar to the edge effect observed with strip patterns. 
In the case of 47 nm wide holes for example, this leads to deposits containing 
only a few, often unconnected QDs. This suggests that a further reduction of the 
resist hole diameter to dimensions comparable to the size of the QD itself, may 
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lead to the trapping of a single QD in the resist hole. We will explore this 
probability in next section. 

 

Figure 3.8: (a) SEM image of the array of dot patterns with an average diameter 
of 60 nm and the enlarged image of one dot in the inset at right upper 
corner. The inset at the right lower corner shows the micro-PL of the 

dot-pattern array. (b) SEM images of 5×5 dot patterns of QDs with a 
resist hole diameter of ~47 nm. All images have the same scale bar of 
50 nm as shown in the image at the left top corner. 

3.4 Single-dot patterning 

It is clearly seen that the use of 47nm-diameter hole pattern can localize few 
QDs. This leads us to believe further reducing the hole size could realize single-
dot pattern with high probability. In this section, before carrying out 
experimental tests, first we propose a simple mathematical model for describing 
the deposition of QDs into small hole patterns. Using this model, we can 
numerically predict the distribution of the number of QDs for a given parameter 
set of pattern and QD dimensions and thus provide valuable guidance for 
experimental settings. Then we experimentally demonstrate single-dot 
patterning and also reveal statistical characteristics in the probability distribution 
of the number of QDs which shows good agreement with experimental results. 

3.4.1 Modeling of single-dot deposition 

To assess upfront the probability of trapping individual QDs on predefined spots 
of a substrate using a resist pattern consisting of an array of holes with small 
diameter and a certain resist thickness as drawn in Figure 3.9(a) and (b), we 
build on the conclusion that the resist sidewalls break apart the LB film resulting 
in a randomized deposition of QDs on the resist sidewalls and the substrate. The 
probability of retaining a given number of QDs on the substrate will then depend 
on the QD diameter and the surface areas of the hole and the resist sidewall. 

60nm

a b
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More specifically, the QD LB film can be described as a hexagonal close-
packed (hcp) plane consisting of spheres with constant diameter (2r) as shown in 
Figure 3.9(c).  

 

Figure 3.9: (a) Schematics of the array of hole patterns, (b) the side view of the 
hole with a diameter of 2R and a resist thickness of t, and (c) the ideal 
close-packed QD film with the green-dot circle designated as the 
opening of the resist hole under the LB film. 

Assuming a resist thickness t and hole radius R, the hole area Sh on the 
substrate and the sidewall area Ss of resist are simply calculated as ܵ୦ =  ,ଶܴߨ
and ܵୱ = ݐܴߨ2 , respectively. On the other hand, the number of QDs n 
overlapping with the hole area can approximately be expressed as 

h
2

S
n

rπ
= Γ ,   (3.1) 

where Г is the packing fraction for the 2D hcp lattice given by Γ =  On .3√2/ߨ
the basis of our previous discussion, we neglect interparticle interactions and 
postulate that these n QDs are randomly deposited over the substrate area Sh and 

a fraction α of the sidewall area Ss and that only the QDs actually deposited on 
the substrate will be retained after the lift-off process. The average number of 
QDs N retrieved on the substrate is then given by the product of n and the ratio 
of the accessible substrate area and the total area, substrate and sidewalls, 
available to the n QDs 

h h
2

h s

( , , , )
S S

N r R t
r S S

α
π α

= Γ
+

. (3.2) 

To test this model, we analyze the number of QDs deposited on a line 

formed using a photoresist trench only 35−40 nm across. As shown in Figure 
3.7(b), the number of deposited QDs can be readily obtained by counting 
whereas it can be predicted using our model. For a resist line pattern with a 
width of W, length of L, and thickness of t, Equation (3.2) becomes  

2R

resist substrate

t
R 

2r
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2 2

LW LW
N

r LW Ltπ α
= Γ

+
,  (3.3) 

where N is the average number of QDs N retrieved on the substrate. Figure 
3.10(a) shows the calculated N as a function of W for a given line length of 1.1 

μm, for α = 0.7, 0.85, and 1.0, respectively. The red solid line indicates the 
experimental number of QDs Nexp for a line pattern with a length of 1.1 μm, 
obtained by counting QD number from SEM image of Figure 3.10(b). 
Considering the uncertainty on the width of the resist trench in experiment 
which ranges between 35 and 40 nm, we find that the actual number of 

deposited QDs matches the numerical prediction for α ranging from 0.7 to 1.0 

with a best match obtained for α ≈ 0.85. 

 

Figure 3.10: (a) Calculated average number of deposited QDs Ncal using a line 

pattern as a function of the line width W, for α = 0.7, 0.85, and 1.0, 
respectively. The red solid line indicates the experimental number of 
QDs Nexp=138 for a line resist pattern with a length of 1.1 μm and a 
certain width. The grey area indicates the range of the uncertainty of 
the line width (~35-40 nm) in the experiment. (b) SEM image of the 
associated line pattern of QDs. 

We therefore use the above model to calculate the distribution of N from 

Equation (2) as a function of R and t for a given r and α. In Figure 3.11, we 
show the calculated map of N for the QDs used in our experiment with r of 6.5 
nm obtained by measuring the average center-to-center distance between LB 

QDs under SEM and taking α = 1.0. To achieve maximal probability of single-
QD patterning, intuitively we should adopt such parameters of R and t that the 
value of N can be maintained around 1.0 as indicated by the white dot line in 
Figure 3.11. The calculated map clearly shows that N is very sensitive to the 
diameter of the patterned hole. For N~1.0 and resist thickness ranging from 10 to 
50 nm the allowed working diameter window is only ~12 nm. Increasing the 
hole size above 35 nm results in a larger tolerance on the exact diameter but also 
leads to a dramatic increase in the optimal resist thickness (> 50 nm) and a 
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corresponding increase in aspect ratio t/2R. Intuitively it will be more difficult to 
coat a LB film conformally into a high aspect ratio hole. Furthermore, the 
relative fraction of QDs attached to the sidewall versus those attached on the 
substrate will increase leading to a larger variation on the number of QDs left on 
the surface. To the contrary, for smaller diameter of the hole, the required 
thickness t (e.g., t ~ 10 nm at 2R ~ 22 nm) for obtaining N~1.0 can be 
significantly reduced, decreasing the aspect ratio and facilitating deposition of 
the QD film. As discussed above however, given a particular QD size, there 
exists a threshold thickness t for the resist to allow for a successful lift-off 
process without residual QDs. For our QDs, this threshold thickness is ~20 nm 
with a corresponding optimal hole diameter of 27 nm for N~1.0 as can be 
derived from Figure 3.11. The minimum hole diameter we can stably define in 

our EBL system however is 30−32 nm with a corresponding optimal resist 

thickness of 30−36 nm. 

 

Figure 3.11: Contour image of the calculated N as a function of the resist 
thickness t and hole diameter 2R for QDs with an effective radius of r 

= 6.5 nm and α = 1.0. 

3.4.2 Experimental demonstration 

To achieve optimal single QD deposition according to the calculation from our 

model, we patterned a 5×5 array of holes with diameter ~31 nm in a 33 nm thick 
resist layer. After LB deposition and lift-off we observed and counted the 
number of QDs at each site via high-resolution SEM. In Figure 3.12(a), we show 

the collection of SEM images of the 5×5 dot patterns. We have eight cases of 
single-QD occupancy for a total of 25 holes, equivalent with a single-QD yield 
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of 32%. The deviation of the number of QDs is pretty small and most holes end 

up with 0−3 QDs. In order to obtain a statistically more reliable distribution, we 
inspected patterns of 300 holes each for four different hole diameters. The 
results are shown in Figure 3.12(b) using a different symbol for each hole 
diameter. For a diameter of 31.6 nm the probability of obtaining a single-QD 
reaches a peak value of ~40% and the deviation of the distribution is only ~2 
counts. When increasing the hole diameter, the single-QD probability decreases 
rapidly (only ~8% for 46.8 nm diameter) and the peak of the probability shifts to 
larger QD counts. The distribution also broadens to about ~3.5 counts for a hole 
diameter of 46.8 nm. The shift of the probability peak is intuitively understood 
from the N map shown in Figure 3.11: when increasing the diameter for fixed 
resist thickness the expected number of QDs deposited on the substrate 
distinctively increases. Even so, the average number of deposited QDs N as 
shown in Figure 3.11 only gives a partial description of the experimentally 
observed distribution curves, without accounting for, for example, their absolute 
position and magnitude or their broadening with increasing hole diameter. 
Moreover, it does not allow us to determine the upper limit for the probability of 
single-QD positioning in the experiment. 

 

Figure 3.12: (a) SEM images of 5×5 dot patterns of QDs by using the resist hole 
of 31.6 nm diameter and ~33 nm thickness. All images have the same 
scale bar of 50 nm as shown in the image at the right bottom corner. (b) 
The experimental (scatters) and binomial fitting (solid lines) 
distribution of the probability P(n) as a function of the count of QDs 
for different diameters of the resist hole by counting 300 dot patterns, 
respectively. 

To assess the statistical characteristics behind the experimentally measured 
distribution for the probability of QD counts, we further build on the 
randomizing effect of the resist sidewall on the QD deposition. This allows us to 
look at the deposition of a QD on the substrate as an event that has a success 
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probability p given by the ratio between the accessible substrate area and the 
total area available, expressed as 

h

h s

S
p

S Sα
=

+
,    (3.4) 

where Sh, Ss, and α were defined previously. Since n QDs are deposited within 
each hole, the probability distribution of the number of QDs deposited on the 
substrate can then be approximated by a binomial distribution B(n, p) with n 
trials that each have a success probability p. In this way, by calculating B(n, p) 

for a given t, R, and α we can calculate the probability distribution for the 
number of QDs deposited on the substrate.  

First, we determine the a priori unknown parameter α by fitting the function 

B(n, p) with n(R, t) and p(R, t, α) to the experimentally obtained distribution 
curves for t=33 nm and 2R = (31.6, 38.0, 43.0, 46.8 nm). In this procedure, n(R, 
t) as calculated using Equation (3.1) was rounded to the closest lower integer 
value, that is, the maximum number of QDs that fit into the patterned hole, and 

p(R, t, α) was obtained from Equation (3.4). Using a least-mean-square 

algorithm with α as the only free parameter we obtain α=0.82 for an optimal fit, 
which is in close agreement to the value found previously for QD strip patterns. 
The result is shown in Figure 3.12(b) in solid lines, showing excellent agreement 
with the experimental results, especially for the smallest diameter of 31.6 nm. 
With increase of the diameter, the shift of the probability peak and the 
broadening of the distribution in the fits exactly represent the features of the 

experimental data. Note that we adopt an identical value for the parameter α for 
all fits and the good correspondence between experiment and fitting verifies our 
assumption that the sidewall area contributes to a certain proportion of the total 
deposition area in the case of small diameter hole patterns. The insert panel of 

Figure 3.12(b) shows the mean <n> calculated for both the experimental and the 
fitted data. The discrepancy between both is less than 10% again indicating the 
suitability of the binomial distribution model for the description of the behavior 
of the deposition process of a LB QD film in a narrow hole pattern. Also, note 
that for the largest holes, the binomial distribution underestimates the fraction of 
deposits containing more than five QDs. This may reflect the original 
observation that the LB film is only disturbed around the resist sidewalls, 
making that for larger resist holes the original LB film will be retrieved in the 
center of the deposit. 

Although we experimentally achieved a single-QD pattering probability as 
high as 40% it is still interesting to explore the upper limit of this probability in 
the present technique. Relying on the above model, we therefore calculate the 
single-QD count probability P(n=1) as a function of the diameter 2R of the hole 
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and the resist thickness t with the experimentally obtained value α=0.82. The 
result is shown in Figure 3.13. Note that the discontinuity at certain diameters 
stems from the discreteness of the integer n. Figure 4c shows that it is 
theoretically possible to accomplish a probability close to 100% for an infinitely 
thin resist thickness (<5 nm).  However, we have already established that such a 
thin resist is not compatible with a successful and residue-free lift-off process. 
Taking into account the threshold thickness of t~ 20 nm for the resist layer, a 
probability of ~45% theoretically can be reached. Considering the resolution 

limitation of our EBL system for the definition of the hole diameter (30−32 nm), 
the calculation shows a maximal probability of ~42% for single-QD positioning 
as indicated by the red cross in Figure 4c, very close to our experimental result 
of ~40%. Using larger size quantum dots does not substantially increase this 
probability but does relax the requirements on the patterned holes, both in 
absolute size and in acceptable size variation. 

 

Figure 3.13: The calculated probability of single-QD count P(n=1) as a function 
of the diameter 2R of hole and resist thickness t by using a binomial 
distribution B(n, p), with the red cross indicating the probability of 
~42% at 2R=30 nm and t=33 nm. 

3.5 Conclusion 

In summary, using high quality LB deposition and a residue-free lift-off process, 
we experimentally demonstrated both nanoscale and single-dot patterning of 
colloidal QD-films. Feature sizes down to ~30 nm for a continuously uniform 
film of QDs and a yield up to 40% for single-QD positioning are obtained. To 
describe the experimental processes a theoretical model was proposed. The good 
agreement between the experiment and the numerical model reveals that the 
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deposition behavior of QDs onto a substrate and the experimental distribution of 
QD counts can be described by a binomial distribution, providing valuable 
guidance in the realization of single-QD patterns with an expected yield. The 
presently developed patterning technology for QDs provides an efficient tool 
both for the fundamental study of the properties of stand-alone QDs and for the 
quantitative investigation of the interaction between QDs and their environment 
such as on-chip photonic or electronic devices. We believe that this technique 
will open up various novel applications relying on QDs and represents a 
practically significant step toward the development of real optoelectronic 
devices based on QDs. 

In particular, in our own case, this technique is carried out in an ongoing 
effort to realize single-QD emitters whereby a single QD can be localized in 
photonic components such as a highly confined waveguide for exploring on-chip 
single-photon emission. Also, in the future we may employ this technique for 
integrating a few or a single QD in optical resonators and studying lasing in such 
devices where both the QD number and position need to be precisely controlled 
for deterministic optical coupling.  
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  Hybrid integration of 
QDs and SiN 

 

 

In Chapter 2 we have developed a passive Silicon nitride (SiN) photonics 
platform and demonstrated low-loss waveguides and high-quality 
microresonators, which can provide functionalities for manipulating photons 
within submicron structures on a chip. However, generating photons, a key 
function in integrated photonics, is still missing, due to the dielectric nature of 
SiN. As highly luminescent emitters, obviously semiconductor colloidal 
quantum dots (QDs) have great potentials as photon-generating media 
incorporated in passive photonics possibly via a hybrid integration approach. 

In this Chapter, we develop a compatible platform for the hybrid integration 
of SiN photonics with colloidal QDs. Based on this platform, SiN waveguides 
with a monolayer of QDs embedded inside are fabricated. Both the preservation 
of QD luminescence and low waveguides loss are demonstrated. This 
fabrication technology is further used for developing waveguide-coupled free-
standing SiN microdisks integrated with embedded QDs. The detailed 
photoluminescence (PL) characterization of the fabricated devices reveals both 
high performance in disk resonators and efficient coupling of QD emission to 
disk resonance modes and eventually to the on-chip waveguide. The presented 
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optically active devices provide new opportunities for the development of novel 
optoelectronic devices based on QDs. 

4.1 Concept of QD-SiN integration 

As we have demonstrated, SiN integrated photonics is compatible with 
complementary metal-oxide-semiconductor (CMOS) processing technology and 
enables miniaturizing optical functions, operating at both visible and infrared 
wavelengths, compactly integrated on a chip. Therefore, it has become a 
promising platform both for cost-effective and high-volume applications such as 
optical communication, information processing or optical sensing as well as for 
fundamental optics research in various domains such as nonlinear optics, cavity 
quantum electrodynamics and quantum optics. However, because of its 
dielectric nature, so far most demonstrated SiN photonic building blocks are 
limited to passive optical functions such as transmission with low-loss 
waveguides and temporal and spatial manipulation of photons with high quality 
(Q) microresonators. The generation of light in SiN photonics, as a basic and 
probably central issue for a complete photonics system, still remains to be 
addressed.  

A straightforward approach of realizing integrated light sources, driven by 
optical or electrical excitation, is to incorporate external light-emitting materials 
physically into passive photonic components, that is, the concept of hybrid 
integration. In fact, such attempts have already been undertaken in silicon 
photonics, for example, through the use of wafer bonding techniques or through 
direct growing III-V semiconductors on passive photonics and active devices 
operating at near infrared and telecom wavelengths have also been demonstrated 
[1, 2]. Apart from conventional bulky materials, the hybrid integration concept 
however can also be applied to other materials and in particular to nanomaterials 
which possess novel and adjustable optical and electrical properties and have 
been extensively studied in recent decades. Among these materials, colloidal 
semiconductor QDs [3-5], due to their size-dependent quantum confinement 
effects and vast choices of material, exhibit widely tunable absorption and 
emission spectra, perfectly matching the broadband transparency of SiN 
photonics. Moreover, today’s available nanotechnologies such as synthesis and 
processing for QDs make them applicable for practical applications. 
Consequently, they are becoming suitable for integration with existing passive 
photonics for the development of integrated light sources and even low-
threshold lasers. In return, the combination of integrated photonic building 
blocks and QD emitters could provide an ideal platform for fundamental studies 
of light-matter interaction and quantum optics experiments based on QDs. In 
particular, by using our patterning technique introduced in Chapter 3, we can 
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integrate either an ensemble or single QDs deterministically in SiN photonics 
possibly for making on-chip quantum emitters. 

Obviously, an effective integration technique able to handle solution-
processible QDs within a top-down CMOS-like manufacturing flow for SiN 
photonics is critically important. However, because of the inherent differences 
between QDs and SiN photonics in terms of material composition and 
processing, it remains a big challenge to develop such a process which should 
fulfill the following basic requirements: 

(i) Preserve the optical properties of QDs from solution to solid films 
(ii) Provide robust and long-term stabilization for QDs 
(iii) Allow for efficient coupling between QD emission and optical modes 

of an integrated waveguide device 
(iv) Ensure high performance passive and active devices can be realized 

simultaneously.  
To fulfill above requirements, a low-temperature process is preferable to 

minimize degradation of the optical quality of the QDs. Second, a processing 
scheme capable of embedding QDs in SiN layers appears to be an ideal option 
both for environmental stabilization and for optimal coupling. Finally, we can 
confine QDs selectively in active regions without affecting passive components, 
through either localization methods or design strategies.  

In the following sections, we first demonstrate a low-loss hybrid QD-SiN 
photonic platform by using low-temperature and optimal fabrication processes. 
The performance of this hybrid platform is quantitatively evaluated by 
characterizing the optical loss of QD-SiN waveguides with a monolayer of QDs 
embedded inside. Then on-chip waveguide-coupled QD-SiN microdisks are 
fabricated using a vertical coupling design that is able to separate passive and 
active layers and thereby allows to achieve high performance integrated active 
resonators. 

4.2 Low-loss QD-SiN waveguide development 

Colloidal QDs have already been employed in various types of photonic devices, 
including polymer waveguides [6-8], silicon photonics [9, 10], and SiN 
microcavities [11-13]. In most examples, the QDs were either stabilized in a 
polymer matrix or directly dispersed on the surface of the devices. Given the 
drawbacks of the polymers used (low index contrast, unknown long term 
stability) and the instability of the QDs themselves when they are left exposed, 
there is a need for the integration of colloidal QDs with an all inorganic low-loss 
photonics platform whereby the QDs are fully encapsulated. Moreover, all these 
demonstrations were achieved in an individual component and often 
experimental results show either weak coupling of QD emission into optical 
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modes or low out coupling efficiency, because either they lack an effective 
embedding scheme or they lack an efficient coupling scheme. Therefore, a 
reliable photonics platform fully integrated with QDs remains to be 
demonstrated and practical devices integrated on chip need to be developed and 
quantitatively assessed. 

In this section, relying upon previously developed low-loss passive SiN 

photonics based on a low-temperature (120−270 °C) plasma-enhanced chemical 
vapor deposition (PECVD), we develop a low-loss hybrid QD-SiN waveguides 
fabricated by using a dry etching process further optimized specifically for the 
QD-SiN system. These waveguides, with a close-packed monolayer of colloidal 
QDs embedded into two layers of SiN, exhibit losses as low as 2.69 dB/cm at 
900 nm wavelength. Since only standard lithography and direct top-down 
etching is utilized here, one could envisage leveraging mature CMOS 
technology for the realization of even advanced active SiN devices, for example, 
high-Q factor cavities with embedded QDs, as we will investigate in next 
section. 

4.2.1 Fabrication processes 

The fabrication includes substrate preparation and waveguide definition, as 
shown in the process flow in Figure 4.1(a). Firstly we prepared a SiN/QD/SiN 
sandwich substrate starting with a silicon wafer with a 3μm thermal SiO2 box 
layer, onto which first a ~100 nm SiN layer was deposited using an optimized 
PECVD process with a low plasma frequency at a temperature of 270 °C, as 
described in Chapter 2. Next a close-packed monolayer of colloidal QDs was 
transferred onto the SiN substrate by a Langmuir–Blodgett (LB) method. We 
used CdSe/CdS core/shell QDs, a typical visible-emission colloidal QD-type, 
with a diameter of ~7.2 nm and a central emission peak of ~625 nm. The quality 
of the QD-film was examined by scanning electron microscope (SEM) and 
photoluminescence (PL) under a UV lamp, as presented in Figure 4.1(b) and (c), 
showing the layer of QDs is uniform over large areas. A second ~100 nm SiN 
layer was subsequently deposited for embedding the LB QDs layer, using the 
same PECVD process. In this case a temperature of 120 °C was used however to 
minimize impact on the optical quality of the QDs [13], while still retaining 
sufficient material quality for the SiN to allow for low-loss photonic devices. 
This is confirmed by ellipsometry measurements where, within the measurement 
accuracy, we do not see a distinct difference in the extinction coefficient of SiN 
deposited at 120 °C compared to that deposited at 270 °C. The refractive index 
on the other hand (measured at 900 nm) changes from 1.92 to 1.85 with the 
temperature decreasing from 270 °C to 120 °C, indicating a reduction in the 
material density. After preparation of the substrate, the same photoresist mask 
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previously designed for waveguide-loss measurement was used to pattern QD-
SiN layers using optimized contact optical lithography. Finally, the waveguide 
pattern was transferred into the QD-SiN layers by using reactive ion etching 
(RIE) to form strip waveguides. For simplicity, hereafter the terms H-SiN and L-
SiN will be used to refer to SiN deposited at 270 °C and at 120 °C respectively, 
as we did before. In order to evaluate the influence of the QDs on the waveguide 
loss, we also fabricated waveguides using a H-SiN/L-SiN stack without QDs for 
comparison. 

 

Figure 4.1: (a) Schematics of QD-SiN hybrid waveguide fabrication flow. (b) 
SEM image of the LB QD-film with the inset showing the close-

packed LB QD-film under a high resolution. (c) PL of a 2×2 cm LB 
QD-film illuminated with a UV lamp. 

4.2.2 Optimization of dry etching for QD-SiN 

In Chapter 2, we have obtained the optimized RIE conditions for H-SiN/L-SiN 
etching using a gas system of CF4/H2 (80sccm/3sccm), a RF power of 210 W, 
and a chamber pressure of 20mTorr. In the case of etching composite QD-SiN 
films, due the large differences not only in material density of SiN but also in 
material composition between SiN and QDs, it is more difficulty to have a RIE 
process capable of achieving vertically co-etched sidewalls and reasonably 
smooth surfaces. Based on our understanding of the etching mechanism in the 
CF4/H2 gas system, we know that H2 plays a critical role in the formation of the 

SiNSiO2Si QDsresist

(a) 

(b) (c) 



114 CHAPTER 4 

polymer inhibitor on lateral sidewalls and that increasing the content of H2 can 
significantly promote this protection process for the sidewalls. Therefore, we 
start with the optimized recipe and modify the content of H2 to investigate the 
effects on etching profiles of SiN/QD/SiN layers. Again, our initial etching 
experiments are carried out on silicon substrates and the etched samples are 
inspected by means of high-resolution SEM analysis and focused ion beam (FIB) 
milling. When making a FIB cross section, again structures are protected by a Pt 
layer. 

 

Figure 4.2: FIB cross-sectional and sidewall images of the as-etched H-
SiN/QD/L-SiN layers. The gas system is CF4/H2 with different ratios 
of (a, d) 80sccm/3sccm, (b, e) 60sccm/3sccm, and (c, f) 40sccm/3sccm. 

In Figure 4.2, we show the etch results under different H2 content. 
Apparently, this RIE process does indeed allow etching through the close-
packed monolayer of CdSe/CdS QDs, most probably through the formation of 
volatile organometallic etch products in the CF4/H2 plasma [14]. However, due 
to the slight quality loss of the L-SiN when deposited on the QD layer, the 
etching with CF4/H2 (80sccm/3sccm) results in an unwanted undercut at the 
interface of L-SiN and QDs, leaving an observable step, as shown in Figure 
4.2(a, d). When increasing the hydrogen content ratio in the gas mixture in 
Figure 4.2(b, e), it is clearly seen that the profile of the sidewall is ameliorated in 
terms of continuity of slope and surface roughness thanks to the enhanced lateral 
protection. Under a CF4/H2 (40sccm/3sccm), the sidewall is etched almost 
vertically and exhibits a topologically continuous surface without distinct 
roughness, as seen in Figure 4.2(c, f). Additionally, the embedded QD layer is 
clearly visible and shows negligible defects along the uniform monolayer, 
indicating the high quality of the LB process used for preparing the layer and the 

(a) (b) (c)

(d) (e) (f)

Pt

SiN/QD/SiN

resist

Si



HYBRID INTEGRATION OF QDs AND SiN 115 
 
fact that the dry etching process does not attack the layer. Thus, the gases of 
CF4/H2 (40sccm/3sccm) will be used for etching hybrid QD-SiN waveguides 
with nearly a monolayer of QDs embedded in the SiN layer. It should be added 
that the optimal etching process for a thicker embedded QD layer may slightly 
differ from the single-layer situation and will be discussed during the integration 
with thicker QD layers in SiN cavities in the next section.  

4.2.3 Characterization of PL and waveguide loss 

In Figure 4.3(a, b), we show cross-sectional photographs of 2μm-wide 
waveguides defined in H-SiN/L-SiN and H-SiN/QD/L-SiN structures deposited 
on a 3 μm oxide layer. Both types of waveguides consist of a ~100 nm bottom 
H-SiN layer and a ~100 nm top L-SiN layer. In the case of the hybrid H-
SiN/QD/L-SiN waveguide, a monolayer of QDs is embedded between the two 
layers of SiN (not clearly visible in Figure 4.3(b) due to charging in the SEM). 
The H-SiN/L-SiN waveguide in Figure 4.3(a) exhibits a vertical sidewall while 
the sidewall of the H-SiN/QD/L-SiN waveguide shows a slightly sloped profile, 
in line with the observations discussed in the previous section and demonstrating 
the reproducibility of our process. As the QDs in the H-SiN/QD/L-SiN stack 
were subject to a PECVD deposition at 120 °C, their optical quality could have 
been degraded. In order to verify this, we measured the PL of QDs after 
embedding them in an H-SiN/QD/L-SiN waveguide and compared it with that 
of patterned QDs processed at room temperature on top of a SiN waveguide. 
The result is shown in Figure 4.3(c). In both cases, the PL was excited by 
illuminating the top of the waveguide with a 447 nm laser diode and then 
collected from the cleaved facet of a waveguide with a microlensed fiber. It can 
be seen that, except for a red shift and an increased intensity at longer 
wavelength due to wavelength-dependent reabsorption and probably also the 
change of emission profile, the main features of the PL spectrum are well 
preserved. Because of different pumping and collection efficiencies, it is hard to 
compare the absolute PL intensities of embedded QDs with those deposited on 
top of the SiN film. Therefore in Figure 4.3(c) we only show the normalized PL. 
As demonstrated in our previous work [13], in general there is a reduction in PL 
intensity after depositing SiN at 120 °C, and this effect is dramatically 
magnified when increasing temperature (e.g. to 300 °C). We believe that by 
further improving the quality of the QDs themselves, for example, by increasing 
the shell thickness for better protection of the core, the wavelength shift and 
intensity decrease of the PL can further be decreased and higher processing 
temperature without bringing distinct degradation of optical properties of QDs 
may be possible. 
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Figure 4.3: FIB cross-sectional images of ~200 nm thick, 2 μm wide waveguides 
for (a) H-SiN/L-SiN and (b) H-SiN/QD/L-SiN structures on 3 μm 
oxide box. (c) PL spectra of QDs on the top of SiN and embedded in 
SiN waveguides, respectively. 

To evaluate the QD-SiN platform more quantitatively, we measure and 
extract the propagation losses of SiN and SiN/QD waveguides by using the same 
method and setup as in Chapter 2. Since the target of this work is to develop and 
demonstrate a QD-SiN compatible technical platform integrating low-loss 
passive photonics with efficient photon emitters inside, of primary concern is the 
optimization of the fabrication process, especially the deposition and etching, 
and their influence on the waveguide quality. Therefore we measured the 
waveguide losses at a wavelength of 900 nm to avoid the intrinsic absorption 
peak of the QD layer and hence the measured loss mainly originates from 
absorption loss in the SiN layers, scattering loss by surface roughness and non-
uniformity in the QD layer and other loss caused by fabrication imperfections. 
In Figure 4.4 we show the measured results for both H-SiN/L-SiN and H-
SiN/QD/L-SiN waveguides. The results exhibit a similar decrease in loss for 
wider waveguides as discussed before for SiN waveguides in Chapter 2. We 
obtain losses as low as 1.82 dB/cm and 2.69 dB/cm for the widest H-SiN/L-SiN 
and H-SiN/QD/L-SiN waveguides, respectively. The inset shows the 
transmission as function of length for these 2μm-wide waveguides and the 
associated linear fits. However, unlike the significant difference of loss between 
pure H-SiN and L-SiN waveguides, the loss of the H-SiN/QD/L-SiN waveguide 

stably remains 1−2 dB/cm larger than that of the H-SiN/L-SiN waveguide for all 
measured widths as seen in Figure 4.4. It is clear that this loss difference comes 
from the presence of QDs in the H-SiN/QD/L-SiN waveguides. As shown in the 
etched profile, the sidewalls of the H-SiN/QD/L-SiN waveguide are slightly 
sloped and a bit rougher than those of the waveguides without embedded QDs. 
In addition, the QD layer can introduce some roughness at the interfaces of the 
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layer deposited on top, for instance, due to the imperfections in the LB deposited 

QD layer. All of these could account for the 1−2 dB/cm increase in loss for the 
H-SiN/QD/L-SiN waveguides compared to the H-SiN/L-SiN waveguides. 

 

Figure 4.4: Waveguide losses at different widths of H-SiN/L-SiN and H-
SiN/QD/L-SiN stacked layers, obtained by linearly fitting waveguide-
length dependent transmission. The inset shows the normalized 
transmissions of 2 μm wide waveguides at different lengths together 
with the corresponding linear fits of the slopes for different types of 
waveguide, indicating a very small discrepancy between the measured 
and fitted results. 

Summarizing, we have developed a platform for the hybrid integration of 
SiN photonics with colloidal QDs and demonstrated losses lower than 2.7 
dB/cm in the optically active waveguides consisting of a close-packed 
monolayer of QDs embedded in between SiN layers. Since the entire fabrication 
of QD-SiN waveguide wires is CMOS compatible, the present platform can take 
advantages of existing CMOS technology and enable realizing on-chip low-loss 
SiN devices integrated with active QDs, in particular, the integration with high-
Q microcavities for on-chip light sources and even lasers. 

4.3 On-chip QD-SiN microdisks 

On-chip microresonators can allow for manipulation for photon and also serve 
as ideal platform for studying light-matter interactions. In Chapter 2, we have 
developed a unique processing technology to realize waveguide-coupled free-
standing SiN microdisks and demonstrated high-Q factors in small SiN disks 
operating from the visible to infrared. Active on-chip resonators will be more 
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appealing in some research fields, for example, controlling the emission 
properties of emitter and providing optical feedback for lasing.  

In this section, we design and fabricate on-chip free-standing SiN microdisks 
integrated with embedded colloidal QDs. We provide in depth characterization 
results and according analysis of the performance of active SiN microdisks and 
also show the ability of controlling accurately the coupling between disk and bus 
waveguide. Efficient coupling of QD emission to disk modes and eventually to 
the on-chip waveguides is experimentally realized. Furthermore, the tunability 
of coupling between disk and bus waveguide through changing geometrical 
parameters of the design is demonstrated in both experiments and simulations. 
These active disks exhibit both a high Q factor and a large free spectral range 
(FSR), making them suitable for further development of on-chip compact laser 
sources in Chapter 5. The developed approach is also relevant for the study of 
SiN cavities integrated with a few or a single QD for both fundamental studies 
and the realization of on-chip single photon emitters. 

4.3.1 Design and fabrication of QD-SiN microdisks 

The proposed configuration for the QD-SiN disk vertically coupled to an access 
waveguide is schematically shown in Figure 4.5(a). The structure is the same as 
the passive SiN disk designed in Chapter 2. We employ the SiO2-based chemical 
mechanical planarization (CMP) process and the associated design. In particular, 
the disk consists of sandwiched SiN/QD/SiN layers with the embedded QD 
layer at the center. The structural parameters are adapted to make the device 
working at ~625 nm, the central emission wavelength of the QDs employed. The 
undercut distance (d) is ~3 μm to prevent leakage loss of the fundamental 
transverse-electric (TE) whispering gallery modes (WGMs) to the amorphous Si 
(aSi) pillar. To tune the coupling strength, the horizontal offset is varied from -
400 nm to +400 nm. From finite-difference time-domain simulations (FDTD) 
[15], we adopt a height of ~125 nm for the bus waveguide, guaranteeing single 
TE mode operation at a wavelength of ~625 nm. The total disk height, including 
the top and bottom SiN layer and the QD layer was set to ~170 nm to ensure low 
loss for the fundamental TE WGMs. Both the diameter of the SiN disk and the 
width of the bus waveguide are varied to investigate their effects on the disk-
waveguide coupling and on the coupling of QD emission into disk modes. In 
Figure 4.5(b), we present the simulated cross-sectional field profiles of the radial 
component (Er) and intensity (|E|2) for the fundamental TE mode in a suspended 
SiN disk with a 7 μm diameter. It is obvious that the field is well centered in SiN 
layer, ensuring maximum coupling with the QDs. Note also that the suspended 
configuration makes the mode strongly confined in the disk, implying 
significantly reduced leakage loss to the substrate. More quantitatively, we 
simulated the Q-factor as function of the gap between disk and substrate for a 
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mode at around 625 nm in the disk with a 7 μm diameter, as shown in Figure 
4.5(c). It can be seen that the substrate has a distinct influence on the Q-factor of 

the mode. For instance, with only a 150 nm gap a Q factor of 1.3×104 is obtained,  
seven times as large as that for a disk directly fabricated on a SiO2 substrate (Q 

= 1.8×103). This shows that the vertical coupling configuration allows realizing 
waveguide-coupled free-standing disks with small diameters while supporting 
high-Q WGMs, or in other words allows large FSR and small modal volume, 
essential characteristics in many potential applications. In our design, the 
vertical gap is fixed at ~200 nm to facilitate coupling of the WGMs to the 
underneath waveguide. An additional advantage of the vertical coupling scheme 
is that the fabrication steps for waveguide and disk are separated so that it is 
straightforward to integrate the QDs locally inside the disk and not in the access 
waveguides. This offers two distinct benefits: achieving low-loss passive 
connecting circuits and preventing undesired background signal from QDs 
elsewhere – critical requirements particularly in the context of low-light studies 
like controlled photon emitters. Realizing this in a lateral coupling scheme 
would be considerably more complex. 

 

Figure 4.5: Cross-sectional view of SiN disk with embedded QDs vertically 
coupled with on-chip waveguide. (b) Simulated cross-sectional field 
profiles of radial component (Er) and intensity (|E|2) for the 
fundamental TE WGM in suspended SiN disk with a 7 μm diameter. 
(c) Simulated Q factor (mode wavelength ~625 nm) as a function of 
coupling gap for a 7 μm diameter disk with 170 nm thickness. The 
blue arrow indicates the gap of 200 nm used in our devices. 

To obtain a quantitative analysis of QD emission coupled to cavity modes, 
we approximately regard the QD as a dipole oscillator and calculate the power 

coupling efficiency (η) of the dipole radiation to the disk mode by performing 
FDTD simulations, as shown in Figure 4.6. It is clearly seen that for the TE 

WGM the main contribution of η is from the r-polarized dipole as expected and 
that the maximum efficiency reaches 54% when the dipole is located at the 

center of the layer. When moving the dipole towards the top of the layer, η 
decreases quickly to a value of 14.6% for the dipole on the top. On average, we 
can achieve 3.7 times enhancement of coupling efficiency by embedding the QD 
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emitter right inside the disk compared to the placement on the surface, and this 
improvement is essential for boosting emitter-mode interactions. 

 

Figure 4.6: Coupling of a dipole radiation to the disk mode. (a) Upper: simulated 
field profile of the 1st TE WGM in the SiN disk with 7 μm diameter 
and 200 nm thickness in air. Lower: schematics of a dipole oscillator 

P(r,φ,z) as indicated by the red arrow inside the disk with an offset of 
200 nm in r axis with respect to the edge of disk. (b) Calculated power 

coupling efficiency (η) for different polarizations of the dipole 
oscillator to the 1st TE WGM as a function of dipole position in z axis, 
at ~630 nm. 

The fabrication flow of the device is similar to that of the SiO2-CMP SiN 
disk in Chapter 2, as schematically shown in Figure 4.7. Firstly, a 125 nm thick 
SiN film is deposited onto a wafer with a 3 μm thermal SiO2 box layer by a 
PECVD process performed at a temperature of 270 °C. Then the bus waveguide 
is patterned to form a strip waveguide (see Figure 4.7(a)) that supports only a 
single TE mode at the designed wavelength. This ensures only the TE WGMs in 
the disk will be coupled out efficiently. The waveguide is then planarized by 
depositing a ~800 nm PECVD SiO2 cladding and flattening the surface down to 
the top of the bus waveguide via a CMP process, as shown in Figure 4.7(b, c). 
Next, a ~200 nm thick PECVD aSi layer is deposited to define the vertical 
coupling gap. Then the QD-SiN composite layer is deposited and patterned as 
depicted in Figure 4.7(d, e). The QD-SiN stacked layer is prepared by 
successively depositing a ~80 nm bottom SiN, spin-coating nearly a monolayer 
of QDs, and depositing ~80 nm top SiN for embedding the QDs. To define the 
disks the optimized etching process for the QD-SiN waveguide is used to obtain 
smooth and steep sidewalls. The QDs employed in our device are ~10 nm 
CdSe/CdS core/shell dots prepared according to the “flash” synthesis procedure 
[16], with a peak PL wavelength around 625 nm. For suspending the disk an 
alkaline based wet etching step is used. Since this process to some extent can 
also etch the QDs, an extra protection layer is patterned over the disks to prevent 
damaging the QDs as shown in Fig. 2(f). We used the commercially available 
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ProTEK® B3, designed to withstand alkaline solutions, for this purpose. Finally 
the disk is undercut and the protective layer is removed to realize a free-standing 
SiN disk supported on aSi pedestal as drawn in Figure 4.7(g, h). 

 

Figure 4.7: Schematics of QD-SiN hybrid device fabrication flow. (a) Definition 
of SiN waveguide. (b, c) SiO2 cladding deposition and CMP 
Planarization. (d, e) Deposition of aSi gap layer and SiN/QD/SiN 
films, and definition of QD-SiN disk. (f) Coating and patterning of 
protective layer. (g, h) Undercut etching of aSi and cleaning of 
protective layer. 

In Figure 4.8(a), we show optical images of fabricated devices with various 
disk diameters from 7 μm to 20 μm. It is clearly seen that the presently 
developed approach is capable of realizing on-chip free-standing SiN disk 
integrated with QDs. In Figure 4.8(b), we show SEM images of a fabricated 
device with a 7 μm diameter disk suspended on a aSi pillar with a ~3.0 μm 
undercut distance, under which the bus SiN waveguide is clearly buried in an 
oxide matrix for on-chip coupling. To check the morphology of the embedded 
QD layer, we made a FIB cross-sectional image along the dashed red line in 
Figure 4.8(b) under the protection of a Pt layer deposited in situ by electron 
beam and ion beam, shown in Figure 4.8(c). The ~10 nm thick QD layer is 
perfectly embedded between the two layers of SiN and the QD-SiN disk is 
supported on the aSi layer as expected. In Figure 4.8(d), we show the tilted view 
of the enlarged disk sidewall area as indicated with dashed red box in Figure 
4.8(b) and the sidewall shows a continuously co-etched surface for the 
composite layers without steps at the interfaces of the different layers, which is 
an important feature for high quality microdisk resonators. 
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Figure 4.8: Fabrication results. (a) A set of optical images of fabricated devices 
with different disk diameters. All images have the same scale bar of 
10 μm as shown in the first left-top image. (b) SEM image of a device 
with a 7 μm diameter disk. (c) FIB cross-sectional image of the disk 
taken along the dashed red line in (b). (d) SEM image of the tilted 
view of the disk sidewall area indicated with dashed red box in (b). 
The inset shows the whole view of the disk. 

4.3.2 Device characterization and discussion 

PL characterization for QD-SiN disks 

To characterize the PL spectrum of the fabricated devices, we pumped the disks 
from the top using a 400 nm laser and collected the PL-signal from the cleaved 
facet of the bus waveguide using microlensed fibers. In Figure 4.9(a) and (b), we 
show the normalized PL spectra of disks with two different diameters coupled to 
a ~500 nm wide bus waveguide with an about +160 nm offset, as defined in 
Figure 4.5(a). The spectra clearly show that the QD emission is successfully 
coupled to the disk WGMs. Taking advantage of the fact that the 500 nm 
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waveguide bus waveguide is in cut-off for the TM polarized modes, we only 
couple out the TE WGMs of the disk. For the smallest disk of 7 μm diameter, 
only the fundamental TE mode family is recorded in the spectrum shown in 
Figure 4.9(a). This is in agreement with FDTD simulations showing that the 
higher order modes are lossy and exhibit a low Q-factor in this small disk. When 
increasing the diameter of the disk, a second family of WGMs starts appearing, 
as shown in Figure 4.9(b) for the 15 μm disk. This family exhibits a larger FSR 
and through simulation we can identify it as originating from the 2nd TE radial 
modes. In the insets of Figure 4.9(a) and 4(b), we also denote the Q-factors of 
the modes around 622 nm determined by fitting a Lorentzian function. We 
obtain a Q of 1160 with a FSR of ~8.9 nm for the 7 μm diameter disk and a Q of 
4460 with a ~4.15 nm FSR for the 15 μm diameter disk. Note that 
characterization of the modes with Q above ~4000 as shown in the fitting is 
already limited by the 0.05 nm resolution of the spectrometer we used. 

 

Figure 4.9: Normalized PL spectra of the devices coupled to ~500 nm wide 
waveguides with an offset of +160 nm, for disk diameters of 7 and 15 
μm in (a) and (b), respectively. The insets at the right side of (a) and 
left side of (b) show the fitted Q factors for representative fundamental 
WGMs as denoted by the red arrows. The right-side inset in (b) shows 
the PL spectrum collected on top of the disk for comparison.  

Another impressive signature of these spectra is that the background PL 
signal is very strongly suppressed, leading to sharp shoulders between the modes. 
This can be attributed to two factors – the enhanced interaction between the QD 
emission and the disk modes and the efficient coupling of the disk modes to the 
access waveguide. For photonic devices integrated with optical emitters, the 
background PL typically stems from emission directly radiated to free space 
(radiation modes) and light coupled to undesired modes, e.g., with an unwanted 
polarization or mode number. In our case, since the location of the thin QD layer 
almost perfectly overlaps with the maximum field intensity of the WGMs in the 
disk, the proportion of QD emission coupled to these disk modes is significantly 
enhanced compared to that coupled to free space. Second, for collecting the PL 
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we use the single-TE mode bus waveguide, which can efficiently couple out TE 
modes from the disk while coupling of any other modes as well as any scattered 
light is strongly suppressed. As a result, the PL spectra exhibit a very low 
background. For comparison, in the second inset of Figure 4.9(b), we show the 
PL spectrum as collected on top of the disk. This spectrum is dominated by the 
broad background PL of the QDs and only a few of the WGMs, as indicated by 
the red arrows are vaguely visible. Similar spectra reported in previous work [12, 
13] show that this background is unavoidable in free-space collection. 

The envelope in the PL spectra in Figure 4.9(a) and (b) can arise from the 
wavelength-dependent emission of the QDs itself but also from the wavelength-
dependent disk-waveguide coupling strength. We believe the first effect actually 
plays the primary role. To verify this we prepared a SiN/QD/SiN slab 
waveguide using the similar process as depicted in Figure 4.7. In Figure 4.10(a) 
we show the PL spectrum of this slab waveguide together with that of the 
original QD solution. It can be seen that these spectra match well with the 
envelope of the device spectra in Figure 4.9(a) and (b). Nevertheless, it should 
be mentioned that the wavelength-dependent coupling coefficient in the vertical 
coupling scheme cannot be neglected under some circumstances, for instance, 
when changing the coupling offset, we also observe a considerable shift in the 
PL spectra envelopes. It is also important to note that, although the absolute 
intensity may decrease, the PL spectra of the QDs after embedding them in the 
SiN stack exhibits almost the same peak position and overall profile as the 
original PL spectra of the QDs in solution. 

 

Figure 4.10: (a) PL spectra of QDs in solution and in SiN slab. (b) Measured and 
simulated FSR values and fitted Q factors for different diameter (2R) 
disks. For a fair comparison, both FSR and Q are calculated for the 
modes around ~622 nm, and Q factors are measured for the devices 
with ~500 nm waveguide width and +160 nm offset.  

In Figure 4.10(b), we plot the Q-factor and FSR for devices with various 
disk diameters but a constant bus waveguide width of ~500 nm and offset of 
+160 nm (measured around ~622 nm). A highest Q of 5740 and a FSR of 3.15 
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nm is achieved in the 20 μm diameter disk, an impressive result for such an 
active cavity. For the smallest disk, we attain a FSR of 8.9 nm and a moderate Q 
of 1160 (up to Q~1800 for some devices), promising for single-mode and low-
threshold QD-based lasers on chip. The quality of the devices can still be 
improved by further optimizing the fabrication process, to attain a more uniform 
QD layer and smoother sidewalls, both factors reducing the scattering loss. We 
also present the simulated FSR values for different diameters in Figure 4.10(b).  
In the simulation we assumed the disks were fabricated from a uniform SiN-
layer with refractive index of 1.94 and thickness of 170 nm. The gap is fixed at 
200 nm. The simulated results show good agreement with the measured values, 
with a discrepancy less than 4%, which can be attributed to small variation of 
the refractive index and dimensional and structural deviations between the 
designed and actually fabricated devices. 

Tunability of the coupling strength 

In a vertical coupling configuration, since the mode centers for different modes 
are spatially separated along the radial direction, the coupling coefficients for 
one family of modes can be tuned relatively to those of a different radical order 
by changing the offset between the bus waveguide and the disk or by adjusting 
the width of the bus waveguide. In fact, this tunability has already been studied 
in passive SiN disks in Chapter 2. In active devices it is of practical importance, 
for example, to control the external efficiency of lasers. To investigate this 
further, we fabricated devices with varying offsets as well as varying bus 
waveguide widths. In Figure 4.11 (a) and (b), we show PL spectra of devices 
with a disk diameter of 10 μm and a 500 nm wide bus waveguide, having an 
offset of +60 nm and +160 nm, respectively. The spectra were not normalized 
and care was taken to take the experimental conditions constant so the absolute 
value of the recorded intensity can be compared between both configurations. 
When moving the bus waveguide away from the disk edge (i.e., increasing the 
offset to +160 nm), obviously the PL spectra evolve from a strong to a relatively 
weak coupling regime, with the overall light intensity coupled out decreasing by 
~2.4 times. At the same time the Q-factor for the central peak is increasing by 
~2 times. The possibility to efficiently and accurately tune the coupling strength 
comes from the strongly offset dependent coupling coefficient and is another 
advantage of the presented vertical coupling scheme. In Figure 4.11(c), we also 

show the simulated offset-dependent power coupling efficiency (η) between the 
fundamental TE waveguide mode and the fundamental TE WGMs in the disk 
with a diameter of 10 μm. The simulation is similar to that performed in Chapter 
2 but is carried out at around 625 nm. Note that the parameter settings in the 
simulation are taken from the actually fabricated devices. With changing the 
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offset from +60 to +160 nm, η decreases from 2.4% to 0.8% as indicated by the 
red arrows in Figure 4.11(c), which can account for the decrease of the out-
coupled PL intensity in Figure 4.11(a) and (b). 

 

Figure 4.11: PL intensity spectra of the devices with a disk diameter of 10 μm 
and a 500 nm wide bus waveguide but under different offsets of +60 
nm and +160 nm in (a) and (b), respectively, together with Q-factors 
for the central peaks denoted by the red arrows. (c) The simulated 

offset-dependent coupling efficiency (η) between fundamental the TE 
waveguide mode and the fundamental TE WGMs in the disk with a 
diameter of 10 μm.  

Instead of changing the offset, we can also modify the width of the bus 
waveguide to adjust the degree of coupling between different order disk modes 
and the bus waveguide. In Figure 4.12(a) and (b), we show the PL spectra of 
devices with a disk diameter of 20 μm and an offset of +160 nm, coupled 
respectively to a 500 nm and 650 nm bus waveguide. In this case the PL spectra 
were normalized to compare the change of coupling ratio of different order 
modes. The 20 μm diameter disk supports also higher order TE radial modes and 
these can be coupled out to the bus waveguide with considerable efficiency as 
clearly shown in Figure 4.12(a). From their FSR, we can designate the two sets 
of modes as the 1st and 2nd TE radial order mode families as denoted by the red 
and blue arrows for a fraction of the spectrum in the insets of Figure 4.12(a) and 
(b). By widening the bus waveguide, coupling of the 1st order modes can be 
enhanced with respect to the 2nd order modes as clearly illustrated in the inset of 
Figure 4.12(b), for example, the PL intensity ratio of the 1st to 2nd order modes 
increases from 1.84 to 6.25 for the modes nearby 625 nm. The reduced coupling 
for 2nd order modes towards the wider waveguide can be explained by the fact 
that the fundamental mode in this wider waveguide is more strongly confined, 
reducing the overlap between this waveguide mode and the 2nd order disk modes, 
resulting in a rather weak coupling for these modes. The maximum electrical 
field of the 1st order modes on the other hand is located closer to the edge of disk, 
which ensures the spatial overlap with the waveguide mode remains substantial. 

From the simulated η for the 1st and 2nd order modes shown in Figure 4.12(c), it 
is indeed obvious that widening the waveguide width from 400 nm to 800 nm 
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the coupling strength for the 2nd order modes decreases while it increases for the 
1st order modes, leading to an enhanced coupling ratio of the 1st to 2nd order 
modes consistent with the measured results in Figure 4.12(a) and (b). Finally, 
off course also adapting the gap between the free-standing disk and the 
waveguide offers an additional degree of freedom in engineering coupling 
efficiency as well as Q factor. The demonstrated tunability of coupling 
efficiency and cavity Q-factor could potentially be employed in further 
development of light sources, for example, in laser devices for tuning such 
parameters as threshold, line-width, and mode control. 

 

Figure 4.12: Normalized PL spectra of the devices with a disk diameter of 20 μm 
and an offset of +160 nm but under different bus waveguide widths of 
500 nm and 650 nm in (a) and (b), respectively. The insets show the 
zoom-in spectra for the selected regions as indicated with the red-
dashed boxes. The red and blue arrows in the insets designate the 1st 
and 2nd order mode families, respectively. (c) The simulated 
waveguide width-dependent coupling efficiency between fundamental 
TE waveguide mode and 1st and 2nd order TE WGMs in the disk with 
a diameter of 20 μm. 

4.4 Conclusion 

We have developed a platform for the hybrid integration of SiN integrated 
circuits with colloidal QDs and demonstrated low-loss QD-SiN waveguides with 
the preservation of QD luminescence. On the basis of this platform and 
previously developed fabrication technology, we designed and fabricated free-
standing SiN microdisks hybridly integrated with embedded colloidal QDs, with 
those disks coupled to an on-chip access waveguide in a vertical coupling 
scheme. The detailed PL characterization of the fabricated devices revealed both 
high performance – high quality factors together with large free spectral ranges 
– and an efficient coupling of QD emission to disk resonance modes and 
eventually to the on-chip waveguide. Furthermore, by changing geometrical 
parameters associated with the proposed vertical configuration, the coupling 
between the disk whispering gallery modes and the bus waveguide could be 
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efficiently and accurately tuned. The presented optically active devices provide 
new opportunities not only for the on-chip SiN photonics community but also 
for the development of novel optoelectronic devices based on QDs. 

In particular, the demonstration of on-chip QD-SiN microresonators with 
high performance could be also realized in the combination with the colloidal 
QDs with optical gains, as already demonstrated, toward on-chip SiN lasers 
based on QDs. This exploration will be carried out in next section.
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On-chip integrated QD-SiN 
microlasers 

 

 

Colloidal quantum dots (QDs) represent an excellent gain material that is 
amenable to versatile, solution-based processing. Moreover, the gain wavelength 
in QDs is easily adjustable exploiting size-dependent quantum confinement and 
correct material choice, perfectly matching the broadband transparency of 
Silicon Nitride (SiN) photonics. A variety of types of QDs and their 2D 
counterparts, colloidal quantum wells, have been shown in the past few years to 
exhibit optical gain at wavelengths that can be readily adjusted from near 
infrared to visible wavelengths through size quantization and material choice [1-
9], providing a perfect match with broadband SiN photonics. Various laser 
devices exploiting these colloidal gain media have been demonstrated, either 
using accidental ad hoc resonators [10, 11], vertical cavities in which gain 
materials are embedded between reflectors [5-7, 12], or individual cavities 
where QDs are coated on the surface [13-22]. Despite the confirmation of QDs 
as an optical gain medium in microlasers, the lack of a suitable integration 
process and limited QD stability have inhibited the development of more 
complex, fully integrated waveguide-coupled laser sources that could propel 
integrated photonics into radically new applications. 
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Fabricating on-chip QD-SiN lasers requires an effective methodology to 
handle solution-processable QDs within a top-down complementary metal-
oxide-semiconductor (CMOS) manufacturing process. As pointed out before, 
such a process should preserve the optical properties of the QDs especially the 
optical gain and facilitate a strong spatial overlap between the QDs and the 
resonating optical modes without degrading the optical quality factor (Q) of the 
hybrid device. Moreover, the QD-SiN resonators need to be coupled with low 
loss on-chip waveguides to facilitate efficient extraction and further 
manipulation of the emitted light. In these respects, the use of SiN membranes 
with locally embedded QD films within a CMOS-like process flow is a potent 
approach that allows for the combination of active QD-SiN resonators and 
passive SiN circuits on the same platform, as we have developed and 
demonstrated in Chapter 4. 

In this chapter, we use the same approach to demonstrate a first on-chip QD-
SiN microdisk laser coupled to planar SiN waveguides. The microdisk consists 
of a SiN/QD/SiN sandwich that supports high-Q whispering gallery modes 
(WGMs) with a maximum of optical confinement in the central QD layer. 
Lasing is achieved for different disk diameters under picosecond optical 
pumping. The lasing action is characterized via measuring the 
photoluminescence (PL) intensity versus pump power, and features a non-linear 
increase above a very low threshold fluence of 27 μJ·cm-2 for a 7 μm disk. In 
addition, pronounced spectral narrowing, reduced emission lifetime and 
enhanced temporal coherence are observed above threshold. These ultra-
compact waveguide-coupled QD-SiN microdisk lasers showcase the key 
building block for realizing active integrated photonics on the SiN platform. Our 
approach opens up new paths for optical communication, lab-on-a-chip, gas 
sensing and, potentially, on-chip cavity quantum electrodynamics and quantum 
optics. 

5.1 Optical properties of QDs 

In this section, we investigate the optical properties of the QDs to be integrated 
in a SiN microdisk. First, we describe the synthesis and linear optical properties 
of the QDs used.  Then we describe the intrinsic gain properties determined 
using transient absorption spectroscopy4. We then study the optical index and 
absorption coefficient of SiN-embedded QD films. 

5.1.1 QD synthesis and linear optical properties 

                                                            
4 The QDs were synthesized by Dr. Tangi Aubert. The transient absorption spectroscopy 
was carried out by Suzanne Bisschop.  
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The CdSe/CdS QDs were prepared according to the flash synthesis procedure 
[23]. This technique consists of a fast and high temperature seeded growth 
process that has proven to be very efficient for the synthesis of large core-shell 
QDs with robust optical properties. First, 3.6 nm wurtzite CdSe QDs were 
synthesized according to the method reported by Carbone et al. [24], whereby 
tetradecylphosphonic acid was used instead of octadecylphosphonic acid for 
ease of of the purification process. These CdSe QDs were then used as seeds for 
the growth of a CdS shell in a single flash procedure. Briefly, 189 mg of CdO 
mixed with 10 g of trioctylphosphine oxide and 2.5 g of oleic acid were 
degassed under nitrogen at 120 °C for 1 h. The mixture was subsequently heated 
to 330 °C at which point 2 mL of trioctylphosphine were injected. After the 
temperature had recovered to 330 °C, 250 nmol of the CdSe cores dispersed in 2 
mL of trioctylphosphine solution with 1.2 mmol of S dissolved beforehand was 
injected. After 5 min, the reaction was quenched by using a water bath, resulting 
in CdSe/CdS core/shell QDs with a total diameter of 9.1 nm. The QDs were 
precipitated and further purified 3 times using toluene and methanol as solvent 
and non-solvent. Finally, the QDs are dispersed in toluene and the concentration 
can be adjusted to obtain a desired thickness of QD film by spin-coating. 

 

Figure 5.1: Morphological and optical properties of the CdSe/CdS QDs. (a) 
TEM image. (b) Absorption and emission spectra in solution. 

Figure 5.1(a) shows the transmission electron microscope (TEM) image of 
the CdSe/CdS QDs used in this study. These QDs are made of a 3.6 nm CdSe 

core for a total diameter of 9.1±2.2 nm. Figure 5.1(b) shows the absorption and 
emission spectra of the CdSe/CdS QDs used here as measured on an ensemble 
in a toluene solution. Due to the large volume of the CdS shell, the absorption 
curve is dominated by the bulk-like CdS absorption below 500 nm, whereas the 
first exciton transition of the CdSe cores can still be identified at 608 nm. The 
QDs have an emission centered at ~625 nm with a full-width at half-maximum 
(FWHM) of ~30 nm, a typical value for colloidal CdSe/CdS QDs. The emission 
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band is attributed to the bandgap transition of the QD cores. The quantum yield 
is about 50% as measured relatively to an organic dye. 

5.1.2 Optical gain measurement in solution 

To assess quantitatively the optical gain characteristics of the CdSe/CdS QDs 
used here, we first determine the non-linear absorbance of a CdSe/CdS QD 
dispersion using transient absorption spectroscopy. A pulsed laser at λ = 520 nm 
is used as pump (an automated optical parametric amplifier for wavelength 
extension of a regeneratively amplified Ti: Sapphire laser, ≈100-200 fs pulse 
duration, 1 kHz repetition rate) and a pulsed broadband as probe (by 
supercontinuum generation with a linearly polarized near-IR 800nm pump in a 
calcium fluoride crystal, ≈100-200 fs pulse duration, 1 kHz repetition rate). We 
can extract the material gain gm of the used QDs from the measured non-linear 
absorption A using ݃୫ = −	ln(10) ∙  with f the volume fraction and L ,(ܮ݂)/ܣ
the length of the cuvette. 

Figure 5.2(a) shows the material gain as a function of wavelength for 
different pulse energies at a fixed delay of 4 ps. It can be seen that optical gain is 
first attained at 638-655 nm once the pump pulse energy exceeds 38.7 μJ·cm-2. 
At higher pump energies the QDs have a very broadband, up to 74 nm wide, 
gain-band and a maximal gain of about 930 cm-1 at a wavelength of 623 nm can 
be reached when the QDs are pumped with pump energy 95 μJ·cm-2. The 
corresponding non-linear absorbance as a function of time at a fixed probe 
wavelength of 620 nm is shown in Figure 5.2(b). It shows that at this same 
higher pump energy, a situation of population inversion and optical gain lasts up 
to 80 ps. Fitting the relaxation of the transient absorbance to a single exponential 
yields a decay rate of 4 ns-1, which corresponds to a lifetime of 250 ps. As 
population-inversion lasts for such long time, we attribute optical gain in these 
QDs to stimulated emission from biexciton states, where interfacial alloying 
may somewhat suppress Auger recombination of the biexcitons [11, 25, 26]. 
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Figure 5.2: Transient absorption results. (a) Material gain spectra at a fixed delay 
of 4 ps at different pump pulse energies. (b) Corresponding time slices 
at a fixed probe wavelength of 620 nm. 

5.1.3 Optical properties of QD film 

So far, the optical properties of QDs have been studied in solution. For 
integrated photonic devices, however a solid film of QDs with controlled 
thickness and uniform surface is needed. Here, we obtain a QD film using spin-
coating. Unlike the monolayer of QDs used previously, we employ thicker QD 
film (e.g., tens of nanometer) in order to provide sufficient optical gain. For 
optimizing the design of SiN photonics devices and for the quantitative 
assessment of the possible device performance, the optical properties of such a 
QD film hence need to be determined before integration with SiN resonators. 

First, we measure the optical refractive index of the QD film using 
ellipsometry. The QD film is prepared directly on a silicon substrate and the real 
and imaginary parts of optical index (n, k) are simultaneously obtained by fitting 
the Cody-Lorentz model [27] to the measured data. Then the absorption 
coefficient can be deduced from the k. However, since the k is sensitive to fitting 
models, for more reliable values we directly determine the absorption of the QD 
film through measuring the transmission T and the reflection R (A = 1 - T - R) 
for the SiN/QD/SiN (~100/55/100 nm) layer stack to be used also for fabricating 
the disk, deposited on a glass substrate. This layer stack is prepared by 
successively depositing a 100 nm bottom SiN layer, spin-coating a 55 nm layer 
of QDs, and depositing another 100 nm top SiN layer to encapsulate the QDs. 
SiN was deposited using our plasma-enhanced chemical vapor deposition 
(PECVD) system operating at a temperature of 270 °C. All SiN layers were 
prepared using low-frequency PECVD, except for the top SiN layer of the 
SiN/QD/SiN sandwich, which was deposited using a mixed frequency mode so 
as to reduce stress in the SiN layer and prevent cracks. In Figure 5.3 we present 
the morphological results of the SiN/QD/SiN layer stacks after top ~100 nm SiN 
deposition. It is clear that the low-frequency SiN deposition on the QD surface 
regularly induces wrinkles with scale of tens of microns on the entire surface of 
the QD film as shown in Figure 5.3(a), probably due to high compressive stress 
in this SiN film and weak QD-QD adhesion. The wrinkled surface can be 
cracked and peeled off easily by nitrogen blowing or wetting and is useless for 
further processes. On the other hand, the mixed-frequency mode deposition 
results in a compact stack and a neat surface as seen in Figure 5.3(b), possibly 
due to significantly reduced stress in this SiN layer. Moreover, this layer stack 
exhibits mechanically robustness and can survive further processes such as 
lithography, dry etching, and wet cleaning even under ultrasonic. It is also 
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notable that there is no observable difference between high- and mixed-
frequency SiN deposited in our PECVD system.  

 

Figure 5.3: Optical microscope images of the surface morphologies of 
SiN/QD/SiN layer stack after deposition of top SiN at different 
PECVD frequency mode. (a) Low-frequency and (b) mixed-frequency 
modes. The scale bar is 50 μm.  

In Figure 5.4 we show the optical index n and absorption coefficient α of a 
QD film as a function of wavelength. At ~630 nm the index is 1.88, which is 
close to that of the SiN film (1.9-1.94). This index matching facilitates 
straightforward device design in terms of mode control in the disk and coupling 

to the bus waveguide. The absorption coefficient exhibits a value of 2.78×104 
cm-1 at wavelength of 400 nm which we use to excite the QDs in devices. 

 

Figure 5.4: Measured optical index n and absorption coefficient α of 
SiN/QD/SiN film. 
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5.2 Optical properties of QD-SiN waveguide 

In this section, we fabricate QD-SiN waveguides and characterize their linear 
and nonlinear emission properties. Using a variable stripe length method, we 
determine the optical gain in the QD-SiN waveguide. 

5.2.1 Fabrication of QD-SiN waveguide 

The QD-SiN waveguide is defined in the same (100/55/100 nm) SiN/QD/SiN 
layer stack as described before on a silicon substrate with a 3 μm thermal oxide 
layer, similar to the waveguide fabrication in Chapter 4. Specifically, the 
reactive ion etching (RIE) process uses the gases of CF4/H2 (40sccm/5sccm), 
which slightly differs from the etching condition for previous monolayer QD 
film in SiN, to attain smooth and steep sidewalls, which are critical for further 
fabricating high performance disk resonators. 

To check the quality of the SiN/QD/SiN layer stack and the etching profile, 
we made scanning electron microscope (SEM) images of the cross section of as-
etched QD-SiN waveguides, as shown in Figure 5.5. They were prepared using 
focused ion beam (FIB) milling under the protection of a platinum (Pt) layer, 
deposited in-situ by electron and ion beams. It is obvious that an epitaxial-like 
layer of QDs with a thickness of ~55 nm is perfectly embedded between the two 
layers of SiN. The sidewall shows a continuously co-etched surface without 
distinct steps at the interfaces of the different layers, an important feature for 
guaranteeing high-Q WGMs in the disk.  

 

Figure 5.5: SEM images of the cross section of as-etched QD-SiN waveguide. (a) 
Overview of the waveguide. (b) Enlarged view of a selected area in 
the center of the waveguide as denoted by the red-dashed box in (a). (c) 
Enlarged view of the etched sidewall as denoted by the blue-dashed 
box in (a). 
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5.2.2 Emission properties 

The emission of the QDs embedded in SiN waveguides is characterized on a 
micro-PL (μ-PL) setup using an optical fiber for collecting the signal from the 
cleaved facet of a waveguide defined on the chip. The waveguide was pumped 
by focusing light from a continuous-wave (CW) laser running at a wavelength of 
400 nm to a rectangular pattern using a cylindrical lens. The PL spectrum, as 

presented in Figure 5.6, shows a peak centered at 625−630 nm and a ~30 nm 
FWHM, similar to the result measured in solution, demonstrating that the optical 
properties are well preserved after integration with SiN. Due to wavelength-
dependent reabsorption dominating at the blue side of the emission band, the 
spectra exhibit an asymmetry and a redshift of the PL peak as a function of 
waveguide length. The latter can be seen in the inset of Figure 5.6. This effect 
will be also evident in PL from a disk and can significantly deteriorate the Q 
factors of WGMs at shorter wavelengths, as will be seen later. 

 

Figure 5.6: Normalized PL spectra of QD-SiN waveguides with length 
increasing from 0 to 700 μm. The arrow indicates increasing 
waveguide length. The inset shows the PL peak shift as function of the 
waveguide length. The pump profile is a stripe along the waveguide. 

5.2.3 Optical gain measurement 

The modal gain of QD-SiN waveguides can be determined using a variable 
stripe length method. Figure 5.7(a) shows the optical emission of a waveguide 
having dimensions of 600 μm in length and 5 μm in width. Upon pumping the 
waveguide using 400 nm femtosecond pulsed laser light focused by a cylindrical 
lens to a rectangular stripe, a broadband spontaneous emission spectrum is 
recorded from the cleaved edge of the waveguide. Increasing pump power 
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results in a marked narrowing and amplification of the spontaneous emission 
(ASE). The superlinear intensity increase saturates at a pump power ≈1.8 times 
above threshold power PASE and the corresponding ASE spectrum is centered at 
≈627 nm with a FWHM of ≈8 nm. Consequently, we conclude that our process 
flow for the SiN/QD/SiN stacks preserves the gain characteristics of the 
CdSe/CdS QDs.  

In order to quantify this gain, we analyzed the emission from several 
SiN/QD/SiN waveguides with dissimilar lengths while maintaining a constant 
pump power density. Observation of Figure 5.7(b) reveals a sharp, superlinear 
rise in emission intensity for waveguides longer than ≈200 μm that saturates for 
lengths exceeding ≈400 μm. As seen in the microscope images, this ASE signal 
is perfectly guided by the waveguide without observable scattering, and thus 
corroborates the low intrinsic losses of the QD-SiN waveguides. We estimate 
the net modal gain g by fitting the distance-dependent intensity to ܫ = ଴(݁௚௟ܣ −1)/݃ [28] within the region of exponential intensity increase. Averaged over 
several sets of nominally identical waveguides, net modal gains of around 70 
cm-1 and 100-120 cm-1 are obtained for pump powers of about 1.4×PASE and 
2×PASE, respectively. The resulting numbers are in line with expectations. 
Considering a modal confinement of 23% and QD volume filling factor of ≈53% 
(estimated from effective index), these correspond to a material gain of up to 
980 cm-1, which is comparable to the material gain as deduced from the transient 
absorption measurement. 

 

Figure 5.7: Optical gain in QD-SiN waveguide. (a) The evolution of ASE spectra 
for ≈600 μm long SiN/QD/SiN waveguide when increasing the pump 
power. The latter is normalized to the pump power for which ASE 
starts dominating SE, PASE (≈20 μJ·cm-2). The integrated ASE 
intensity as a function of pump power is shown in the inset. (b) ASE 
intensity versus the length of the waveguide at an excitation level of 
≈2PASE. The inset shows an optical microscopic image where the ASE 
signal in the waveguide is well-guided and appears as red emission 
from the waveguide’s left and right end facets. 
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5.3 On-chip QD-SiN microdisk laser 

In this section, we design and fabricate a waveguide-coupled QD-SiN microdisk 
laser. The characterization of the WGMs in QD-SiN disk will be given in detail. 
In particular, the analysis of Q factors together with measured optical gain will 
allow for quantitative prediction of lasing in further measurement. 

5.3.1 Design and simulation 

Figure 5.8(a) depicts the schematics of the device configuration with a SiN-QD 
microdisk vertically coupled to a passive bus waveguide. The details of the 
design are similar to the waveguide-coupled microdisk device in Chapter 4, 
while for simplification of fabrication here the top SiN-QD disk is directly built 
on the SiO2 planarized SiN waveguide layer with a vertical spacing as coupling 
gap. In the horizontal direction, the disk edge is aligned to the center of the 
waveguide with an offset as schematically depicted in Figure 5.8(b). The whole 
device is constructed on a Si wafer with a 3 μm thermal SiO2 layer. From finite-
difference time-domain simulations (FDTD), we adopt a height of ~125 nm for 
the bus waveguide, guaranteeing only fundamental transverse-electric (TE) and 
transverse-magnetic (TM) mode operation near the wavelength of ~625 nm, the 
central emission wavelength of the QDs to be integrated. It should be added that 
we focus preferably on TE mode operation whereas both low-loss TE and TM 
modes can be supported in such waveguide with oxide cladding. The thickness 
of the disk is chosen to be ~250 nm to ensure high-Q fundamental (1st radial 
order) quasi-TE (referred to as TE hereafter for simplicity) WGMs, for example, 
FDTD simulations indicate a 7 μm × 0.25 μm monolithic SiN disk supports 

fundamental TE WGM with a simulated Q factor of ≈5×104 at 625 nm. The 
main parameters for controlling the coupling strength include the coupling gap, 
the waveguide width, and the offset. In the experiment, the gap is fixed at ~300 
nm. Both the waveguide width and the offset are varied to tune the coupling 
strength. The influence of these parameters on the device characteristics have 
been discussed in Chapter 4. 
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Figure 5.8: Design of the device. (a) Schematics of vertical coupling 
configuration of a QD-SiN disk and an access waveguide. A layer of 
QDs is embedded in the SiN disk (b) Cross-sectional view of the 
device.  

In the 250 nm-thick SiN disk, both TE and TM WGMs at ~625 nm are 
supported and can be coupled to TE and TM waveguide modes, respectively. In 
Figure 5.9(a) we present the FDTD simulated cross-sectional field-intensity 
profiles of the typical 1st order TE/TM WGMs in the SiN disk with 7 μm 
diameter on a SiO2 substrate. It is obvious that the field of the 1st order TE mode 
is well centered in the SiN layer. In Figure 5.9(b) we plot the field intensity 
profile along the vertical direction (v) of the disk for the 1st order TE mode. It is 
obvious that the maximum intensity is located at the center of the disk, and 
quantitatively there is more than two times enhancement of the optical 
confinement at the center compared to the disk top or bottom, integrated over a 
50 nm-thick region. Since the effective index of the QD film and the deposited 
SiN are similar, thus the same enhancement is expected for the optical 
confinement in the QD layer of a SiN/QD/SiN sandwich and the embedding 
scheme ensures maximum overlap of the optical field with the QD layer 
providing gain. We also analyzed the Q factors (radiation loss limited Qrad) of 
the 1st order TE/TM modes for disks with different diameters and show the 
result in Figure 5.9(c). Clearly, the 1st order TE WGMs have higher Q factors 
than the 1st order TM WGMs. Additionally, the 1st order TE WGMs exhibit a 
larger free spectral range (FSR) as shown in Figure 5.9(d). These properties, in 
addition to the later mentioned polarization analysis can be used to distinguish 
between the two sets of modes in the experiment. 
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Figure 5.9: Simulation of WGMs in SiN disk. (a) Simulated cross-sectional 
electric field-intensity profiles of the 1st order TE/TM WGMs in a 7 
μm-diameter and 250 nm-thick disk on oxide. (b) The electric field 
intensity distribution for the 1st order TE mode along the vertical 
direction of the disk, as indicated by the red arrow in (a). (c) 
Simulated Q factors for the 1st order TE/TM WGMs (resonance 
wavelength ~625 nm) as a function of disk diameter. (d) Calculated 
FSR for the 1st order TE/TM WGMs of a disk with 10 μm diameter.  

5.3.2 Device fabrication 

In Figure 5.10, we schematically show the fabrication flow of the designed 
device. First, we fabricate the SiN waveguide chip with planarized oxide 
cladding by SiO2-based chemical mechanical planarization (CMP) process 
developed previously, starting from a low-frequency PECVD SiN layer on top 
of a 3 μm thermal oxide layer. Then the QD-SiN disks, aligned to the bottom 
bus waveguides, are defined in a uniform (~100/55/100 nm) SiN/QD/SiN layer 
stack prepared by the same procedure as used in QD-SiN waveguide fabrication, 
using a photoresist mask and the optimized RIE process.  
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Figure 5.10: Schematics of device fabrication flow. (a, b) SiN deposition and 
waveguide definition. (c, d) SiO2 deposition and CMP planarization. 
(e, f) Preparation of SiN/QD/SiN layers and QD-SiN disk definition. 

 

Figure 5.11: Optical microscope images and SEM images of a fabricated device. 
(a) Optical photography of an array of disks with diameters from 5 to 
20 μm. (b) Enlarged view of 10 μm diameter disk array. (c) SEM 
image of a selected disk in (b) denoted by the dashed-green box. (d) 
FIB cross-sectional image of the waveguide-disk coupling region in (c) 
indicated by the dashed line. 
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Figure 5.11(a) and (b) show optical photography of a large area of one 
fabricated chip. It is obvious that the developed CMOS-like processes are 
capable of chip-scale fabrication of QD-SiN hybrid devices with high yields. We 
also show a close-up of a selected single disk in the SEM images of Figure 
5.11(c) and (d), which clearly reveal the presence of a well-defined circular 
boundary and the flat top of the disk as well as the controlled position of the bus 
waveguide buried below the disk. Again, the sidewall of the etched SiN/QD/SiN 
layer stack shows a continuously co-etched surface at the interfaces of the 
different layers, a prerequisite for high-performance WGM disk resonators. 

5.3.3 Characterization of disk WGMs 

The WGMs in the QD-SiN disk are analyzed through their PL measured on a μ-
PL setup. To excite the WGMs, we pump the disk from the top using a focused 
Gaussian beam spot of a 400 nm CW laser. PL signals are collected from the 
cleaved waveguide facet either with an optical fiber or using an objective and 
analyzed by a spectrometer. In this way, we can study the WGM properties such 
as resonance wavelength, polarization, FSR, and Q factors, which are important 
parameters for further analysis and understanding of the lasing operation. We 
characterized a set of disks with different diameters coupled to a ~500 nm wide 
bus waveguide, offset with respect to the disk edge by about +200 nm. Under 
these parameters, according to simulation the disk Q factor associated to 

waveguide-coupling loss is around (3-6)×104.  
Figure 5.12 represents PL spectra of 5, 7 and 10 μm diameter disks acquired 

with an optical fiber together with the background emission taken from the top 
of an unpatterned SiN/QD/SiN region. Whereas the latter aspect is in 
agreements with the featureless emission characteristic of the QD band-edge 
recombination, the spectra coupled out through the bus waveguides clearly show 
the WGMs of the disks with negligible background emission, thanks to 
preferential coupling of the QD emission into the disk resonator modes as a 
result of the QD layer being sandwiched centrally between the SiN layers and 
efficient out-coupling through the on-chip waveguide. This feature in WGM 
spectrum has also been observed in Chapter 4. The center of their envelope at 
≈639 nm is redshifted by 15 nm with respect to the background emission 
spectrum. This shift is due to reabsorption of emitted light in the QD layer, 
which agrees with the result in Figure 5.6. 
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Figure 5.12: Measured PL spectra of disks with different diameters together with 
background emission, excited by a CW 400 nm laser. 

Since both waveguide and disk can support them, the WGM spectra consist 
of a series of TE/TM modes. These mode families can be distinguished by their 
Q factors and FSR, with TE modes exhibiting the larger FSR and higher Q 
factors according to FDTD simulations. By fitting the WGM peaks to a 
Lorentzian function, we can extract the Q factors and FSR of these modes and 
classify them eventually. Moreover, a polarization analysis can offer another 
way of identifying TE/TM WGMs. As an example, for the disk of 10μm 
diameter we performed a detailed analysis of the WGMs in terms of Q factors, 
FSR, and polarization. In Figure 5.13 we show the whole WGM spectrum of a 
10 μm diameter disk and selected modes resolved using a high-resolution (<0.05 
nm) spectrometer. Using a multi-peak fit with Lorentzian functions we obtain 
the resonance wavelengths as well as the associated Q factors and FSR. By 
comparison to the simulation results in Figure 5.9, these modes are identified as 
the 1st order TE and 1st order TM mode families, as summarized in Figure 5.14. 
For analyzing the polarization of the WGM spectrum the PL signals from the 
bus waveguide are collected in free space using an objective and then analyzed 
by a polarizer. In Figure 5.15(a) we show the PL spectra versus polarizer angle. 
Cleary, the spectra consist of two sets of WGMs of different polarizations that 
are perpendicular to each other and correspond to dominantly TE and TM 
polarized light exiting from the waveguide. Since the TE and TM WGMs in the 
disk are coupled mainly to the respective TE and TM waveguide modes 
(according to simulations the TE-TM mode coupling is very weak), the 
polarization of the waveguide PL represents the WGM polarization in the disk. 

580 600 620 640 660 680

background

d=5µm

d=7µm
P

L 
In

te
ns

ity
 (

a
.u

.)

Wavelength (nm)

d=10µm



146 CHAPTER 5 

Therefore, the two sets of modes can be attributed to the 1st order TE and 1st 
order TM WGMs of the disk, as shown in Figure 5.15(b). The polarization 
analysis is very useful to unambiguously identify WGM peaks when TE and TM 
modes accidently overlap with each other in some disks.  

 

Figure 5.13: (a) Measured PL spectrum of a disk with 10 μm diameter. (b) The 
high-resolution spectrum for the selected region in (a) as indicated 
with the blue-dashed box. The inset shows the measured (black) and 
fitted (red) spectrum using a multi-peak fit with Lorentzian functions.  

 

Figure 5.14: Extracted Q factors and FSR for several WGMs of a 10 μm-
diameter disk. The 1st order TE WGMs have higher Q factors and 
larger FSR relative to the 1st order TM modes, in good agreement with 
simulated results in Figure 5.9. 
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Figure 5.15: Polarization analysis of WGMs. (a) Plot of the PL spectra of a 10 
μm-diameter disk for different polarizer angles. The red-dashed line 

indicates the position (0°) at which the light of horizontal polarization 
passes, corresponding to TE-polarized light from the waveguide. (b) 

PL spectra with the polarizer angle at 0° and 90°, respectively.  

Finally, we extract Q factors of the 1st order TE WGMs at different 
resonance wavelengths for the disks with different diameters and compile the 
results in Figure 5.16(a). When increasing the diameter of the disk, the Q factors 
near the same resonance wavelength increase. For the ~630 nm resonance they 
saturate to ~1770 in a 15 μm-diameter disk. From the absorption measurement 
of the QD solution and film, we attribute this to absorption in the CdSe QD 
cores. This absorption starts below 650 nm and rises towards shorter wavelength. 
It is assumed to be negligible at longer wavelength, for example, at 660 nm 
where the Q factor in a 15 μm-diameter disk reaches 5800, over three times 
higher than that at 630 nm. The Q factors at 660 nm are mainly limited by 
scattering loss (Qscat) (the Q factors related to mode-radiation loss and 
waveguide-coupling loss as mentioned before are considerably larger) and hence, 

at this wavelength, we have Q ≈ Qscat. On the other hand, Q factors at shorter 

wavelengths include two main contributions − QD absorption loss and scattering 
loss. In the lasing regime, the QD absorption loss is absent and the net optical 
gain only needs to compensate the scattering loss. Assuming Rayleigh scattering 
is dominant in our disk and ܳୱୡୟ୲ିଵ ∝ ସିߣ , we can obtain Qscat at a given 

wavelength λ as ܳୱୡୟ୲,ఒ = ܳୱୡୟ୲,ఒలలబ(ߣ/ߣ଺଺଴)ସ, as shown in Figure 5.16(b). Qscat 

can be then translated to an effective loss coefficient ߙୱୡୟ୲ = ୱୡୟ୲ܳߣ/୤୤ୣ݊ߨ2 , 
where neff is the effective index of the lasing mode at the wavelength of λ, as 
plotted in Figure 5.16(b). We estimate at 630 nm the scattering loss decreases 
from 160 to 35 cm-1 for a corresponding disk radius increasing from 5 to 15 μm 
diameter. Performance of the gain medium must be sufficient to overcome such 
losses if the disk is to support lasing modes. According to the measured modal 
gain of 100-120 cm-1 in QD-SiN waveguide with the same thickness of QDs, 
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lasing in QD-SiN microdisks should be feasible as the modal gain can exceed 
the cavity losses in the disks with diameters larger than 5 μm.  

 

Figure 5.16: Q factor analysis. (a) Measured Q factors for the 1st order TE 
WGMs near three selected wavelengths in the disks of different 

diameters. (b) Extracted Qscat and αscat for the 1st TE WGMs at 630 nm 
in different diameter disks. 

5.4 Lasing characterization 

In this section, we determine the lasing characteristics of QD-SiN microdisks in 
terms of threshold, emission lifetime, and temporal coherence on the same μ-PL 
setup5. We optically pump the disks with a pulsed laser at a wavelength of 400 
nm provided by a frequency-doubled regenerative amplifier seeded with a 

mode-locked Ti:Sapphire laser, resulting in an initial pulse duration of 100 − 
200 fs with a repetition rate of 1 kHz. The light is then coupled into a multi-
mode optical fiber with 25 μm core diameter and 100 cm length, which stretches 
the pulse duration to ≈10 ps and leads to homogenization of the beam profile 
towards a flat top. The output facet of the pump fiber is demagnified and imaged 
at normal incidence onto the sample by microscope objectives, resulting in an 
approximately disk-shaped pump spot of 12 μm diameter. Its intensity is 
controlled by a movable gradient filter. For the spectroscopic detection with a 
high-resolution spectrograph and the time-resolved measurements with a time-
correlated single-photon counting system, the emitted light is collected with a 
multi-mode fiber (200 μm core, numerical aperture NA=0.22) directly from the 
cleaved waveguide end facet. For the interferometer, streak camera and 
polarization-dependent measurements, the light is collected with a microscope 
objective (NA=0.3) from the waveguide facet. In the Michelson interferometer, 
the emitted light is split with a non-polarizing beam-splitter cube, controllably 

                                                            
5 These measurements were carried out at the IBM-Zurich lab in collaboration with Thilo 
Stöferle, Gabriele Rainò, and Rainer F. Mahrt. 
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delayed in one arm by a hollow retroreflector, which is mounted on a motorized 
linear stage, then recombined and focused on a cooled CCD. 

5.4.1 Laser threshold and emission lifetime 

The emission spectra of a 7 μm diameter disk under different excitation 
conditions are represented in Figure 5.17(a) as an example result. Below the 
threshold (0.89Pth – see below for a determination of Pth), the spectrum exhibits 
typical WGMs within the envelope of the broadband spontaneous emission of 
the colloidal QDs. By increasing the pump fluence above the threshold (1.16Pth), 
a sharp, 40-fold increase of the intensity for the WGM near 629 nm is observed. 
This is accompanied by line-narrowing from 0.58 nm to 0.14 nm FWHM, a 
distinct characteristic of the onset of lasing. Polarization analysis of the PL 
spectrum provides additional evidence that the lasing mode is a 1st order TE 
WGM, which will be discussed later. By further increasing the pump intensity to 
1.8Pth, a second lasing mode appears at shorter wavelength (near 620 nm), 
consistent with the blue-shift of the gain spectrum with increasing of pump 
power observed both in solution and in waveguide. The transition to lasing 
concurs with the emergence of scattered light of the WGMs in the PL image of 
the disk as seen in the insets of Figure 5.17(a). In Figure 5.17(b) we plot the 
total output intensity versus the pump fluence, also known as light-in-light-out 
(L-L) curve. The laser threshold Pth is determined to be 27 ± 2 μJ·cm-2. 
Additionally, the log-scale L-L results for two lasing modes presented in the 
inset in Figure 5.17(b) are well-defined S-shaped curves.  

For modeling the laser emission, we employ a basic rate equation analysis 
for microcavity lasers [29-31]. As the duration of the pump pulse is significantly 
longer than the build-up time of the lasing emission, a simplistic single-mode 
model with static pump rate can capture the main emission intensity 
characteristics. The lasing photon intensity S as a function of the pump rate P is 
given by a static solution and can be expressed by 

1/2
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where (1 - ξ) denotes the fraction of the spontaneous emission lost from the open 

cavity, A is the free-space spontaneous emission rate, τs is the exciton lifetime, 

and β is the fraction of the spontaneous emission coupled into the lasing mode. 
We can neglect non-radiative recombination processes given the extremely fast 

stimulated emission, and hence, set Aτs=1, i.e. consider only radiative decay. For 
our disk, we calculate the transversal open-cavity losses (1 – ξ) ~ 0.9. We 
obtained the experimental L-L curve for a certain lasing mode by recording the 
output intensity I as a function of pump fluence p, as shown in Figure 5.17(b). 
To fit the measured curve, we use the form (݌)ܫ = ܽଷ[ܵ(ܽଵ݌) + ܽଶ݌], where a1 
is the linear scaling factor relating the excitation rate to the actual pump fluence, 
a2p represents the background signal which is approximately proportional to the 
pump flux, and 1/a3 is the linear factor scaling the output intensity to the 

detected counts in the spectrometer. Thus, ai=1,2,3 and β are obtained by fitting 
the measured data. The fit matches the measured data well as shown in Figure 

5.17(b), and we find β ~ 3×10-3. 
Stimulated emission is expected to shorten the luminescence decay time. We 

therefore performed time-resolved PL measurements, and Figure 5.17(c) shows 
the PL decay traces for different pump fluences. The extracted lifetimes 
dramatically decrease from a few nanoseconds below Pth to tens of picoseconds 
above Pth, which is a value limited by the time resolution of the photon counter. 
Using a streak camera to precisely record the temporally and spectrally resolved 
dynamics, we find that the emission from the 7 μm disk lasts for about 7 ps and 
11 ps (FWHM) for the short and long wavelength modes, respectively, see 
Figure 5.17(d). 
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Figure 5.17: Laser threshold and lifetime characteristics. (a) PL spectra of a 7 
μm diameter disk under different pump fluences below and above the 
threshold Pth. Insets: Corresponding camera-recorded PL images of 
the disk (intensity normalized), showing the emergence of scattering 
from the WGMs above the threshold. (b) Measured total PL intensity 
as a function of pump fluence, showing a clear threshold of 27 μJ·cm-2. 
Inset: Log-scale L-L curves for two lasing modes. Symbols are 
measured data and solid lines are S-shaped curves obtained by a rate 
equation fit. (c) Spectrally integrated decay traces at different pump 
fluences, together with extracted lifetimes from fitting a single-
exponential-decay function as indicated by the red-dashed line. d, 
Temporal behavior of the two lasing WGMs at pump fluence of ≈3Pth. 

For the smallest disk with diameter of 5 μm, we didn’t observe the 
occurrence of lasing, indicating its cavity loss exceeds the optical gain. All 
larger disks show lasing action. In Figure 5.18, we show the laser threshold and 
lifetime characteristics for a 10 μm diameter disk. Given its higher Q factor, the 

laser threshold Pth = 21±3 μJ·cm-2 is even lower for this disk. As seen in Figures 
5.18(a) and (b), this larger disk exhibits multi-mode lasing directly above 
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threshold and when increasing the pump power new lasing modes appear at 
shorter wavelength, consistent with the blue-shift of the gain spectrum. Similarly 
as for the 7 μm disk, the lifetime of the emission decreases from a few 
nanoseconds below Pth to a few picoseconds above Pth (about 6 ps to 12 ps 
FWHM for the short and long wavelength modes respectively), as shown in 
Figure 5.18(c) and (d). 

 

Figure 5.18: Laser threshold and lifetime characteristics. (a) PL spectra of a 10 
μm diameter disk under different pump fluences below and above the 

threshold Pth = 21±3 μJ·cm-2. Insets: Corresponding camera-recorded 
PL images of the disk (intensity normalized), showing the emergence 
of scattering from the WGMs above the threshold. (b) Measured PL 
intensity as a function of pump fluence for the integrated laser power 
(black) and for the individual laser modes (colors). (c) Spectrally 
integrated decay traces at different pump fluences, together with 
extracted lifetimes from fitting a single-exponential-decay function as 
indicated by the red-dashed line. (d) Temporal behavior of the three 
lasing WGMs at pump fluence of ~3Pth, recorded by high-resolution 
streak camera. 
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To confirm which WGM is lasing in the disks, we carry out the same 
polarization analysis for the lasing spectrum as we did for the CW-pumped 
spectrum. In Figure 5.19, we show the spectra for the disks of 7 and 10 μm 
diameter pumped above lasing threshold. Clearly, each spectrum comprises a 
mode family mainly emitting in TE polarization and therefore can be ascribed to 
the 1st order TE WGMs. This can be understood by the fact that the fundamental 
TE WGMs have both the highest Q factor and largest optical confinement. 

 

Figure 5.19: Polarization analysis of lasing WGMs. Plot of the lasing spectra 
above the lasing threshold (color scale is logarithmic) at different 
polarizer angles, for disks with diameters of 7 μm in a and 10 μm in b. 
The red-dashed line indicates the orientation of the TE polarization. 

5.4.2 Temporal coherence of laser beam 

A key signature of lasing is high and extended coherence of the emitted photons. 
The degree of temporal coherence of the laser light is characterized by the first 

order correlation ݃(ଵ)(߬). By sending the light emitted from the waveguide end 

facets through a Michelson interferometer, we determine ݃(ଵ)(߬)  from the 

interference fringe visibility ߛ = ห݃(ଵ)(߬)ห , where ߬  is now the time delay 

between two interferometer arms.  
We measure the interference pattern below and above threshold, and the 

results are reported in Figure 5.20 for a 7 μm diameter disk. Below the lasing 
threshold, the envelope of the visibility can be appropriately fitted with a single 

exponential decay, resulting in a 1/e coherence time of τc= 0.33 ps. This very 
short coherence time equals the photon lifetime in the micro-resonator that can 

be calculated by τc= Q/ω, using the measured Q of ≈1000 at 630 nm in 7 μm 
diameter disks. Above the lasing threshold, the coherence extends almost one 

order of magnitude to τc = 2.5 ps. This nearly equals the measured duration of 
the emitted laser pulse, but is slightly reduced due to a small temporal emission 
wavelength chirp from transients in the charge carrier density caused by the 
pulsed excitation scheme. The fringe pattern extends over the whole waveguide 
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facet, see inset in Figure 5.20(b), as the single-transversal-mode design leads to 
perfect spatial coherence. A common feature both below and above threshold is 
that the multi-longitudinal-mode emission gives rise to a beat note where the 
peculiar ultrafast THz oscillation frequency corresponds to the frequency 
difference between the cavity modes, see inset in Figure 5.20(b). The almost 
Fourier-limited coherence, also in the multi-mode regime without noticeable 
mode competition, highlights the quality of the integrated QDs as excellent gain 
material. 

 

Figure 5.20: Temporal coherence of laser beam. (a) Visibility of the interference 
fringes in a Michelson interferometer obtained below the lasing 
threshold (0.25Pth) as a function of delay time ߬  between the 
interferometer arms. The black symbols represent the measured data, 

the blue line shows a fitted envelope exp (-|τ|/τc) with τc = 0.33 ps and 
the red curve shows a fit taking into account the beating pattern of the 
two emitting cavity modes (see bottom inset of (b)). (b) Above 
threshold (2.75Pth), the first order coherence lasts almost an order of 

magnitude longer, and a fit to the envelope yields τc = 2.5 ps (blue 
line). The top insets show exemplary interferograms of the emission 
from the waveguide end facet. The spread of the measured black data 
points is not noise but a consequence of the beating effect of multiple 
lasing modes, which is resolved when measuring with very high time 
resolution (bottom inset). The sine fit (red line) of the time-resolved 
beating pattern finds a period of 0.147 ps, corresponding to the inverse 
frequency mode spacing of the two lasing modes. 

The QD-SiN disk lasers preserve their properties over many weeks of 
measurements without significant degradation, wavelength drift or stability 
issues. This long-term stability is largely attributed to the efficient encapsulation 
of the colloidal QDs by the SiN matrix. Furthermore, the fabrication process is 
highly reproducible, allowing for a high device yield (>90%) while the operating 
wavelength has a variability of less than one nanometer for nominally identical 
devices. 
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5.5 Conclusion 

We have created a versatile technology that enables hybrid integration of a 
whole class of solution-processable QDs with the SiN photonics platform. The 
quantitative analysis of the cavity and gain material allows for precise modeling 
and forecast of the actual device performance thanks to the stable fabrication 
process. Our device is the first waveguide-coupled colloidal QD laser and 
operates with an extremely low optical pump threshold of Pth= 27 μJ·cm-2 in 
only 7 μm diameter disk at room temperature. We show a comprehensive 
characterization covering spectroscopic, temporal and coherence properties of 
these ultra-compact lasers. These results constitute a clear demonstration that 
wavelength-tunable, colloidal QDs can pave the way not only for versatile, 
active SiN photonics for lab-on-a-chip, optofluidics, and sensing technologies, 
but also for on-chip cavity quantum electrodynamics and quantum optics based 
on QD emitters.  

The achieved device stability together with excellent device-to-device and 
chip-to-chip reproducibility is critically important for high-volume fabrication 
and integration in practical applications. In future devices we expect that the 
threshold could be lowered even more by switching from a top-pump to a 
waveguide-coupled pump, which would allow for extremely efficient, fully-
integrated excitation schemes [18]. Furthermore, the gain coefficient of QDs as 
well as the performance of the device can be improved by a further optimization 
of the core/shell QDs such as surface-passivation engineering [21]. All these 
benefits can be easily incorporated in our SiN photonics and hence micro- or 
even CW-pumped QD-SiN lasers are reasonably reachable yet needs to be 
demonstrated in near future. 

Lastly, the current technology platform can be potentially applied to the 
whole class of solution-processable nanoscale materials and thereby a variety of 
studies and applications will be foreseen by bridging the wet-chemical material 
science and nanophotonics technology. 
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6 
Conclusions and perspectives 

 

 

6.1 Conclusions 

In this thesis, we have focused on two parts − development of passive SiN 
photonic integrated circuits based on a plasma-enhanced chemical vapor 
deposition (PECVD) process and demonstration of integrated light sources on it 
by means of hybrid integration with colloidal quantum dots (QDs).  

First, we developed a Lab-based SiN integrated photonics platform using 
processing steps compatible with those used in the nano-electronics industry. By 
thoroughly optimizing the fabrication processes, including optical contact 
lithography, planarization, and in particular the dry etching of SiN, we achieved 
low-loss waveguides of ~1 dB/cm for wavelengths ranging from 600 nm to 1360 
nm in PECVD SiN deposited at relatively low-temperatures ranging from 
120 °C to 270 °C. Thanks to a high-resolution contact lithography process 
capable of defining feature sizes down to 400 nm, single-mode waveguides with 
losses of 2~3 dB/cm were also demonstrated. On the basis of this platform, we 
further designed and realized vertically waveguide-coupled free-standing SiN 

microdisks. High quality (Q) factors (2.5×105 at 1310 nm) and large finesses 
(2300 at 1310 nm) were achieved in these compact on-chip microresonators 
from the visible to telecom wavelengths, representing the state-of-the-art in 
integrated PECVD SiN resonators. Moreover, we demonstrated that our design 
scheme and fabrication technology for integrated free-standing SiN disks can be 
extended to films deposited by low-pressure chemical vapor deposition 
(LPCVD), thus potentially allowing for the realization of ultra-high-Q, ultra-
high-finesse, and low-mode-volume integrated SiN microresonators operating 
over an even broader spectral range. The current processing techniques for SiN 
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will certainly provide valuable and universal guidance for future development of 
SiN-based photonics. The demonstrated high-performance SiN-photonics 
building blocks can be readily used in practical applications such as optical 
interconnect, nonlinear optics, optomechanics, and on-chip optical sensing. The 
developed technologies also form the base for later development of active SiN 
devices with combination of QDs. 

Before developing QD-SiN integrated devices, we demonstrated a patterning 
technique for solution-based QDs deposited on a planar substrate. Using high 
quality Langmuir–Blodgett deposition and a unique lift-off process, we 
experimentally demonstrated both nanoscale and single-dot patterning of 
colloidal QD-films. Feature sizes down to ~30 nm for a continuously uniform 
film of QDs and a yield up to 40% for single-QD positioning have been obtained. 
Furthermore, a theoretical model was proposed to describe the experimental 
processes. The good agreement between the experiment and the numerical 
model has revealed that the deposition behavior of QDs onto a substrate and the 
experimental distribution of QD counts can be described by a binomial 
distribution, providing valuable guidance in the realization of single-QD patterns 
with an expected yield. The presently developed patterning technology for QDs 
provides an efficient tool both for the fundamental study of the properties of 
stand-alone QDs and for the quantitative investigation of the interaction between 
QDs and their environment such as on-chip photonic or electronic devices. In 
particular, in our own case, this technique is carried out in an ongoing effort to 
realize single-QD emitters whereby a single QD can be localized in photonic 
components such as waveguides or cavities for exploring on-chip single-photon 
emission. Also, in the future we may employ this technique for integrating few 
or single QDs in optical resonators and studying lasing in such devices where 
both the QD number and position needs to be precisely controlled for 
deterministic optical coupling. 

Furthermore, we have created a versatile technology that enables hybrid 
integration of a whole class of solution-processable QDs with the SiN photonics 
platform and demonstrated low-loss QD-SiN waveguides with the preservation 
of QD emission. On the basis of this platform and previous fabricating 
technology, we further designed and fabricated free-standing SiN microdisks 
integrated with embedded colloidal QDs, with those disks coupled to an on-chip 
access waveguide in a vertical coupling scheme. The detailed characterization of 
the fabricated devices revealed both high performance – high Q factors together 
with large free spectral ranges – and an efficient coupling of QD emission to 
disk resonant modes and eventually to the on-chip waveguide. 

Relying on all the previous achievements, we then aimed to demonstrate on-
chip QD-SiN microlasers. First, we studied the optical gain of QDs embedded in 
a SiN waveguide and obtained a net modal gain of more than 100 cm-1 in 
(100/55/100 nm) SiN/QD/SiN layer stack. The same layer stack was then used 
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to fabricate microdisks coupled to bus waveguides and a quantitative analysis of 
the disk modes indicated the possibility of lasing with the measured optical gain. 
Indeed, lasing action has been observed in these disks pumped with picosecond 
laser pulses at room temperature, revealing an extremely low optical pump 
threshold of 27 μJ·cm-2 in a 7 μm diameter disk. We showed a comprehensive 
characterization covering spectroscopic, temporal and coherence properties of 
these ultra-compact microlasers. These results constitute a clear demonstration 
that wavelength-tunable, colloidal QDs can pave the way not only for versatile, 
active SiN photonics for lab-on-a-chip, optofluidics, and sensing technologies, 
but also for on-chip cavity quantum electrodynamics and quantum optics based 
on QD emitters. The achieved device stability together with excellent device-to-
device and chip-to-chip reproducibility is critically important for high-volume 
fabrication and integration in practical applications. In future devices we expect 
that the threshold could be lowered even more by switching from a top-pump to 
a waveguide-coupled pump, which would allow for extremely efficient, fully-
integrated excitation schemes. Furthermore, the gain coefficient of QDs as well 
as the performance of the device can be improved by a further optimization of 
the core/shell QDs. All these benefits can be easily incorporated in our SiN 
platform and hence it seems realistic QD-SiN lasers pumped with microsecond 
pulses or even continuous-wave (CW) are reachable in the near future. 

6.2 Perspectives 

In SiN photonics, there still remains room to improve in terms of waveguide 
losses and resonator Q factors. One path for exploration could be on the material 
loss of PECVD SiN film at 1550 nm. In this respect, deposition conditions and 
post-treatment of SiN may play important roles in reducing the intrinsic 
absorption at around 1550 nm. As an example recently NH3-free processes with 
reduced loss have been demonstrated. On the other hand, LPCVD SiN can be 
employed, in particular, by using current technologies for the realization of 
ultra-high-Q waveguide-coupled free-standing SiN microresonators which will 
be of great interest in nonlinear optics and optomechanics that can be fully 
integrated on chip thereby allowing in depth of these effects in a stable 
environment. 

For QD-SiN lasers, one of significant steps is to realize CW pumped lasers. 
Now we demonstrated picosecond pulse excitation and nano- or microsecond 
pulse pump on the present devices can be carried out to examine lasing action 
and calculate the threshold in power density. Furthermore, CW pumping could 
be tried, perhaps with implementing an improved cooling scheme for the 
dissipation of excess heat generated by pumping. Other approaches for reaching 
the CW pumping regime are further optimizing fabrication quality and 
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improving gain performance of the QDs. For example, we can localize a perfect 
layer of QDs entirely encapsulated in a SiN microdisk or photonic crystal cavity 
using our patterning technology. In that case no etching through the QD-layer is 
needed which is expected to result in QD-SiN cavities with higher Q factors as 
well as lower thresholds. In the same way, devices with a few or even a single 
QD can be realized and lasing under such extreme circumstance could be 
investigated. Moreover, quantum emitting properties such as single-photon 
emission can be explored for realization of on-chip single-photon sources based 
on QDs. 

Extending the laser wavelength from visible to infrared wavelengths is 
another goal for the QD-SiN platform. This study can be carried out with the 
current device design by using infrared emitting QDs such as colloidal PbS and 
HgTe. More generally, our hybrid integration technology can be applied to a 
variety of nanoscale materials that emerged in recent years for development of 
not only optical but also electrical devices on the SiN photonics platform, which 
will offer more prospects of high scientific and technological interest. 



 

 
  



 

 


	titlepg_recto_verso_Xie.pdf
	franse_pg_recto_Xie_nieuw.pdf
	franse_pg_verso_Xie_nieuw.pdf


