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Chapter one

Introduction to Silicon photonics

Silicon photonics is an emerging and very intengstiield of research and technology. In this
chapter, we will introduce the concept of photorang describe the role of Silicon in this field. We
will take a look at the prospective in the fielddafinally, give an overview of the plan of the e

1.1 Photonics and Nanophotonics

Photonics is about the study of the light, fromegation to transmission, manipulation, control and
detection of photons. When we consider electromagmeves interacting with a medium whose
features are of the order of the wavelength, teetedmagnetic field feels the photonic structure in
all its details. In this case, the photonic effeoésome very interesting, because they enable to

conceive physical systems to mold the flow of tleeteomagnetic field itself [1].

The study of photonic devices have shown in thefittg years very interesting progress, leading to
many crucial discoveries about light generatiomgcpssing and detection. All these discoveries
have dramatically changed the vision on how to @xfight. For example, concerning the wireless
networks, the invention of laser sources and oltilcars allows the transfer of a huge mass of data
by modulating optical signals propagating in ogtitaers. Until 1990, the bit rate of an optical
communication system was limited to 10 Gb/s dudispersive and non linear effects occurring in
optical fibers and the limits set by the regenerabf transmitted signals in the electrical domain
(Fig.1.1). In recent years, the interest in Intégd Optical Technologidsas grown rapidly and
considerable advantages are allowed by Photanies its discrete, microoptical and fiber-based
counterparts, in terms of compactness, reliabifigrformance, and significant cost reduction. A
very significant increase in transmission capaoityoptical telecommunication systems has been
achieved with the introduction of optical ampliiewith which optical signals are amplified in the
optical domain, and multiplexing techniques suchWevelength Division Multiplexing (WDM)
and Optical Time Division Multiplexing (OTDM) permia very significant increase in the

transmission capacity as well up to some Terabgdmnpnds.
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But one of the most important reasons of the sgcoéphotonic is the fact that it's a very good
alternative to electronic. If we take a look at Hate of the art of integrated electronics, thegtle

of a gate in a single transistor is around 42nne Pploblem is, as their number in a chipset is
around hundred millions, the length to connecttladise elements together is of the order of ten
kilometers. This distance can represent a disspgwer of around one kilowatt. If we think that,
in the next years, this power will continue to gravpossible solution to this problem is to use
photons to transport the information in our syst&hmere are multiples advantages to this, from the
elimination of the heating powers and the electrgmagic interference to the information capacity,
which is more than six orders of magnitudes in aafsthe optical fibers compared with coaxial
cables (Fig.1.1).
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Fig. 1.1. Information capacity in function of theay (Francesco Riboli Thesis 2005)

In the case of telecommunications, the characieishgth scales of the devices are at submicron
level, for an application with infrared light sigeaSuch photonic devices are the fundamental
components for integrated optic. In this case, wlé wot speak any more about Photonics, but

aboutNanophotonics



1.2 Role of Silicon in the photonic field

Today, most optical components are made from llbaged compounds, like indium phosphide
(InP) or gallium arsenide (GaAs), and are oftentmusmade and assembled from discrete
components. The net result of all this is that ¢hegtical devices are relatively expensive. Silicon
photonics (or better CMOS Photonics) is a viablg veatackle the problem by developing a small
number of integration technologies with a high lesMefunctionality that can address a broad range
of applications.

The Si band gap (about 1.1 eV) is such that silisamansparent to typical wavelengths of optical
communications (1.3-1.6m). Moreover, Si refractive index is about 3.5 dhd Si/SiQ system
has a very high refractive index contrast. The I8ginefractive index is an advantage for realizing
strong guiding structures (such as waveguides)y sbarp waveguide bends, photonic band gap
materials and, at the end, it determines the phlsitnensions of the whole integrated photonic
device. The origins of Silicon Photonics date baxcthe 80’s and have been pioneered by Soref [2,
3]. In these last years, very interesting researclthe field have been achieved [4-7]. If we take a
look at the industrial field in the world of SilinoPhotonics, we can observe that globally, the
companies used two different approaches of integrain the first case, Si was only used to
channel the light signal. This technology, with wguide dimensions typically in then range, is
actually used by several companies, like Kotura BMIBEL. The second approach is to integrate
silicon, germanium and IlI-V semiconductors togetheixtera Inc. used this hybrid technology to
create recently a monolithic optoelectronic Optigelive Cable.

Fig. 1.2 represents a possible “All Silicon” intatggd optical circuit. This structure should be able
to produce, guide and detect optical signals. Wedhthat the light is generated by a continuum Si
laser based on Raman effect [8]. In this laser rdihe of the photon battery is played by a IlI-IV
semiconductor laser. The SiGe detector has forctbsgeto monitor the input signal. The role of the
modulator based on the Mach-Zender interferometéo iencode the data into the optical signal.
The signal is then directed to an amplifier realizgth erbium-doped silicon waveguide [9]. The
amplified digital signal is then manipulated bylfised photonic crystal components and, finally, it
is addressed to a fiber optical line by DWDMs (DensWavelength Division
Multiplexer/Demultiplexer) components. The photoniccuit is complemented by power splitters
and combiners, bends and straight waveguides,iladbisbased. This is the state of the art for a
photonic chip and the development perspectiveseamnelarge for all these components.
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Figure 1.2. “All Silicon™-integrated optical circui

On the other hand, silicon shows some disadvanthigegshe difficult coupling of light in the
photonic device due to the high refractive indesnmmatch between Si itself and conventional SiO
based fibers or air, the untransparency to visia®elengths and the transparency in the infrared
makes detection difficult of typical telecom wavedéhs and especially the indirect electronic band

gap that makes silicon a bad light emitter,.

1.3 Overview of the thesis and Collaborations

My research in these three years has been maiolséd on the characterization of structural and
optical properties of three kinds of Si-based malgrand devices.

The first one is the study of SiOC thin films, ¢adr within the TMR-POLYCERNET project
financed by the European community. The scientdlgective of this project is to create
molecularly-tailored, nanostructured SIiOC ceramwgh unusual multifunctional properties,
including photoluminescence. In addition these hopelymer-derived ceramics, or PDCs, will
have high resistance to oxidation, degradationtosayn and deformation at temperatures above
1400°C.

The aim of our work is focused on the optical chazation of PDCs. The PDCs are constituted
from polymeric precursors which can be tailored ale$igned at the molecular level. These
multifunctional properties are then carried ovetoithe ceramic phase by self-assembly and

controlled pyrolysis. Thus, these novel materiaés apparently polymer-like in their structure (for

4



example, they are seemingly amorphous but containogomains) but have the chemical,
mechanical and functional properties of high terapee ceramics. The photoluminescence will be
the most important property that will be studied aptimized. The specific objective of this work
is to optimize chemistry and processing to achibright emission and high external quantum
efficiency in high-quality thin film.

In the second chapter of the thesis, starting fedbnief description of SiOC glasses and the sol-gel
process to introduce our work, we explained howtline films were prepared and characterised. A
study on the absorption coefficient of the filmsreported, in order to compare it with results in
literature of similar samples. The major part oftbhapter was focalized on our work on the
photoluminescence of the films. At high annealiagperature, we observed a very high yellow
luminescence from the films, most notably due ghesence of SiC nanoclusters and C clusters in
our samples. A well detailed discussion on theiory the strong emission is reported. A study of
the effects of Boron addition on the photolumineseecof our thin films was also effectuated and
by comparing the evolution of the B-free (SIOC) &dontaining samples (SiBOC), the important
role of boron in promoting the evolution of nanasture in our thin films is described. Finally, to
have an idea of the potential of our films, theiteenal quantum efficiency (E.Q.E.) was measured.
A detailed description of the measurement technigueported and the results are compared with
Si-nc samples whose EQE is well-known. Very highEE@ere found for T films pyrolysed at
1200 °C (11.5 %) and™D"2 films pyrolysed at 1200 °C (5%). These externargum efficiency

values are very promising and make SiOC a veryeastang material for LED applications.

Another part of the work was devoted to the stubliebased waveguides, and more particularly
Silicon on Insulator (SOI) waveguides and Slot 8@Veguides. This work was carried out within
the European project PHOLOGIC. The general objectivthe PHOLOGIC project is to explore
the mass-manufacturing feasibility of Silicon Narystals inside Si@matrix in terms of CMOS
technology compatibility for a highly scalable pbioic logic gate structure. A XOR gate was
chosen as functional validation device. The thind &ourth chapters of this thesis are dedicated to

this work.

In the third chapter, we characterized variousdag blocks like splitters, MMI and bends made in
Silicon on Insulator technology. The loss figuresirfd for these building blocks were useful as a
benchmark for further development of silicon midrofonics components and circuits on SOI
platform like photonic crystals and ring resonatdnseffect, the results of this chapter are b&sic

the development of the SCISSOR structures bas&driechnology, described in chapter five.



In the fourth chapter, we studied nano-Si slot wianees. Horizontal slot waveguides filled with
Si-nc have been realized and characterized in tefmpsopagation losses as a function of the layer
deposition conditions (i.e. Si excess and anneaéingperature). We were able to reach propagation
losses as low as 3 dB/cm which is the best resplirted so far for slot waveguides of very small
width (50 nm). We presented also experimental tesafl resonant optical cavities such single and
double ring resonators coupled to the horizontalwhveguides with very high quality factors. The
importance of this works relies on the fact thatdpyimizing the annealed SRSO (i.e. Si-nc) in the
slot, we have significantly reduced the propagatasses and at the same time we can add new
functionalities related to the Si-nc optical prdpes (i.e. light emission and/or non-linear optical
effects). Finally, a one-dimensional photonic caysttructure based on horizontal slot waveguide
with a photonic band gap around 1,58 has also been designed and optically characterize

Finally, the last part of this thesis will be deswtto the characterization of Silicon on Insulators
Multi-Resonators. This work is a continuation o tudy of SOI building blocks described above,
and was carried within the European project WADIMO8e main goal of the WADIMOS project
is to build a complex photonic interconnect layacarporating multi-channel microsources,
microdetectors and different advanced wavelengtlting functions directly integrated with
electronic driver circuits. Our work in this profas to test innovative optical waveguide division
multiplexing circuits based on coupled ring resomat In the last part of this thesis, we will
characterize various coupled ring/disks resonastmsctures, from simple double coupled rings
until eight coupled ring SCISSOR.

In the last chapter, we measured and compared hheaateristic of the light propagation of
different connection geometries for sequences ofarings (or microdisks) resonators.

In this work, we studied various configurationscotipled disk/ring resonators. With these various
structures, we observed the differences in thestéssion spectrum between rings and disks
resonators, we noticed the whispering gallery m@ahekthe effect of the gap in the CRIT effect for
a serially double-disks resonator.

On a first time, we studied the serially coupledfaguration CROW where each ring resonator is
coupled to one another. For this structure, weictgiur attention to two ring/disk based units. We
observed the differences in the transmission spectietween rings and disks resonators and we
noticed the whispering gallery modes and the efté¢he gap in the electromagnetically induced
transparency effect for a serially double-disk®nagor.

The second configuration that was studied is thESSOR configuration. In this case, all resonators

are coupled to both the input and drop port wawbggli\We characterized the behaviour of complex
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eight-resonators SCISSOR devices in the case abdigks and microrings resonators. In order to
facilitate the characterization of these complexatires, a new set-up was also build up, which
allowed us to study the scattered light of the mesars from the top as a function of the
wavelength. Finally, with this technique, for thest time, we demonstrated the presence of EIT-
like band even in complex structures. Extremelylsditierences between adjacent rings can give
rise to the appearance of EIT states, delocalized only few rings and with a great Q-factor and
strong out-of-plane scattering.
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Chapter two

Silicon Oxycarbide thin films: preparation, surface

properties and photoluminescence measurements

In this chapter, we present a study of SIOC tHmdiobtained by sol-gel synthesis. Starting from a
brief description of SIOC glasses and the sol-get@ss to introduce our work, we explain how the
thin films were prepared. Then we characterisestivéace properties of the films with profilometer,
AFM and SEM measurements. We study also the absorpbefficient of the films and compare it
with results in literature of similar samples. Thea focus our work on the photoluminescence of
the films, and a discussion on the origin of thrersj emission is reported. We will also report a
study of the effects of Boron addition on the phatdnescence of our thin films. Finally, to have
an idea of the potential of our films, we will maes the external quantum efficiency of thus with a
new technique create by us and compare them witit Samples. This work was done within the

Polycernetproject.

2.1 Introduction?

Silicon oxycarbide is a term used to denote anyalidh a chemical structure in which silicon is
simultaneously bonded with carbon and oxygen. Thetsehedral network species can be generally
described as [S5iO4] Wherex=1, 2, or 3. The incorporation of carbon in silealasses presents
the possibility of replacing some oxygen, whiclomdy twofold, with carbon which can be fourfold.
This increased bonding per anion is expected tengthen the molecular structure of the glass
network, and thereby, to improve its thermal andmaaical properties. These oxycarbide glasses
have applications themselves, or they can be fupinecessed to obtain dense glasses, porous

glasses, powders, glass-ceramics or composites.

To synthesize silicon oxycarbide glasses, stafftiogn a polymer pyrolysis at high temperatures is

required in order to dehydrogenate and cross-lekterminal organic groups, and to achieve the

! This chapter results from a collaboration with Material Engineering Department of the UniversifyTrento where
the samples were produced and most of the strlangasurements performed. The sample productionduasto
Aylin Karakuscu and the chemistry modeling followdidcussion with Professor Gian Domenico Soraru.
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original goal of coordinating the carbon atomswo,tthree or four Si atoms. The resultsigcon
oxycarbide glasseare shiny, black, X-ray amorphous materials. Tlaeklcolour is most certainly
due to the presence of an elemental form of carbahthe unique characteristic of these silicon
oxycarbide glasses is due to the presence of [§JI0,SIO;], [C3SiO] and [GSi] configurations

in the glass network structure [1].

In general, the chemical characteristics of thdassgs change continuously with the temperature
used to process the precursor silicon oxycarbidgnper. These changes are associated with the
thermal instability of the organic component ansgl @hemical interaction with the inorganic
component of the material and the processing athesp These include redistribution and
decomposition reactions as well as crystallizatiims chapter will describe the sol-gel processing
of silicon oxycarbides thin flms and the charaizt&tion of their chemical and optical structure

from the as-deposited state up to 1250°C. A mofieofinal (micro)structure is proposed.

2.2 Sol-gel method and synthesis of SiOC thin films

The sol-gel method is a low-temperature technigeexlfor synthesizing solid glass bulks or thin
films. It is based on the hydrolysis and polycorsdgion reactions of organometallic compounds,
such as silicon alkoxides. These synthetic condstiallow for addition of dopants such as organic
dyes, inorganic ions, and nanoparticles. The regsuihaterials are finding a very interesting use in
optical and sensing applications. A large numbesagfhisticated materials has been prepared and
studied using the sol-gel process, and signifiexperimental and theoretical insights have been
gained. For example, recent publications reportiestent solar concentrators; photochromic,
electrochromic, and gasochromic plates for smamdweivs; sensors for environmental and
biological impurities; solid lasers tunable in thsible spectral range; active waveguides; material
for linear and nonlinear optics; semiconductor quandots; and complexes of rare earth ions that
can be used as diagnostic and biological markef8][2

The sol-gel process has enabled the low-temperayuthesis of silicon oxycarbide glasses without
the problems of decomposition and oxidation dutiregmelting phase. This is achieved through the
use of polymeric precursors containing SiC bond®esE precursors provide a direct Si-C bond in
the starting solution which is preserved in the getl glass structures; this is in contrast to the
alkoxysilanes Si(OR)which are commonly used for sol/gel synthesisilafesglass. In the case of

these modified-alkoxysilanes, one or more of tHea}l groups are replaced by saturated (e.g.,
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CHs, GHs, CsHy) or unsaturated (e.g.,28s, CsHs) radicals. The carbon chain-length, and the
number and nature of the ‘R’ group modificationipva a control of the amount of carbon
introduced. An additional degree of compositionatcol is afforded by mixing the organically-
modified alkoxysilanes, in desired molar ratiosthaother alkoxysilanes. The gel, obtained after
hydrolysis and condensation of the precursors,atoatSi atoms bonded simultaneously to oxygen
and carbon atoms. The silicon oxycarbide gels ammnoonly heat treated at intermediate

temperatures (around 1000°C) to obtain silicon exlycle glasses.

The object of this work was to conduct the strugtwcharacterization of nearly stoichiometric
silicon oxycarbide glasses, with compositions cltsehe tie-line between SiC and $j@nd to
study their crystallization behaviour under Argommasphere between 800 and 1250 °C. To
understand the effect of Si and C on the luminesedrehaviour of the SIOC system, precursor
compositions were chosen to give C-rich, stoichimimeand Si-rich SIOC films. According to
previously published data [8], such glasses carolitained from sol gel-derived polysiloxanes
containing various amounts of Si-H and Si{Offoups. The precursors used to create the gels are
the triethoxysilane d and the methyldiethoxysilaneyDThe precursor ratios will be used to label
the samples. In the present work, two gels, callgByX (X corresponds to the value of ratio
Tw/Dy) have been created with molar ratios of 1:1 aidd Phey have been pyrolyzed at 800 °C to
give SIOC glasses, which were found to be, respagti(see Figure 2.1): (i) inside the $iGIC-C
triangle, suggesting the presence of an excess (@.DBy1), (ii) close to the stoichiometric SiC-
SiO; line, indicating the formation of an almost pullecsn oxycarbide glass (Dn2). On the other

hand, Si-rich SiOC films were prepared frofWithout any addition of D

I: TH/DH=1 — SiOC + free C
II: TH/DH=2 — SiOC
I —» SiOC + Si

Si’ 0 l:5 o :L SIG}-J " 0
mole % O

Figure 2.1. Si-C-O phase diagram showing the hjretable thermodynamic phases (S&0d SiC), and the
composition of the stoichiometric silicon oxycadglasses
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For all compositions, ethanol was used as solvetft & ratio of EtOH/OEt=2. Proper amount of
H,0 (pH =4.5, HCI) was added to the alkoxide soluionorder to induce hydrolysis and to have a
gelling period long enough to allow sufficient tirfe film production. The selected solution was
spun at 3000 rpm for 1 minute on ultrasonicallyaoked SiQ (Heraeus-HSQ300) and Si (n-type)
substrates. The gel films were stabilized at 806C Z4 hours before pyrolysis. The pyrolysis
process was carried out in a C-furnace under Av {lbO0 ml/min) with a heating rate of 5°C/min
at different temperatures, in the range 800-12500itB 1 hour holding time at the maximum

temperature.

2.3 Characterisation of the films

2.3.a Surface properties

Film thicknesses were determined by using a Hontastér T8000 profilometer and Atomic Force
Microscopy (AFM). Surface qualities and roughnetshe films were investigated by Jeol JSM-
5500 Scanning Electron Microscopy (SEM) and NT-MBA7H Atomic Force Microscopy (AFM),
with a scanning size of 50m. The transmission spectra of the SiOC films wemrded over the
region 190-800 nm using a Carry 3 UV-vis spectropineter. Profilometer measurements and
Scanning Electron Microscopy were done at the Egging faculty by Aylin Karakuscu and AFM

and spectrophotometer measurements in our labgrator

We measured the thickness (d) and shrinkage ascéida of the pyrolysis temperature. Results are
shown in Figure 2.2. Film thicknesses were deteechmvith a profilometer by measuring the depth
of a scratch created with a razor blade on the. fie found that the thickness of the as deposited
film was 910 nm and after pyrolysis at 1200 °C thigkness decreased to 490 nm. The errors
shown in the graph are due to the precision of phefilometer equipment. For pyrolysis
temperatures larger than 1100 °C, we can seehbahickness of the films is constant at 490 nm
and the shrinkage reached a maximum value of 46lis shrinkage value is lower than the

reported shrinkages of polycarbosilane-derived SiR&films in the literature [9].
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Figure 2.2. Thickness (squares) and measured shgimktriangles) of the films pyrolysed at differeamperatures.
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Figure 2.3. SEM images of samples annealed at X208y before and (b) after optimisation. The ins@bws AFM

images of the two samples.

Surface properties of the films were examined biM3#ad AFM. In order to produce homogeneous

thin films, an optimisation procedure of the dryisigp was finalized. After an optimum drying

step, SEM analysis showed that homogeneous and dree films were produced at every

pyrolysis temperature even at the edges of theirggec The roughness of the films was measured

by AFM and it was found an average roughness ofnt5for all the pyrolysed samples. These

results were obtained after using a drying ste0atC for 24 hours. In fact, Figure 2.3 shows the
SEM and AFM images for films deposited without (g 2.3.a) and with (Figure 2.3.b) the drying

13



step. It is observed that the large cracks preserthe film in Figure 2.3.a are completely

disappeared in Figure 2.3.b.

2.3.b Absorption coefficient measurements

Optical studies were performed on these films temeine the effect of pyrolysis treatments on the
energy bandgap. The absorption coefficientas determined from transmission measurements by

neglecting light diffusion.

a(hw) =%In(%j (2.1)

whered is the film thickness and the transmittance of the film.
The optical band gapgEfor the annealed films was calculated by fittthg experimental data with

the following equation:
(a (o))" = constanti{o - Ey) (2.2)

wherehw is the incident photon energys the absorption coefficient, and the exponedépends
on the type of optical transitions involved: n=122 3/2 and 3 for allowed direct, allowed indirect,

forbidden direct and forbidden indirect transitiprespectively [10,11].

In disordered states, the concept of band gap mloiesxist. But in case of the Silicium, as it yeld
a quasi-continuous distribution of states, we qagak about optical gap, which defines Eq. 2.2. In
Fig. 2.4, we notice that the states that absordowehe optical gap (in our case bellow 4.3eV) are
localised states du to the disordered matrix ofsystem. This will be these states that will gige u

the strong luminescence, and so that will be safthrwards.
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Figure 2.4 shows the experimental absorption dath the corresponding fittings. In the high
energy region of absorption edge, (w))? versusiw plot was taken as an evidence for direct band
gap. The intercept of the straight line on feaxis gives the optical bands gaps which are shown
in the inset at Fig. 3. We notice that the valueaddt a fixed photon energy, let say 5.0 eV,
increases from 800 °C to 1000 °C and then decre@sdy thin films annealed at 1250 °C do not
follow this trend. We also noticed that the valdeEg slightly decreases from 800 °C to 1100 °C

and then increases.

We postulate that the amorphous film is having asphseparation due to the annealing: the film
gradually becomes a mixture of SiC-ai®lote that this phase separation occurs in absehce
external oxidation, i.e. the pyrolysis is not penfied in an oxygen atmosphere. If we assume that
the band gap of the composite is an average bettha¢rof SiC (2.3 eV) and of S¥d8 eV),this

will cause a decrease in band gap when more Si@@rised. Note that 1100°C, which separates the
two observed trendsi(strength and g is also the temperature at which no more shriekaghe

film was observed (Figure 2.2). Let us note thatnadel calculation of amorphous silicon
oxycarbide, with a composition similar to the one ave using, yields an energy band gap of 3.7 eV
[12]. This value was found for an ordered amorphoetsvork. When structural disorder or defects
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are introduced, the band gap raised to 5 eV. Ceriaglthe complexity of the system, we can argue

that these model calculations are consistent witre@perimental results.

2.4 Optical Characterisation

The continuous wave photoluminescence measurenvegrts effectuated in the Luminescence
Laboratory, where we can measure luminescencegctefity, absorption and excitation of the
luminescence in the visible and near infrared raitge equipped with various excitation sources,
in our case we used an Ar lon laser UV extendedvedvelength of 365nm. The light of the laser is
sending on the sample with an angle of 45°. Thetgdmminescence is collected by a lens
positioned in front of the sample and collectedalgpectrometer. All the measurements were done

at room temperature (300°K) and are controlleddmuters.

2.4.a Photoluminescence of SIOC samples

Photoluminescence (PL) spectra of the films pymdlyst different temperatures are given in
Figures 2.5 and 2.6. The PL spectra showed two iveals: one at about 420 nm (2.9 eV named
UV-blue peak) and one centred at 545 nm (2.3 eVedhyellow peak). Note that the UV-blue peak
occurs at the edge of the sensitivity range of detection system and its lineshape cannot be

resolved.

For a pyrolysis temperature of 800 °C, the filmewed a strong UV-blue PL peak at 426 nm with
a broad green-yellow tail. As the pyrolysis temp@ma was increased, the intensity of the peak at
426 nm decreases and the green-yellow tail evohtesa separate band centred at about 545 nm.
The position of the UV peak does not change with iticrease of the pyrolysis temperature; its

intensity decreases and, eventually, this pealpdesars at higher temperatures.
When we increase the pyrolysis temperature up @@ 22, as shown in Figure 2.6, the yellow band

position does not change and its peak intensitseases. When the pyrolysis temperature rises to

1250 °C, the PL intensity decreases abruptly. A flatloroad band dominates the PL spectrum.
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To discuss the luminescence of the pyrolysed Sid& fwe consider for simplicity that it is due to

the interplay between an UV-blue band at about®2(02.9 eV) and a yellow band centred at 545
nm (2.3 eV). As shown in Figure 2.5, the UV-blueakdand appears in thin flms annealed at low
temperatures, lower than 1100 °C. This band magtedb some intrinsic defects like carbon or

silicon dangling bonds.
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Figure 2.7. Chemical Structure of SiOC thin filmcasited

A possible evolution of the chemical structurelod tilm during the pyrolysis process is shown in
Figures 2.7, 2.8 and 2.9. The left side shows taeiisg local chemical bondings which eventually
produces C clusters, while the right side showssth&tion which yields SiC clusters. In the left
side, the presence of GHonds favours the formation of GHvhereas in the right side, the Si-H

bonding favours the Helease.
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Figure 2.8. Chemical Structure of SiOC thin film@ak annealing temperature.

An annealing at low temperatures (Figure 2.8) e®atome free dangling bonds by removing
hydrogen or CHhlradicals. We propose that the origin for the UMebweak band may correlate
with Si—O-C defects like Silicon or Carbon danglmends during the thermal treatment which are
known to be present in SIOC system [13]. SimilardPhission originating from Si—O—-C complex

has previously been observed ifri@planted SiQ film [14] and amorphous SiOC film [15].

For temperatures higher than 1100 °C, the UV-blardovanishes and the yellow band dominates
the emission spectra. The dangling bonds left bgrbigen diffusion (Fig. 2.8) recombines through
the formation of stable Si-C or C-C bonds (Fig.)2l8 fact, we have some evidence of formation
of SiC nanoclusters embedded in Sitims by transmission spectrum FTIR and XPS stuidsee
next chapter). It is known that the phase separati&iCO into SiC and SiCstarts at temperatures
close to 1200 °C [16].In our case the phase saparatcurs at lower temperature due to the fact
that we are working with thin films. We believe thhe yellow band is partially due to emission
from SiC nanoclusters with small diameters [17]C Sianoclusters emission occurs usually at 2.2

eV. In addition high pyrolysis temperature causesngrease in the size of the clusters and as a
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consequence their emission intensity decreases. dffiect concurs to the decrease of the PL
intensity in the film annealed at 1250 °C.
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Figure 2.9. Chemical Structure of SiOC thin filmhégh annealing temperature.

In addition, very small amount of free carbon atustmay remain in the films after pyrolysis. As it
is showed in Figure 2.9 on the left, some,Cékiduals are still inside our samples at higheating
temperature. After pyrolysis, these residuals yistone carbon clusters by elimination of the
hydrogen. These clusters can give resets luminescanthe yellow range (580 nnand can
influence the photoluminescence by broadening mhisston band [18].

Finally, there is no presence of Si nanocrystalsunfilms after annealing process. As shown in
Fig. 2.6, there is no band in the near infraredgearwhich is the characteristic band of Si
nanocrystals. All experimental data confirmed tlypdthesis that all the Silicon atoms bind either
to O or C by formation of SiC bonds at high anmeatemperature (Figure 2.9).
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Figure 2.10. PL spectra of thé'Tfilms pyrolysed at 800 °C and 900 °C

In order to complete our study on the evolutiontld photoluminescence spectra in the low
temperature range (800-1000 °C) for various thimgi compositions , the PL spectra of thé T
films are given in Figure 2.10. A trend similarttee one observed for thé'D"2 films is reported.
The disappearance at elevated temperatures of\tHall¢ peak can be explained by the fact that in
the amorphous state (800-1000 °C) SiOC ceramicgiehnein defects, such as dangling bonds,
whereas the high temperature annealing (1100-120@&ltows the reorganization of the structure

and leads to a reduction of such defects [19].
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Figure 2.11. PL spectra of thé'Thin films pyrolysed between 1000 °C and 1250 °C

The PL spectra of Tfilms, pyrolysed at high temperatures are giverFigure 2.11. Similar to
THDY2 films, T films showed a green-yellow band at 560 nm upli@01°C. The luminescence at
1100 °C can therefore be assigned to the same patitn of SiC and C phases as iiDt'2.
However, at 1200°C Si rich SiOC [l films showed a sudden broadening with an incréase
intensity. In previous study [20], a very wide lumascence peak centred at 600 nm was reported at
1050 °C in polymer derived silica based ceramieakPemission was explained by very small Si
nanocrystals (Si-nc) formation or by silicon-oxideated defect sides but Si-nc formation was
shown at higher pyrolysis temperature and causedoweng PL peak and red shift [20].
Accordingly, in T films, the sudden widening at 1200 °C can be émpthby phase separation of

Si inside silicon oxycarbide network. Moreover, %id C phase presence in the system as well as
the size distribution of the emitting sites coulshtribute to further widen the range of optical
emission thus explaining the very unusual largethwiof the measured PL band which extends
beyond the visible range (430 nm-900 nm).
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Figure 2.12. PL spectra of thé' TT"'D"2 and 1'D" 1 films pyrolysed at 1200 °C

Another study was also made ofiD'1 samples. TD"1 is a well known system to produce C rich
SiOCs [16]. The PL spectra of the various SiOC dilat 1200 °C are shown in Figure 2.12. PL
intensity of the T and T'D"2 films strongly increased with the temperaturached a maximum at
1200°C and then drastically reduced at 1250°C. €maly, the weak PL intensity of C-rich SiOC
(T"D"1) films did not show any increase with the tempem The low photoluminescence
intensity of the ¥D"1 sample is certainly related to the presence luija excess of free carbon

which absorbs the emitted light.

2.5 Effects of Boron addition on SiOC thin films

Our interest in the preparation and characterimadioboron-containing SiOC glasses is due to the
beneficial effect that this element has on the nfarstability of similar amorphous silicon
carbonitride (SINC) glasses [21]. Recently, it wegorted the sol-gel synthesis of hybrid methyl-,
ethyl-, and vinyl-modified Si@-B,O5; gels in which the B atoms are homogeneously dsgaem
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the siloxane network viaSi—O—-B= bonds [22]. A great amount of Si—-O-B bonds waseoked in
the samples that were prepared from ethyltriethiéatys and vinyltriethoxysilane. Because of this
homogeneous structure, these gels could be goanirsms for the formation of homogeneous

amorphous silicon-boron oxycarbide (SIBOC) glasses.

As for the previous samples, to obtain stoichioine8iOC films, triethoxysilane (1) and
methyldiethoxysilane () were used with /D" molar ratios of 2. Borosilicate gels with a
nominal B/Si atomic ratio (0.1) were synthesizeaatirtriethylborate (TEB). The silicon alkoxides
first were hydrolyzed with water that had been #ieid by hydrochloric acid (HCI) (pH = 4.5) in
order to induce hydrolysis and to have a gellinggeelong enough to allow sufficient time for film
production. Then, the boron alkoxide was addechen groper amount without any further water
addition and the gels were cast in test tubeswieat left open for gelation. Details of the synthes
can be found elsewhere [22]. The selected solutvas spun at 3000 rpm for 1 minute on
ultrasonically cleaned SiOsubstrate. The gel films were stabilized at 806€ 24 hours before
pyrolysis. Samples were labelled as TEB added SiOC.

2.5.a Surface properties

We measured the thickness and shrinkage as a danctithe pyrolysis temperature. Results are
shown in Figure 2.13. We found that the thicknésthe as deposited film was 1210 nm and after
pyrolysis at 1200 °C the thickness decreased tor6h0 For pyrolysis temperatures larger than
1000 °C, we can see that the thickness of the fisnt®nstant at around 600 nm and the shrinkage
reached a maximum value of 50 %. By comparisomefitoron-containing SiIOC glasses with that
of pure Si-O-C suggested that the addition of bdoothe Si-O-C glass slightly increased the high-
temperature stability of the ternary oxycarbidesgl&1000°C for SiOBC confront to 1100°C for
SiOC).
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Figure 2.13. Thickness (black curve) and measuheithisage (red curve) of the Boron added SiOC fippolysed at
different temperatures.

Previous study shows that the pure Si-O-C glassae stable toward SiC crystallization than the
boron-containing samples [23]. The tendency tov&ifd crystallization seems strongly dependent
on the boron load, with an increase in SiC crysia at 1500°C with the increasing B/Si ratio. By
comparing the evolution of the B-free (SIOC) anatdtaining samples (SiBOC), the important
role of boron in promoting the nanostructural etiolu has been discovered. In particular, B

promotes the graphitization of nanocrystallinéfeading to thicker graphite nanocrystals [24].

2.5.b Photoluminescence of Boron added SiOC

PL spectra of the films pyrolysed at different tergiures are given in Figure 2.14. Note that for
PL at 1000°C and 1100°C, we multiplied the speayraO.
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Figure 2.14. PL spectra of Boron addedDI'2 films pyrolysed from 800 °C to 1100 °C

For a pyrolysis temperature of 800 °C, the filmewtd a strong UV-blue PL peak at 426 nm with
a broad green-yellow tail. As shown in Figure 2.t UV-blue weak band appears only in thin
films annealed at low temperatures, lower than 1¥00This band may relate to some intrinsic
defects like Si—O-C defects like Silicon or Carlangling bonds during the thermal treatment
which are known to be present in SIOC system [48]for T'D"2 films. We remember that similar
PL emission originating from Si—-O—C complex hasvjmesly been observed in"@mplanted SiQ
film [14] and amorphous SiOC film [15].

As the pyrolysis temperature was increased, trengity of the peak at 426 nm decreases and the
green-yellow tail evolves into a separate bandredrat about 500 nm. The position of the UV peak
does not change with the increase of the pyrolysimperature; its intensity decreases and,
eventually, this peak disappears at higher tempersit For this UV-blue PL peak, we have the

same evolution as for the SIOC films studied presip.

When we increase the pyrolysis temperature up @9 C, as shown in Figure 2.14, the yellow

band position changes and its peak intensity deesealhis behaviour is very different from the
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one that we had in SiOC thin films studied previpu$Vhen the pyrolysis temperature rises to

1200 °C, the PL intensity decreases abruptly anldiminescence was observed anymore.
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Figure 2.15. PL peak position (left) and normalizeténsity (right) of Boron added"ID"'2 films in function of the
annealing temperature.

To understand better the evolution of the PL asnatfon of the temperature, we showed in figure
2.15 the PL peak position and its normalized intgnsf for annealing temperatures in the range
900°C - 1100°C (Figure 2.15).

The fact that the normalized intensity decreasav@sncrease the annealing temperature can be
explained by the fact that Boron promotes the gitigaition of nanocrystalline 3@ leading to large
graphite nanocrystals. This high excess of freearambsorbs all the emitted light, as for tHe T

films studied previously.

We noted also that with boron addition, green-yellominescence occurs at temperature lower
than the one for the SiOC films. This behaviourfrzars the fact that the addition of boron to the
Si-O-C glass slightly increases the high-tempeeasiability of the ternary oxycarbide glass, as

previously reported in the literature [23].

Finally, the red-shift of the photoluminescenceastied as we increase the temperature is attributed
to the formation of C clusters. It is well know thaarbon clusters can give luminescence in the

yellow range (580 nmin the form of a broad emission band [18]. As weeyked before, Boron
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promotes the formation of carbon clusters. This gkift can be explained by the fact that as we
increase the annealing temperature. Thus the noosindnt PL emitting center shifts from SiC to

Carbon clusters. As SiC nanoclusters emission sagsually at 2.2 eV, i.e. 550nm, we observed a
red-shift from 550nm to 580nm-600nm in the emisserihe formation of carbon clusters becomes

predominant in our system.

As we have very intense luminescent samples, timénkscence properties of conjugated polymers
are of considerable interest, both because ofuhéamental information that can be obtained about
exciton formation and decay, and because of thenpiat applications for conjugated polymers as
the emissive material in light-emitting diodes (LER5, 26]. To have an idea of the potential of
our films, we will measure the external quantumcedhcy of thus with a new technique create by

us and compare them with Si-nc samples.

2.6 External Quantum Efficiency of SiOC samples

Measurements of the photoluminescence quantum yéltiigh refractive index samples are
problematic owing to difficulties in determiningethangular distribution of the emission, their
reflectivity, and absorbance. Usually accurate mesasents require calibrated integrating sphere
and dedicated set-up. Here we propose a simpleoahelttn the context of our SIOC thin films, there
is great interest in establishing the absolute mumanrefficiency for PL as this is considered to
determine the limits to the efficiency of electnoimescent diodes. A quantitative measurement of
external PL efficiency is useful for a number oheat reasons. For instance, in conjunction with
time-resolved PL measurements, it provides a meadstermining the radiative and non radiative
decay constants [27]. Competing non-radiative meeg provide additional means of decay, and
therefore reduce the efficiency of luminescencessite non-radiative mechanisms in the solid
state include inter-chain processes (e.g. excigrendtion), and quenching of excitons by extrinsic
or conformational defects. If radiative and noniaéide decay are monomolecular processes with
ratesr; andzy,, respectively, the overall luminescence decaysheilexponential, with a lifetime,
given by

rht=rt+rt (2.3)

The efficiency for radiative decay of excitonshen given by the internal quantum efficiency
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T
Mint = Z'_ (2.4)

The efficiency of radiative decay of excitongyr, sets an upper limit on the quantum efficiency
which can be obtained in our polymer based LED.

In a photoexcitation experiment, a useful figurehie photoluminescence (PL) efficiency, defined
as the ratio of the emitted photons versus therabdophotons. This figure of merit depends both
on nnt and on the fraction of photons which are able wwape from the materiajext. The PL
efficiency, or external radiative quantum efficigng, is defined by Equation 2.5.

>

N =NexdlIne =— (2.5)

> |

Wherene is the number of emitted photons ands the number of absorbed photons.

Argon Visible Spectrometer
Laser and Photomultiplier
Focusing
Plane .
Mirrors Gptlhli:‘ﬁ

Figure 2.16. Schematic description of the expertaleset-up for PL measurements
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To measure the photon flux emitted from our sampies calibrated the collection system
described in Figure 2.16 (collecting lenses, monaciator, photomultiplier, photon counting unit)
with a red LED whose responsivity is known. By gsthis calibration, we measured the spectrally
integrated luminescence intensity emitted by oundiunder UV-photo-excitation and converted it
into an emitted photon flux. The so-evaluated phdtox was corrected by the numerical aperture
of the collecting system by assuming that the fdna lambertian point source. We considered that
the total absorbed power by the active thin filmegual to the total laser power incident on the
sample (Rse) Minus the power transmitted by the samplg &, the power reflected by the sample
(Pref) and the power absorbed by the quartz substratg)(PNe illustrated all these powers in
Figure 2.17.

(a)

refl

laser

P!

trans
P'I

Figure 2.17. Schema of absorption, transmission rafiéction powers in a case of a thin film (a)
and of a substrate (b)

refl

These quantities are measured with a power-melibraigd at 365nm. Knowing the wavelength of
the laser, we deduced the absorbed photon flux.ratie between the emitted and the absorbed

photon fluxes yields the external quantum efficyeatthe film.
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The first step of our measurements was the caidiratf the spectrometer with a visible red LED.
After measuring the power emitted at a known intgnsve measured the spectrum of the LED
with the spectrometer (Figure 2.18). Knowing thatead power, correcting by the collection angle,

we calibrated the photomultiplier counts in unikigower.
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Figure 2.18. Luminescence Spectrum of red LED

The first measurement of External Quantum Efficietiat we made was on colloidal suspension
of Silicon Nanocrystals. The external quantum efficy of these samples is well described in the
literature [28, 29]. In our case, these samplesb@luse as a reference to test the accuracy of the
method. Figure 2.19 shows various emission spettralloidal suspension of Silicon Nanocrystals

with different dilutions ratios of nanocrystals.
The fraction of the emitted light collected by gpectrometer is estimated by assuming an isotropic

emission of the Si-nc. Geometrical arguments ghat bnly 0,88% of the light emitted by our

sample is collected.
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Figure 2.19. PL spectra of colloidal suspensiorsnhc in ethanol for different dilutions ratiosnget) Photography of

the sample under UV laser beam.

We made multiples measurements with various coraigons of nanocrystals, to have a better

value of our external quantum efficiency. Tablaitngarized the results.

Quantity of nanocrystals starting solutiqr.) Pabs Pemitted E.QE.
in 1mL ethanol solution (uW) (uW)
S50puL 14,7+0,1/0,7+£0,1/ 46 £1%
100puL 31,8+0,1/1,4+£0,11 43+ 1%
200puL 539+0,1/2,8+0,1| 52+ 1%
AVERAGE 335+£0,1§1,6+0,1/4,7+£1%

Table 1. External Quantum Efficiency of colloidaspension of Si-nc for various concentrations

In order to have a more accurate estimation oe#ternal quantum efficiency of our nanocrystals,
we measure the depth of foclsF. of our collection lens, which is the range of fecof our

collection lens, using Eq. 2.6, in order to meashesvolume of the sample from which we collect

the luminescence with the collecting lens (Fig02.2
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DF.= 2N (2.6)
100(

whereN is thef-number of our lens arfds the lens focal length.

Sample

Collection lens

.

Dptical path

Depth
of f&cus

Figure 2.20. Schema of the Optical path and thetDepfocus in case of a tube sample

In our case, we founD.F. = 2.6 mm. As the optical path of our quartz cuvett® cm, the external

guantum efficiency; is

P
,7 - emitted (27)

5 V

emitted

abs
\Y

where Vemitteq IS the volume of the sample from which we collgght andV is the total volume

excited by the laser. In our caSmitedV =3.8. Table 1 now reads
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Quantity of nanocrystals starting solutiga.) E.OLE.
in 1mL ethanol solution
50 uL 17,5+ 4%
100puL 16,3 £ 4%
200puL 19,8 + 4%
AVERAGE 17,9 £ 4%

Table 2. External Quantum Efficiency of colloidaspension of Si-nc for various concentrations
corrected by the depth of focus of our collectiems|

To conclude, we can argue that the external quaseftioiency of our colloidal suspension of Si-nc
is between 10% and 20%. This result is very closearious results found in the literature, which
oscillate between 1% and 20% [28, 29].

We repeated the measurements on the SiOC sampéefouid a value of 5.0 + 1% for th€D"'2
film annealed at 1200°C. This value is encouragisgt compares to the best results reported in the

literature about Si nanomaterials so far [30, 31].

1100 =2 1000 2 '

Figure 2.21. Photographs of thé' films pyrolysed from 800 °C to 1250 °C under Uselaexcitation.

Photographs of the"'Tfilms pyrolyzed at different temperatures from 8301250°C under blue
light excitation are shown in Figure 2.21. The stremission from the edges of the samples is
caused by waveguide effects of the quartz subsfféte colours of the visible photoluminescence
range from UV-violet for 800 °C to blue at 1000 4@d yellow-orange for 1250 °C. At 1250 °C the
substrate starts to show an opaque appearance wduddh be indicative of thermal stability-related
problems and can be the reason of the sudden Esity decrease at this temperature.

Table 3 shows the summary of the E.Q.E. resultsHervarious samples at different annealing

temperatures.
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Sample Annealing Temperature (°C) E.Q.E.
T" 1200 11.5+19
T" 1100 58+1%
T'D"2 1200 50+1%
Boron added D72 900 25+1%

Table 3. External Quantum Efficiency of SIOC samplenealed at different temperatures

The external quantum efficiency of th& films pyrolysed at 1200 °C was 11.5 %; wherea)"
films showed 5% efficiency. Since’D"'1 films did not show noticeable luminescence, thag
relatively low quantum efficiency. These externabhgtum efficiency values are very promising

and make SiOC a potential material for LED appicrad.

2.7 Conclusion

SiOC films were produced via polymer pyrolysis afl-gel derived films. We used various
techniques to characterize chemically and optidhikysamples. Most importantly we followed the
evolution of the films as a function of the pyraok/stemperature. The films had different
luminescence properties between low temperatui@® {8-900 °C) and high temperatures (1000
°C-1250 °C). At low temperature, the films are mamorphous state (800 °C-900 °C) and emit a
narrow band in the blue, which is attributed tolider and Silicon dangling bonds. The increase of
the pyrolysis temperature (1000 °C) allows the phase separation of SIOC aedfdrmation of
SiC and C clusters into SjOmatrix. The composite nature of the film yieldsieh emission
spectrum with recombination due to both phases tandheir interfaces. Most notably SiC
nanoclusters and C clusters contribute to the welloninescence in these films. The interpretation
of the photoluminescence is also supported by AR XPS measurements published in [32].
Finally, we studied the effect of Boron incorpooatiin our thin films. By comparing the evolution
of the B-free (SiOC) and B-containing samples (StBCthe important role of boron in promoting
the nanostructural evolution has been discoveregaiticular, B promotes the following:

(i) The graphitization of nanocrystalline’§pleading to thicker graphite nanocrystals.

(ii) A stable high-temperature ternary oxycarbgiiss .

(i) A red-shift of the PL due to the fact that Bm promotes the formation of Carbon

clusters emitting at 580nm.
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A new technique of External Quantum Efficiency veaplained in details. The external quantum
efficiency of the T films pyrolysed at 1200 °C was 11.5 %; whered®)™ films showed 5%
efficiency. Since TD"1 films did not show noticeable luminescence, theyl relatively low

guantum efficiency. These external quantum efficyevalues are very promising and make SiOC a
potential material for LED applications.
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Chapter three

Silicon on Insulator waveguides and building blocks

Fig. 3.1. Various types of waveguide geometriesstap; (b) embedded strip; (c) rib or ridge; (djrip loaded. The
darker the shading, the higher the refractive index

Useful geometries for waveguides include the sthp, embedded-strip, the rib or ridge, and the
strip-loaded waveguides illustrated in Fig. 3.1e®xact analysis for some of these geometries is
not easy, and approximations are usually used. réhder is referred to specialized books for
further readings on this topic [1, 2]. The waveguiday be fabricated in different configurations as
illustrated in Fig. 3.1 for the embedded-strip getmy In this chapter, we will characterize devices

based on waveguides splitters, MMI and bends madgilecon on Insulator technology.

3.1 Sample processing
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The waveguides that we will characterize in thiapter are fabricatédn SOI wafers (400 nm Si
and 1 um Si@). Fig. 3.2 reports a top view image of a chip earihg a few structures (Fig. 3.2.a),
and a cross section sketch of the Si strip waveg(idy. 3.2.b).

500-800 nm

TumQ 200-400 nm Si Sio,
BOX

1T um

Si substrate

(b

Vs

Figure 3.2 Top view image of the sample (a) ang€ection of the SOl waveguide (b). Box standsuied oxide.
The top Si@layer is TEOS deposited.

The sample contains regular silicon waveguides. Witth of the waveguides varied between
0.5um and 0.@m. Different structures were produced such ap Sriwaveguides with different
lengths and widths, bends and MMI, Y-junctions aptitters 1x8. The samples were diced with
polished edges. All these structures were propediched to a tapering section (about 2 pm wide
in-put and in the out-put) in order to optimize thgection of light into and the collection of the
light out of each device (Fig. 3.3).

2um I 500-800 nm 2 um

Taper IN Device Under Test Taper OUT

Figure 3.3. Tapering section schema

2 sample processing and production by Jean MarelFied_ETI (Grenoble, France)
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3.2 Experimental set-up

The experimental set-up used for waveguide chaiaat®n allows to couple a polarized signal
into two-dimensional waveguide devices and to areathe intensity, the spectrum and the spectral

profile of the transmitted light. A schema of tleg-ap is shown in Figure 3.4.

Microscope - [

Photodiode

l CCD Camera

Tapered Fiber
Light Laser source - Zoom
l D.U.T.

iactive [Beam Splitter

I Nano-positioning Sample
Polarizer Translator Holder Micro-positioning
Stage
0.335 mV
Computer wssp I
%‘k B -\\:\:—\.\\: \\.:\\ Muﬂjmeter

Figure 3.4. Experimental set-up used to charactewaveguides.

3.2.a Coupling system

Light propagation losses through the different p@gssomponents were obtained by measurements
of the power transmitted as a function of the ingighal power. Waveguides and optical devices

have been measured by several laser sources augdoddevice materials and geometry. In the

case of SOl waveguides, as light laser source,sgd a Santec full-band tunable laser (TSL-210F),
which is a wide range tunable laser from 1260nni @680 nm, with 5 mW of maximum power in

the wavelength range. The system is provided bylamer modules: I° module is ranged from 1260
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to 1350 nm; II° module 1350-1430 nm; 111° module3041530 nm and IV° module 1530-1630 nm.
Each module is contained in a box and the laserbeadriven by computer software through a
GPIB cable. The output light can be coupled tanglstmode optical fiber by a FC/APC connector.
To do some measurements with a perfect controhefpolarization in our set-up, we directly
couple the fiber into a polarization system. Th&appation system is made up two polarizers and a
half-wave plate, with FC/APC connectors at inpud antput.

In order to efficiently inject light into thin wageides, both microscope objectives and
tapered/lensed fibers have been used (Fig. 3.6)lé&Smode optical tapered/lensed fibers offer a
convenient way to improve coupling into waveguidevides respect to nearfield microscopic

objectives.

¥ (1T I #

!’j []

: ®

IJ_I

_ , - ple

" @ old
° ‘J

]

Uhj'a.r:;ju

——

Fig. 3.5. Facilities for coupling the light intoeéhwaveguide

To efficiently inject light within thin waveguidedapered fibers are mounted on a computer-
controlled nano-positioning system x-y-z placedaosingle track and two angular tilg and6z.

The smallest displacement of the degree of freefeynz) is less than 1 nm, if it is performed by
the computer-controlled nanopositioning system. ¥gande device sample are also placed on a

micro-positioning system with four independent aegrof freedom vy, 8y, ando-.
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In order to align the sample with the mono-modestag fiber we dispose of a Stemi 2000-C Zeiss
microscope coupled to a CCD camera for a top viEwe image in Fig. 3.2.a was actually taken

using that camera.

3.2.b Collection system

In front view, i.e. at the sample output facet, wged a microscope objective (40x or 25x) matched
to a zoom (x7) mounted on a high-performance CQmeta (in the case of infrared measurements
an InGaAs camera) with a video output to a PC ®Wascreen in order to image the transmitted
light beam coming out from the sample (Fig. 3.6BCcamera allows to analyze the light beam

profile and size at the device output.

Photodiode

\
Zoonl™ a

by

L

’

~
:"I,-.- e |"".||.'-.| P
s Ohjpstive

-4

g Splitiar me

Fig. 3.6. Collection system

Between the objective and the InGaAs camera, a §géter is placed to split part of the output
light into a large area photoreceiver with a goedsstivity and a gain tuning. The detector is
connected to an optical power-meter to read thegpoWhe microscopic objective, the zoom and

camera are mounted on a micropositioning stage naetbalong the x-direction or focal direction
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and manual in the transverse y and z direction.détector is also mounted on a micro-positioning

system placed near the collection system.

3.3 Waveguide losses

There is often confusion between insertion loss @ogagation loss of a waveguide. The insertion
loss of a device is the total loss associated wnttloducing that element into a system, and theeefo
includes both the inherent loss of the waveguidssifiand the coupling losses associated with
exciting the device. Alternatively, the propagatioss is the loss associated with signal propagatio
in the device, excluding coupling losses. As theticbutions to the loss due to waveguide design or
materials properties are associated with the prapayloss, we called all the inherent losses ef th
waveguides propagation losses. To measure theslass& waveguide, there are three main
experimental techniques, which are the cut-backatktthe Fabry-Perot resonance method and the
scattered light measurement. In our case, we usedut-back method, which will be described

now.

3.3.a The Cut-back Method

The cut-back method is the simplest method of maagupropagation losses of an optical
waveguide. A waveguide of length Is excited by a signal of powkyand the output power from
the waveguidelis measured. Then the measurements is updated veeveguide of different
lengths either obtained by cutting the waveguides@mming a same coupling loss, then the
propagation losses are obtained by a linear fiheftransmitted power versus the waveguide length.

In fact, we obtained

I, =1,exp™ (3.1)

Then a plot in dBs yields both propagation losseslB/cm and the intercept to zero length the
coupling loss.
An important point to notice is the fact that fborst calculation, we assumed that the input coupling

and the condition of the waveguide end-faces remamstant for all the measurements.
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3.3.b Propagation losses of SOl waveguides

The first measurement of propagation losses thanage was on a SOl waveguide ofGrBwidth
and 200nm thickness, with tapers input and outp@um. The different lengths of channels at our
disposition are: 1mm, 2mm, 3mm, 5mm and 7mm. Afi@ring traced the curve of the insertions
losses as a function of the length of the charmelfound propagation lossas) (of 4.0 + 1 dB/cm
in case of the TE polarization and of 4.1 + 0.6aBin case of the TM polarization. The figure 3.7

shows the graph for the TM polarizatighrépresents the coupling losses).
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Figure 3.7. Propagation losses of Qu& SOl waveguide for TM polarization

3.4 Basics components-losses characterization

3.4.a Splitters 1x2

We characterized splitters 1x2. In this case, @iapdesign was realized to separate the losses due
to the propagation along the waveguides from thecdeunder test losses. The design consists in

dividing the input signal by a splitter 1x2, andhile one path is just a straight waveguide, the
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device to be characterized is placed on the other phus the proper losses in the structure are
given by comparing the total losses on each patiusnBdB which stands for the % split of the
signal. An example is given in Fig. 3.8.

3.4.a.1 Y-junction

Y-junctions or Y-branches in optical waveguide atidely used as power divider or combiner in
modulator, switches, interferometric devices anaisenductor lasers etc [3]. Its main function is
to split the incoming signal into two paths wheeele path may carry same or different ratio of
signal power. It can be considered as the bestsamgle approach to split light in a planar
lightwave circuit. To date, many different desigok Y-junction have been proposed such as
sinusoidal bend Y-junction [4], refractive indexpéaing [5], expanded truncated structural Y
branch [6] and asymmetric Y-branch [7]. Sinusoitiehd (S-bend) type perhaps is the most
established Y-junction structure due to simpligitythe fabrication process. It uses two flipped S-
bend as a building block for its Y-junction strugu

An example of a Y-coupler is shown in Fig. 3.8.&isTexample of a Y-coupler comprises single
mode waveguides for in- and out coupling with width= 0.5um, a taper and a coupling region.
The taper region is designed in such a way, theatilkth at the end is slightly less than 2 times th
width of a single mode waveguide. This assured, ¢ndy the fundamental mode is allowed to
propagate in the beginning of the taper and inethe into the two output waveguides. The next
higher mode which would cause additional lossest &s not supported by the geometry of the
single mode waveguides, is not supported in thertapm the coupling region, both output
waveguides have to be treated using coupled maaetiio describe their behaviour. This region is
of importance when it comes to design a symmetrimoMpler with equal power splitting in both
output arms. If the angle is chosen too small, power from one arm is ableotaple to the other
one being the cause for a different splitting rétian intended. On the other hand making the angle
too large causes additional losses. Thereforegdetoff has to be found for realizing a specific Y-
coupler. Usually S-bends are used to separateutpeitoarms and obtain a good distance between
them. Due to manufacturing tolerances like proxmeitfect and etching, a sharp branching angle is

not achieved in most cases and a compromise Hasntade to find the optimum angle.
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(a)

Single Mode Waveguide

SR L

Coupling zone

A7
WI(S

(b) Output 1

2w \a

Taper

Output 2

OQutput 3

Figure 3.8. Example of Y-junction splitter (a) amhekign used to measure Y-splitter losses (b)

Table 1 details the measurements performed on ¥Hpm splitter. Insertions losses values of about
4 and 3dB for TM and TE polarisation, respectiveliere found. This adds to the 50% power
division among the exit channels. A schematic dpgon of the Y-junction splitter is given on Fig.

3.8.b. It is worth to note that most of these lsss® due to the junction point.

Polarization TE | T™M

Losses Y junction 3> 2 (0.2um thickness x 04am width) | 3 dB | 4 dB

Table 1. Insertions Losses due to the Y-junctioffEband TM polarizations.

The higher TM loss again illustrates the lower aogrhent of this mode. The same behaviour was
found in literature for SOI rib waveguides [4]. Thgh losses may be reduced if the waveguides

are made to initially diverge at a certain ratetisat the transition remains adiabatic. Another
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explanation of the high losses can be due to theckion method, which led to a non ideal feature
between the two diverging arms of the y-junctiohisTis likely to scatter light out of the waveguide

structure. To reduce the loss caused by this uratdsifeature its size may be reduced using finer
photolithography and etching methods. It's impatrtéo note that all these measurements were

made at 1550nm, and so no wavelengths dependera=eirements were done on these structures.

3.4.a.2 Multimode Interferometer (MMI)

Multimode interferometers (MMI) are other kind giliters 1x2, which could be fabricated with
simple input and outputs (standard MMI), or witpeeed input and outputs (tapered MMI). Self-
imaging of periodic objects illuminated by coheréght was first described more than 150 years
ago [8]. Self-focusing (graded index) waveguides @igo produce periodic real images of an object
[9]. However, the possibility of achieving self-igiag in uniform index slab waveguides was first
suggested by Bryngdahl [10] and explained in metaitiby Ulrich [11], [12]. The principle can be
stated as follows: Self-imaging is a property of multimode waveguibdgswhich an input field
profile is reproduced in single or multiple imagas periodic intervals along the propagation
direction of the guide.”

A complete description of the principle of the nmalbde interferometer is detailed in appendix. A
description of the two MMI structures and the Y4gtion is given in Fig 3.9. Using the same
method described above, we calculated the lossesafth structure in the two optical chips under
study. An example of the results on the opticaddssin a MMI splitter device is given in table 3.

Y-junction Standard MMI Tapered MMI

Figure 3.9. Schematic description of the splittex.

The results on the proper losses obtained for thiféerent kinds of 12 splitters are presented in

table 2. The separation of the data for the MMEéssis due to the fact that the waveguides have
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different dimensions, i.e. the devices have difierdimensions (in
0.5um width and in the other case (@ thickness x 0gm width).

. Polarization

Devices
™ | TE
MMI taper 1 — 2 (0.2x0.5um) 5dB | 1dB
MMI standard 1 — 2 (0.2x0.5um) | 5dB | 1dB
MMI taper 1 — 2 (0.4x0.7um) 2dB | 1dB
MMI standard 1 — 2 (0.4x0.7pm) | 2dB | 2dB
Y junction 1 — 2 (0.2x0.5um) 4dB | 3dB

Table 2. Insertions losses on basic building blocks

We looked at both TE and TM polarization, and weaoited comparable values. This result is very
important for our study, as we want to characte®£2l based structures for both TE and TM
polarizations. Analysing results of table 2, ithksdike TE mode propagation is less attenuated in
MMI of small dimensions than in Y-junction, whilad opposite is true for TM mode propagation.
Another important observation is the fact that mpaortant differences between the losses in MMI
device with taper inputs or standard inputs hawenkietected for TE, whatever are the dimensions

of the device. As for the Y-splitter, these measwerts were done a=1550nm, and no

wavelengths dependence measurements were donesanstnuctures.

one case A thickness X

Polarization TE ™
Output (see Fig. 3.8.b) 1 2 3 1 2 3
Insertions losses (dB) | 34.5 | 38.6 | 39.6 | 33.1 | 41.6 | 41.6

Table 3.Optical power transmitted and total losggsugh an MMI standard device (0.2x0r5).

The table 3 showed the imbalance in the MMI stashdimvice (the outputs are the same as for the
Y-splitter described in Fig. 3.8.b, as the struetig identical for both Y-splitter and MMI). The

maximum imbalance found was 1dB in the case of dlarjzation, which is a very good value.
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3.4.b Splitters 1x8

In Fig. 3.10, a picture of splitters 1x8 (left hqraahd a front views images of the transmitted light
TE mode in the top and TM mode in the bottom, respely are shown. We noticed on Fig. 3.10
that the focus of the camera change if the modenithe edge of the active area of the CCD
confront to when he is centered on it. For the mesamsents, we focused each optical mode on the
center of the active area of our camera, in ordehdve confrontable values. The total losses
including insertions, coupling, intersections ahéd proper losses in the waveguides are given in
table 4 for each one of the eight spots of thdtspliThe maximum imbalance found was 7% in TE
case and 3.5% in TM case. Two remarks are worbietmade: the intensity and thus the losses are
similar in each one of the eight paths for TM piation, while for TE polarization, the imbalance
is significant; and the structure is more transpafer TM mode than TE mode. This last point can

be explained by the higher imbalance ratio in cdsSEE polarization.

Figure 3.10. Top view image of a splitter 1x8 Jlaftd CCD image of the transmitted spot lightbath TM and TE
modes (right)A=1550nm, R=3mW)

Polarization TE mode
Output 1 2 3 4 5 6 7 8
Total Losses (dB) | 47 | 47.7 | 50.6 48.7 49 | 485 | 48.2 | 48.1
Polarization TM mode
Output 1 2 3 4 5 6 7 8
Total losses (dB) | 42.8 | 42.8 | 43.1 42.58 422 | 41.92 | 42.1 | 41.7

Table 4. Insertions losses for TE and TM polarizasi on 1x8 splitters.

3.4.c Bends

When light is propagating in a curved waveguide rtiiedle gets shifted toward the outer edge. In

sharp strip waveguide bends this effect results possibility of mode radiation, reflection due to
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phase mismatch between the mode in the bend atitkistraight section, and enhancement of
losses due to increased interaction of the modee thi¢ sidewall surface roughness. The simplest
approximation to describe radiation loss [13] shdlweg bending loss is exponentially dependent on
the bend radius R:

2An,, 2
a = K*expCAR(——)%) (3.2)

eff

whereK depends on the refractive indices of cladding aoré eand on waveguide thickness, dnd

is the mode propagation constafib.s is the difference between the mode effective indgxand

the cladding index. Equation (3.2) assumes #mi/ ne is small and that the bending is a small
perturbation on the modal intensity profile of #teaight guiding mode.

Although more sophisticated methods typically ukedcalculations of the bending losses, such as
beam propagation or mode expansion, become indecfmasubmicron cross-section high index
contrast SOI strip waveguides, estimations showas fitr R=1um the bending loss in SOI strip
waveguide can be expected to be of the order ofdB/urn in good correspondence with the
experimentally measured number. These estimatiansiad include, however, the role of the
sidewall surface roughness. Observed dependenoending loss on polarization indicates that the
surface roughness is an important factor definhmgy lbsses. Analogous polarization dependence
was previously observed in Ref. [14, 15], wherevdis explained by higher interaction of the TM
mode with the surface roughness at the bend.

For our experiments, we considered different stmast of bends. Fig. 3.11 schematically represents
a portion of the design where this kind of struetuwas realized. Two different structures were
studied for a waveguide width of @un and the results are presented in Table 5. Weuregsalso
bends in 0.bm width waveguides. In both cases the width ofwla&eguide is 200nm. The results
in this case are presented in Table 6. Again wéopaed measurements for both TE and TM

polarization.

Output 2
Structure 2 Output 1

Output 2
Structure 1 Output 1

Figure 3.11. A schematic description of the ber@fss@ructures, the inset numbers refer to the comesiing
measured optical losses at 1550nm, as reportedlilet5.
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Structure Polarization ™ TE
1 9¢ Bend withR=40um | 0.02 dB/bend 0.04 dB/bend
2 9¢ Bend withR=30um | 0.02 dB/bend 0.02 dB/bend

Table 5. Optical losses on 9Bends.

The more important result is that the losses ang/ wmall. We measured losses of about
0.02dB/bend in TM mode for different radius (sttwes 1 and 2), and similar results have been
obtained for TE polarization, within the experimarérrors.

By comparing the results of table 5 and 6, onedsduce that TM mode is not transmitted in very
thin (0.5um) and curved bend&€10 um), due to higher propagation losses and higherastion
with the surface roughness at the bend, whilengelacircuits and larger bends the losses are very
small (0.02dB/bend). At the same time a slight delpace on the dimension and the bend radius

was observed for the TE mode.

Polarization
Bend Type ™ TE
90° Bend withR=2um | --- | 0.06 dB/bend
90° Bend withR=5um | --- | 0.02 dB/bend

Table 6. Optical losses on 9bends for a waveguide width of

3.5 Conclusion

This chapter was dedicated to optical losses meamnts performed at 1550nm in several basic
components in Silicon On Insulator waveguides. @tmes such as Y-junctions, MMIs and bends
were considered. The results show that state oathprocessing yields low losses. These results
are basic to the development of the SOIl-based STRS&d CROW structures described in last

chapter.
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Chapter four

NanoSi slot waveguides

Si photonics technology has made major advancegrms of design, fabrication, and device
implementation [1]. At present days, it is at antaround point between technical development and
commercial opportunities. The progress in Si phictrabrication technology has enabled the
realization of photonic structures with deep-subomcfeature size in ultrahigh-index contrast
materials, most prominently, in silicon-on-insula(80I). In addition to waveguide structures such
as silicon wires [2, 3] and photonic crystal slalaveguides [4], slot waveguides have been
proposed [5-7]. As silicon nanocrystals (Si-nc) edded in Si@ have low refractive index (in the
range 1.5-2.0 according to the Si excess), tharinsconventional waveguides results in large
cross-section and weak light confinement. The slateguide is a high-index contrast photonic
structure with deep-submicron feature size thathegp in solving such a problem. It consists of a
thin layer of low-index material sandwiched by twigh-index walls or layers (for vertical or

horizontal configuration, respectively) (Fig. 4.1).

@) slot ®)

wall wall || wall

slot
wall

Figure 4.1. Schema of vertical (a) and horizorftglslot waveguides

This is the basic principle of the slot wavegui@empared to conventional waveguides, where the
main part of the optical field is confined withinet high index core, a large fraction of the guided
mode is in the low index layer. This occurs only flee polarization mode whose electric field is
perpendicular to the slot interfaces: TM polariaatfor the horizontal slot and TE polarization for

the vertical one. The field is affected by a didoanty at the slot-walinterfaces and this increases
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the overlap of the optical field evanescent taiithin the slot. If the slot width is smaller thamet
decay length of the field, it is possible to havgila-up of the evanescent tails, thus enhancieg th
field intensity in this region with respect to theld confined in the walls. In this work, we study
theoretically and experimentally nano-Si slot wawvdg based photonic structures, both
waveguides and ring resonators. Horizontal slotegaides filled with Si-nc have been realized
and characterized in terms of propagation loss@sfasction of the layer deposition conditions.(i.e
Si excess and annealing temperature). In a secamgwe present experimental results of resonant
optical cavities such single and double ring resansacoupled to the horizontal slot waveguides

with very high quality factors.

4.1 Theoretical approach of the slot waveguides

The principle of operation of a slot-waveguide @&sé&d on the discontinuity of the electric field (E-
field) at high-refractive-index-contrast interfacéddaxwell’s equations state that, to satisfy the
continuity of the normal component of the electdisplacement fieldD at an interface, the
correspondinge-field must undergo a discontinuity with higher dityale in the low-refractive-
index side. That is, at an interface between twgiores of dielectric constantss and g,
respectively:

DDW = DDs - £WEDW = ‘gsEDs - n&vEDw = nszEDs (41)

As we have fy,>> s, E, <<E_..

The slot critical dimension (distance between tlghiindex slabs or strips) is comparable to the
exponential decay length of the fundamental eigeterad the guided-wave structure, the resulting
E-field normal to the high-index-contrast interfage enhanced in the slot and remains high across
it. The power density in the slot is much higheartithat in the high-index regions. Since wave
propagation is due to total internal reflectiorerthis no interference effect involved and the-slot
structure exhibits very low wavelength sensitivity.

For example, in a case of two coupled waveguidearated by a distanass (slot region), the
electromagnetic field of the two decoupled wavegsignust be matched in the middle of the
waveguide separation. When the distance becomi® afrder of the decay length of the field, the
absolute value in the middle of the slot startsatee a large value. Decreasing furtherthe two
exponential tails do not decrease to zero andi¢he ih the middle increases because the continuity

condition of the electromagnetic field. Therefdiree amplitude in the slot increasesnaslecreases
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until to reach the value imposed by the equatich #igure 4.2 shows an example of the
electromagnetic field profile of a Si-based veltslat waveguide, for different slot thicknesses
From left to right the slot thickness varies fro@0&m until 20nm. We noticed that the amplitude
of the EM field in the slot region increases as dlu¢ decreases, because the power carried by the
EM fields is kept constant. Nevertheless the amgitof the discontinuity at interface is always

equal ton’s/n’air.
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Fig. 4.2. Electromagnetic profiles of the fundana¢symmetric mode of a coupled waveguide system
for wg = 500nm (a), 100nm (b) and 50nm (c) (Francesc@mRibthesis 2005)

4.2 Processing of Slot waveguides
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4.2.a Vertical Slot waveguides 3

The slot waveguide was designed for optimum figillamcement [8]. The optimum design is a
100nm-150nm (W wide slot into a monocristalline silicon wavegeidvith a width (W) of
approximately 500nm and a height (h) of 200-300#ig.(4.3.a). For nonlinear applications the
slot is filled with SiQ. After high temperature annealing the whole strecis finally covered by

stoichiometric SiQ.

200 nm

GEM LETI MINATEC

Fig. 4.3. (a) View of a vertical slot waveguide 4/80-150nm, h=200-300nm, W=500nm, migh index medium :
silicon, ns small index medium : silicon nanocrystals withi®@%); (b) SEM cross-section view of a 500nm wide sl
waveguide (Ws=120nm) just after SiOx cladding dijposby LPCVD.

DUV lithography 193nm on ASML equipment was used tbe purpose of future mass
manufacturing. Starting on wafers with 380nm siidbickness, 150nm thick SjQvas deposited
as hard mask. After definition of the patterns dadd mask etching, silicon was etched to the
buried oxide. Finally a non-stoechiometric gil@yer was deposited by LPCVD or PECVD and
annealed at 1100°C in a RTP furnace to induceosilisanocrystals formation. The fabrication
process of these slot waveguides was done on a Cfd&ation line. For mass manufacturing
with acceptable fabrication margins, Deep-UV 193htnography on ASM1100 scanner was
experimented with different exposition doses. Slaveguides with slots as thin as 120 and 100nm
were successfully defined with high reproducibility
On Fig. 4.3.b is reported a FIB-SEM cross-sectimwvof a 500nm wide slot waveguide with a
120nm wide slot which has been covered with,SiIPCVD. It is obvious that slot waveguide is not
filled even if LPCVD deposition shows a betterifiy ability than PECVD deposition (not showed)
since it is more conformal. But the main reason wainyubble is present in the slot comes from the

silicon etching step: silicon profiles bowing phemena occurs and a significant hard mask layer

3 Sample processing and production by Jean Marclified®@EA-LETI (Grenoble, France)
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still remains after etching that, in addition, ieases the aspect ratio of the slot and could induce
sidewalls roughness. The combination of aspeab iatirease and deposition accumulation at the
top of the silicon results in air bubble formatiespecially if the deposition process is not very
conformal such as PECVD.

Thus control of the slopes of the silicon waveguglene of the key parameters to a good filling of
the slot. Further refinements on the etching pro@esl the hard mask optimization should lead to
slot waveguides filled with silicon nanocrystalglwmass manufacturing process.

4.2.b Horizontal Slot waveguides

In order to reduce processing difficulties encotadein vertical slot waveguides, an alternative
process was developed. Design and optimizationrhefslot geometrical parameters to achieve
minimum effective area (i.e. maximum field confinemt) have been reported in [8], where the
influence of the refractive index in the slot regiosas been studied too. A minimum effective area
of 0.1um? was found with a slot waveguide width of 350 nrhisTwaveguide width ensures single

mode TM propagation. However surface roughnessesasignificant losses at this width [9]. Thus

to reduce the propagation losses, a width of al@@ nm has been chosen to fabricate the
waveguides. At such a width, the second order TMiens also present. However, it is extremely

lossy being very close to the cut-off condition a@patially localized at the waveguide surface.

W5 ne (S10 h
BOX . W >

Fig. 4.4. (a) View of a sandwiched waveguide witt®i@2 cladding layer;
(b) SEM image (cross section) of an horizontal wganee.

The horizontal slot waveguide structure is compdsed Silicon-Rich-Silicon-Oxide (SRSO) layer
(50-100 nm thick) placed between two silicon wavdgs (200-300 nm thick) (Fig. 4.4.a). The
starting wafer was a 200 mm SOI wafers with 220 thiok crystalline silicon and 2m thick

buried oxide (BOX). SRSO was deposited by plasmhaeced chemical vapour deposition
(PECVD) by using different deposition conditionef&ence sample with Si®as been deposited
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too. Various annealing treatments in inert)(Btmosphere (from 600 to 1000°C) were experienced
to induce Si-nc formation. Then, low loss hydrogedaamorphous silicon (a-Si) was deposited at
350°C and followed by 150 nm TEOS Si@eposition acting as an hard mask [10]. 193 nnp-dee
UV lithography and hard mask etching was used fméesub-micrometer wide waveguides. The
three layers (amorphous silicon, SRSO, and montadliye silicon) were etched sequentially down
to the BOX. As a final step, the horizontal slotweguides were covered by SiCScanning
electron microscopy cross section of a typical Zzawrtal slot waveguide is shown in Fig. 4.4.b. Its
geometrical parameters are: 50 nm thick SRSO &65nm waveguide height and 650 nm
waveguide width. After an optimisation of the etahiprocedure, we have obtained horizontal slot

waveguides of smaller width, about 500 nm [10].

4.3 Waveguide losses

4.3.a Propagation Losses on Vertical slot waveguide s

We made first losses measurements on the vertical vBaveguides. To do the cut-back
measurements without cutting the sample, all thdeguhave a “taper” of gm width in and out,
and the length of the slot waveguides vary frono Zrnm. Figure 4.5 shows a design of the mask
we create to do these measurements (W representgdth of the waveguide). Another function of

the tapering is to allow an easy and efficientnd aut coupling of the light into the chip.

Tapering Slot waveguide Tapering
W =2 pm W =05 pm W =2 pm

L=1mm

L=2mm

L=3mm

L=5mm

Fig. 4.5. Design of the structures created to meashe losses of the slot waveguides
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For this waveguide, the output mode of the wavegwes observed only at the first two lengths:

1mm and 2mm. As the figure 4.6 shows, no signal eserved at lengths larger than 2mm.

Figure 4.6. Images of the output mode taken by C&Mera for slot waveguides of
lengths 1mm (a), 2mm (b) and 3mm (gx1DMW)

As we have only two points to do the Cut-back meswments, we supposed that the propagation
losses in our waveguide are linear. Results an@septed in Figure 4.7. We inserted in the Figure a
point for the insertions losses at length L=3mm.wes can observe, the insertions losses at this
length should be around 45dB, which is very high by consequence very difficult to be detected
by our set-up. We found propagation losses of aBodB/cm for both polarizations. This implies
that most of the losses are due to scatteringsdasmesed by the scarce filling of the slot region.
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Figure 4.7. Cut-back on vertical slot waveguide
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The presence of air bubble inside the slot, as baemwe in Figure 4.3.b., can create very high

losses inside the waveguide, for both TE and TMesod

4.3.b Propagation Losses on horizontal slot wavegui des

In order to reduce high losses encountered abowetduprocessing problems, horizontal slot

waveguides were developed.

A preliminary study on the material (in particularorrelation between refractive index and
deposition parameters) has been performed in tdfl. [Different deposition conditions (i.e. Si

excess in the SRSO layer, from 8% to 10%) and takamnealing treatment (from 600 up to 1000
°C) have been used to correlate already optimizateémal properties [11] to optical losses within
the horizontal slot waveguide configuration. Itwsrth to remind that high Si content for a fixed
annealing temperature or high annealing temperdtura fixed Si excess imply a large refractive

index (thus influencing both linear and nonlineptical properties) [11].

A systematic study/design of the slot geometrieabmeters has been already performed aiming at
optimizing the modal confinement factor [8], whéihe percentage of silicon excess inside the slot
was studied in order to have the highest valuegyofF for the waveguide [12], wherg represents
the group index anBF the filling factor of the slot waveguide (Fig. %.8Ve defineFF theenergy
filling factor which measures the degree of concentration ofribegg inside the slot waveguide.

J'EDdedy

=5 (4.2)
jE OH dxdy
D

Where A is the slot regiol) denotes the whole waveguidedenotes the electric fieltH denotes
the magnetic field an& ~ H denotes the Poynting vector, which representetiegy flux of the
electromagnetic field.

The best results were found for slot refractiveeidalues around 1.5, which correspond to a

silicon excess of 8-10% and an annealing temperatuabout 1000 °C [11].

64



0,902
0,901—- O
0,900—-
0,899—-

0,898-
| f.om.=ff* ng

figure of merit

0,897

0,896 1

o8\ 7777777777
145 150 155 1,60 165 1,70

slot refractive index

Figure 4.8. Figure of merit of horizontal slot waygdes versus the refractive index of the'slot

To further select the optimum Si excess, one haske into account excited carrier absorption,
which depends on Si-nc size and densities [11][&B¢ell4]. 8-10% is the optimum Si excess for
PECVD samples to have low pump-induced losses dwmartrier absorption, to show large non-

linear properties [13], efficient light emissiorb]land low propagation losses.

Propagation losses have been determined from tiasim measurements. To control the
polarization, a fiber polarizer has been employetiveen the laser and the input fiber while a
polarizer filter has been used in the collectiosteyn. Propagation losses of these waveguides have
been measured at 1.55. A dedicated layout structure allows the deteatiam of the propagation
losses independently on the coupling ones. It @vshin the inset of Fig. 4.9: it consists of a
waveguide split into two channels. Since the twarcttels have different lengths, the ratio of the
intensities at the outputs gives the linear propagdosses. Clearly, the balance of the split&s h

been carefully checked in waveguides with the sautput path length.

* Calculation courtesy of Alessandro Pitanti

65



12—t — — — ,

:CE:) r{_}lﬁbm Firat Crutput

S 10 me J .
o N

-1 :,

z o8 o :
N l {'-. 1 Ougput

o

c 47 T
.o

g A TMpol. 3.6:0,3dB/cm

o 0- ® TEpol 44:04dBlcm A
D_ 1 1 I

o 5 10 15 20 =25
Length (mm)

Fig. 4.9. Propagation losses of nano-Si slot waveguwith 8% Si excess annealed at 1000°C measurgd=dnm in
TM and TE polarization. Inset: Top-view scheméiefwaveguides on the mask.

Fig. 4.9 shows a graph of the measurements footanslveguide with 8% Si excess annealed at
1000°C. Propagation losses of 3.6 dB/cm have beeasured at 1550 nm for the quasi-TM
polarization, while about 4.4 dB/cm for the quasi-polarization. Such optical loss values can be
attributed to the fact that a large fraction of thgtical mode is confined within the slot which
reduces the effects of the wall roughness ande@tiod layer interfaces obtained by the deposition
technique used. This is supported by losses ofiB/2m found for the reference waveguide (slot
waveguide with Si¢). Similar results have been found in single slatveguides formed by a-
Si/SiG; [16, 17].

In Table 1, a summary of the waveguide lossesfasaion of the material parameters is shown.

Annealing Propagation losses
Si excess temperature quasi-TM quasi-TE
(C) (dB/cm) (dB/cm)
0% (TEOS SiQ) 600 7.2+0.1 7.6+0.8
8% 800 46+0.3 5.4+04
8% 1000 3.6+0.3 44+04
10% 600 4.7+0.7 5.4+0.6
10% 800 4.4+0.7 -
10% 1000 3+0.2 39+1.1

Table 1. Propagations losses for different slot eguides for quasi-TE and -TM polarization at 1550.n
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Propagation losses decrease with increasing tlesc®iss or when the annealing temperature rises.
It is worth noting that we were able to reach pggieon losses as low as 3 dB/cm for quasi-TM
polarization (sample with 10% of excess Si and alatkat 1000 °C), which is the best result
reported for slot waveguides of such a small widthis is a consequence of the increasing of the
refractive index as well as the result of a matenmimization to minimize carrier absorption losse
due to the Si-nc [14].

4.4 Ring Resonator

Using standard silicon processing techniques, respnators have been developed for chip-scale
silicon photonic components including optical figeswitches, and lasers. Variation of the silicon
ring resonator include lateral and vertical couptieys, disks, toroids, and cascaded resonators.
The high Q-factors and small mode volumes of thesectures lead to strong electric field
enhancement in the resonators. While the overaledsions of the resonators are of the order of
microns, the gap between the resonators and adjaasrwaveguides is typically on the nanometer
scale. Light in the bus waveguide can be evandgcentipled through the gap into a whispering
gallery mode of the resonator if the proper phaag&hing conditions exist. Light is trapped within
the ring by total internal reflection. Over the ppBswv years, the utility of microring and microdisk
resonators has expanded to biological applicatiddssonance shifts, intensity changes, and
changes to the quality factor have been used,amele, to detect the presence of chemicals or

biological molecules attached to microring resorsato

4.4.a Theory of ring resonator

In order to understand the principle of the ringomators, we will present an analysis of microring
resonators. A general design of the microring rasmmcoupled to a waveguide is shown on Fig.
4.10.
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Input Port Through Port

Bus waveguide

Fig. 4.10. Design of a straight waveguide coupled ting resonator

We assume that all waveguides are monomodal anahales are of the same polarization. The
bent-straight waveguide coupler considered is adiieband backreflections are negligible inside
this coupler. There is no interaction between takl$ of the bus waveguide and the resonator out

off the coupling region. We assume that the resonatsymmetric with respect to the x and z axes.

In this case, the model consists of one straightegaide coupler connected to a segment of the
ring waveguide. The variable EE3 (external connections) ang,B, (ring connections) denote the
amplitudes of properly normalized guided modeshm tespective coupler port planes (Fig. 4.10).
The response of the coupler is characterized bgattesing matrix S. The relationship between

coupler input and output amplitudes is given by

(Esj:s*(Elj with s:(Sll Slz]:(_t* ";j (4.3)
E4 E2 SZl SZZ Ir t
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S, represent the coupling from the mode of wavegyite the mode of waveguide They are
called cross coupling coefficientS;; or S, are self coupling coefficients. We calthe electric
field transmission coefficient andhe electric field reflection coefficient.

Then, if we suppose thaaindr are reals:

E, =tE, +irE,
(4.4)
E, =irE, +tE,
Assuming that the coupling is losslesandr are related by
"+ =1 (4.5)
Note thatE, andE, are related by
E2 — e—LIZIReiZIﬁRE4 — a* eiZIﬁRE4 (46)

Where R is the radius of the ring ghds the mode propagation constant in the ring glwen

3 21m,

ﬂ_A

4.7)

Netr IS the effective index for the ring mode aads the electric field transmission for one roung t
in the ring, defined by

a=eg 7" (4.8)

a is the loss coefficient given by:
a=a,+ta,+a, (4.9)

am IS the absorption lossy, the radiation loss due to bending apgdthe scattering loss due to wall

roughness. The angle = 27RS is the phase delay due to propagation arounditigeof distance

2nR with an effective inderes. Solving the equations fd; in terms ofE;, we obtain

(4.10)

We also obtain, with the same method, the powestrﬂassioru|1:|E3/El|2
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1, _ a® -2tacosf) +t* @.11)
|, 1-2tacos@) +t?a? '

At the resonanceg = 2ms where m is an integer, then

15 _ (a-t)?
=T (4.12)

Figure 4.11 represents the power transmission gpacif the waveguidd{1;) as a function of .
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Figure 4.11. Transmission spectrum of a waveguaked to a ring resonator for a=t=0,8

Critical couplingoccurs whera = t. If phase-matching is not achieved in the coupénd r
and t are not real, this will shift the resonarecedme other value af but will not otherwise affect
the microresonator response. Because of Eq.4iplies a completely destructive interference
between the directly transmitted fielld; and the internal field coupled into the output agwide
irEo.

Undercouplingoccurs ifa<t, the transmission spectrum does not vanish anhase. A
smaller amplitude means a larger attenuation loss in the resonatgagation, hence, the spectral

dip appears broader than that of critical coupling.
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Overcoupling occurs if a>t. The transmission spectrum shows a sharper dipnvehe
increases, yet it does not vanish at resonancehdfuincrease od increases the transmission at

resonance.

At a=1, meaning no attenuation in the resonator at Blgnsparencyoccurs. The

transmission spectrum becomes unity for all angles

Whena>1, meaning thaGain is introduced into the resonator so the amplitade larger
than unity, the transmission spectrum is largen thaity and peaks at resonant frequency. Lasing
action occurs whea=1/t becauses/l; approaches infinity.

Figure 4.12 represents all these case for a vdlte 6,8.

a=0,6
2,0 -
1,5 -
[
Q 1
()
R
= 1,0
c
©
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0,0 T T T T I 1
-2 0 2
Angle (radian)

Figure 4.12. Transmission Spectrum near the resoador various values of a (t=0,8)
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4.4.b Free Spectral Range

The free spectral range (FSR) is defined as theeleagth differencé\l between two successive
minima of transmission in the through port. Theorest condition off is approximated as

_Am=Yr_, 215 0B ) (4.13)

P 27R 27R 0A|.,

Where the right hand side is obtained as a firdeoiTaylor series expansion of the propagation
constant around the m'th resonance wavelendth;is the difference between the vacuum

wavelengths corresponding to the two resonant gardiions.

If we write the propagation constant in term of wmam wavenumber and effective mode index as

B =2m, A and the wavelength dependence of ne is explicitly incorporated. We can write:

on
9B _ _B e (4.14)
oA A oA

This leads to the expression

on
%=—Eng with Ny =ng —A—"
0A A 04

(4.15)

whereny is the group index of the cavity mode. Then tlee fspectral range is given by

= TR (4.16)
m g

27R| 04

__2m|ap
- oA

4.4.c Quality Factor of a ring resonator

The quality factor (Q) is expressed as the ratithefenergy stored in the cavity and the energy los
(or emitted) from the cavity in one period.

The quality factor of a ring is given by the forraul
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Quot = A (4.17)

AFWHM

Wherelrwnm is the full bandwidth at half maximum of the drepppower or transmitted power,
and}y is the resonance wavelength. The total qualitjofa:.) can also be represented, in a first
approximation, as:

11,1 (4.18)

Qtot Qr Qcoupl
where Q, is the intrinsic quality factor, whered3..,p takes into account the losses due to the
coupling with the bus waveguide. The latter canelagracted from the extinction ratio at the

resonanceT(ni), as [18]:

2Q
Quup = ——2— 4.19
pl 1_\/m ( )
OnceQ; is known, the losses inside the rimgcan be determined by:
2m,
a, = (4.20)
AQ,

whereny is the group index.

4.4.d Experimental results

We produced different ring resonators based on rtaeo-Si horizontal slot waveguides. A
resonance of the ring occurs whenewdl, = ng27R, whereng is the effective index of the
waveguide An is the resonance wavelengRjs the ring radius anoh is an arbitrary integer, also
called the longitudinal mode number. It is worthting that a change of either ring radius or
refractive index implies a shift in the resonancavelength. Testing of these is achieved by
coupling a bus nano-Si slot waveguide to the risge(SEM image in the inset of Fig. 4.13). A
preliminary study on horizontal slot waveguidesed to ring resonators as a function of the ring
radius and ring-bus gap has been performed to o#irthe bus-resonator coupling for TM
polarization. Best results were found for ring-lgagps of 250 nm independently of the ring radius
[9]. Optical transmission spectra trough the busegaide were measured in the range 5820

nm by a tunable laser passed through a polarizabatroller and a tapered fiber.
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Fig. 4.13 (inset) shows a transmission spectrunteim of quality factor for both TE and TM
polarization of a ringR=20 um) coupled to the bus waveguide by a 250 nm wigeaganano-Si
slot waveguide. Since the coupling is optimisedtf@ quasi-TM mode, resonances are observed
for TM light and not for TE light. This indicateldt no polarization conversion effects occur within

the slot waveguide.
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Fig. 4.13. Normalized transmission measurementrafgaresonator with R=20m and a ring-bus gap of 250nm. A
resonance at 1533.8nm is observed with a qualitiofaQ=12,000. The red line is a lorentzian fitttee dat. (Inset-
right) Full spectral interval results for both TEhd TM polarization. (Inset-left) SEM image.

Fig. 4.13 shows the detailed spectrum of the resmmat 1533.08 nm. A Lorentzian fit allows the
extraction of significant parameters. The resonamiction ratio is 27 dB. The 3dB bandwidth is
Arwrv=0.13 £ 0.02 nm. This corresponds to a qualityda€actor = MApwnm = 12000 £ 2000 at
1533.08 nm. The best value measured for similaysris Qycior = 14500 + 2000. In smaller rings
(R=10 um), Qactor Of about 15000 have been found. Free spectraker&®R of about 11 nm and
5.8 nm have been found for tiRRe10 and 20um rings, respectively. Comparing our results with
literature results, we found that Q factors of abb®000 have been reached in similar sized rings
(R=10um, 150 nm bus gap) [16], while Q factors of aba2@@) have been obtained in larger rings
(R=100pum) [17].
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In order to compare the losses inside the cavitth wie linear propagation losses, we have

extracted from the Lorentzian fit parameters timriinsic quality factor” of the resonators.

Table 2 report€); anda, found in samples with and without Si-nc at diffgrénput powers. The

measured Q factors are similar within the experit@errrors bars independently of the Si-nc

parameters.
Pin <0.5mW R =3mw
Slot waveguide filled by: Qr ar (dB/cm) Qr ar (dB/cm)
SiO, 15500 + 3000 41+8 17700 + 3000 368
Si-nc 17000+ 3000 38+8 18500 + 3000 35+8

Table 2. Qande, in coupled rings (R=2m) with and without Si-nc at different input powat2=1533nm.

The values ofy, are much more larger than those found in the spomedent straight waveguides
(see Table 1) because they include both linear@nding-induced contributions as well as mode-
mismatch losses at the coupling region. Lossedentsie rings are similar for both samples. This is
in contrast with the linear losses, which differ ddyout 3-4 dB/cm. It looks like that the processing
used to form the rings causes high additional ®sshich mask the role of the slot region
composition ing;.

In addition, the large error bars in the&r measurements causes an indeterminatios @rhich is

higher than the difference of propagation losseéwééen the waveguides with and without Si-nc.

4.4.e Effect of Si-nc in ring resonators

Nevertheless, Si-nc in the ring resonators arkecdtiarly affecting their properties. Indeed, aftsbi
the resonance peak position with increasing th# lgwer in the nano-Si and not in the silica ring

resonators is observed (Fig. 4.14).
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Fig. 4.14. Shift of the resonance peak positioa &mction of the input power.

As we observe a blue shift of the resonance peakipo, the effective index of the propagating
mode is decreased\if=10"%) due to free carrier refraction effects in Si-tiree Carriers are
generated by two photon absorption which is sizeablSi-nc [13]. Usually, free carriers cause
absorption losses in Si-nc waveguides of a few lg/A].

In fact, the refractive—index changenj and the optical absorption coefficient change) (of Si-nc
produced by a change in the concentration of feegers (AN) and at 1,5pm follow the expression
[19]:

An=-8810%AN - 8510*°AP% 4.21)

Aa = 8510"°AN + 60107°AP
whereAP is the density variation of free holes. Fram'n = AM/A, we deducé\n=10*, which gives
AN = 10"cm®. ConsequentlyAa = 1cm?, which is not observed in Table 2 because it thiwithe
errors bars.
Non-linear optical effects due to free carriersraatrbe the responsible of such a behaviour because
the power density in the slot waveguides (aboutliewdreds of kW/c) will induce a wavelength
shift of the order of 16 um [13]. In fact, the change in the index of reffactAn due to nonlinear

effects can be approximated by the formula

An=n,* | (4.22)
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wheren; is the nonlinear refractive index ahe the irradiance (in W.cfl). From the literature, we
found that in case of Si-ney, can reach values as high as*4@n®>.W™[13]. In our case, the
maximum irradiance used was of the order dfW0cmi? (ImWum™). Using Eq. (4.22), we found

that the maximum shift due to nonlinear effectsustide of the order of 10um.

4.4.f Group index

From the FSR, it is possible to deduce the grodexmg by Eq. (4.16) for the quasi-TM modes in
the wavelength range from 1500 to 1550 nm. In Bid5, we compare both the values ngf

measured experimentally and the values found bulsiions.

411 T T T T T T T T T T T T
40 1 0O Straight waveguide simulation (WMM)
s 10 pm ring simulation (FDTD) ]
< 3,9- ® 10 um measurements i
Q {1 A 20 pm measurements 1
g 3,81 .
3,7 1
S ' O l f @ i &
O 36 l l |
S [}
o | |
s LT T
3,41 |
3,3

1490 | 15|00 | 15|10 | 15|20 | 15|30 | 15|4O | 15|50
Wavelength (nm)

Fig. 4.15. Group index measurements and simulafions

The calculated values, included for comparisonewtatermined by Eq. (4.15) where the effective
indices are calculated from the slot-waveguide petars with a full-vectorial WMM solver. The
simulated values afy have been obtained for a straight slot wavegumtkaalOum radius ring by

a FDTD code, where Eq. (4.16) has been used. Vend cagreement is found between the

experimental values (which are the same withindtrer bars) and with the simulated ones (less

® Simulations by Alessandro Pitanti
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than 2% difference). This small difference has beemd also in Ref. [16]. It can be due either to
the uncertainty in the fabricated slot waveguide sind indices or to the fact that the profilehsf t

refraction index in the slot region is supposebédlat, which might be not the case.

4.5 Double ring resonators

Double ring resonators offer the possibility ofliaag a “box-like” filter characteristic which is
favorably used in optical networks. Another advgetaalso from the point of characterization, is
the fact that if two rings are coupled in seriégytcan have the drop port in the same direction as
the input port, which is very convenient for intemoection of many % 2 devices. Serially and
parallel coupled ring resonator configurations hlgen described in detail in the literature [20-21]
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Figure 4.16. Double ring resonators in configuratiserially (left) and parallel coupled (right)

There are two different configurations to couplea trings together (Fig. 4.16). In the serially
coupled configuration, each ring resonator is cedplo one another, and a signal that is to be
dropped from the input port to the drop port muwestpsequentially through each resonator. Because
of this sequential power transfer, all resonatoustive precisely resonant at a common wavelength.
The resulting resonant line shape in the seriedigumation is determined physically by the
separations between the ring resonators. In o, @as will use this configuration.

In the parallel-coupled configuration, all resomatare coupled to the input port waveguide, but
usually not directly to one another (the resonatars also be coupled to one another resulting in a
wavelength selective reflector, which will be désed in the next chapter). The resonators are
instead indirectly coupled to each other by theicaptpath lengths along the input and output
waveguides that interconnect them. These lengttesrdae the details of the resonant line shapes.

An optical signal in the parallel configuration pas through all ring resonators simultaneously.
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This softens the requirement that the resonancesaoh rings have to be precisely identical.

Nonaligned resonant frequencies instead lead ttiptaupeaks, or ripple in the lineshape.

4.5.a Experimental results

Double coupled rings have been realized to incréfasdield enhancement of the optical cavity.
This would allow the build-up of the intensity idsi the optical resonator, thus improving the
optical fluences at values sufficient to give riseoptical non-linear effects. In Fig. 4.17, the
resonances of single and double ring resonatorsc@mgpared. The splitting of the resonances
demonstrates the good coupling between the twarihg fact, the whispering gallery modes in
coupled microresonators are split symmetrically nvitee individual resonators have the same
optical path length (OPL). It's due to the facttthiae light must pass through a coupler twice,
acquiring a net phase shift before interfering with the light iretfirst resonator. When the OPL’s
of the two rings is the same, such tldat ®,= ® (where® is the round-trip phase shift) the
absorbance presents a minimairthe single-ring resonanceB.{,(2x) = 0), resulting in the peak
splitting [22]. This effect will be much more dd&a in the next chapter. For these double ring
resonators, we found very high Q-factors: aroun@082for R=10 um, which is larger than the

corresponding single ring Q of about 15000.
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Fig. 4.17. Resonance at 1543.97nm for double @ad)at 1544.3nm for single (black) ring (R=10 with gaps of
250nm). Inset left: transmission spectra in a lavggvelength range (1500-1550nm). Inset right: OQgtimage of the
R=1Qum doubled coupled ring resonators.

4.6 Slow light effect in Slot waveguides

The velocity of a pulse of light propagating in amgdium is determined by the group indgx
From this definition, the group velocity=c/ny where c is the speed of light in the vacuum, is
determined not only by the refractive index of thedium but also by the dispersive characteristics
of the structures(dn/dew), wherew is the optical frequency, in other words the deleece of the
refractive index on the optical frequency. This elggence can create significant difference between
the group and the phase velocityn as a function of the properties of the medium ngttbe light
propagate.

Although materials can be highly dispersive closean electronic resonant transition, such
transitions are typically accompanied by large ghtson. This absorption can be eliminated by an

effect called electromagnetically induced transpaye(EIT), which will be described in the next
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chapter, to demonstrate slow light. Unfortunatetyis not simple to implement it in practical
system.

Another approach is to realize large structurgbelision by appropriate engineering of the structure
in which the light propagates. It is the case oficag periodic structures like coupled resonator
optical waveguide (CROW). The CROW is a periodio&ure that comprises a chain of resonators
in which the light propagates by virtue of the clingp between adjacent resonators. In the case of
Fabry-Perot cavities, the slowing of light is act@é by letting it bounces back and forth. Figure

4.18 represents a design of this structure.

External Mirror e :

Figure 4.18. Design of Coupled Fabry-Perot Cavities

By combining a “slow structure” like a CROW withetheffect of the slot waveguide, which
concentrate the field intensity inside thlet, it is possible to increase the non-linear effeftthe
Si-nc increasing the interaction time between thatemal and the electromagnetic fields
propagating inside the waveguide [23]. To explditst possibility in a low-index guiding
waveguide, we have designed a CROW based on sl@guale structures with Si-nc and working
at 1.55um°.

4.6.a Slow light in vertical slot waveguide

Different ways to realize the photonic crystals didaeen considered, like air slits which cut the
whole slot waveguide, air slits interrupted at #het region, air slits not extending up to the slot
region and pattern formed by periodic enlargemehtbe slot region. The last design (Fig.4.19.a)

was finally preferred, due to the fact that thi®metry maintains a waveguide structure all along

® The specific design is due to Alessandro Pitamii Raolo Bettotti
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the periodic modulation and the modulation overlaph the intensity maximum of the optical
mode propagating in the slot region, which produeege photonic gaps. For these reasons, this
geometry has been preferred in realizing photorewiags in slot waveguides [24]. A first
optimization of these CROW devices shows a groupcity of more than ¢/10 at 1.5om by

simulation.

(a) (b)

pm

0 0,5 1,0 15 2,0 2,5 3.0 35

um
Fig. 4.19. Schema of a cavity create by periodiaggements in the slot region (a) and AFM imagé¢hef cavity

Unfortunately, we didn’t measure any significansuis. This can be explained by two reasons.
First of all, this geometry is very difficult to@iuce. Fig. 4.19.b represents an AFM image of @ slo
waveguide with 1D photonic cavity not covered blicgi As shown by the image, the periodic
enlargements are not well defined, due to theiy wenall size and the resolution used to define the
sample. But the main reason is the losses of thécakslot waveguides. As explained in chapter
4.3.a, the losses measured for the vertical sloegaides were very high (around 30dB/cm), and
the creation of a cavity inside the slot createditamhal losses to the waveguide. In order to reduc
processing difficulties encountered above, anothlew cavity” was envisaged for horizontal slot

waveguides.

4.6.b Slow light in horizontal slot waveguides

82



We created a slot 1D photonic crystal inside ouizomtal slot waveguide with a photonic band
gap (for wavevectors along the guide propagatioaction) around 1.55m. To design a “Fabry
Perot cavity’-like inside our horizontal slot wawede, we inserted periodic trenches along the
entire section of the waveguide, which as the shet@viour as a Bragg mirror (Fig. 4.20). From
this design, a 5-coupled-cavities device has bebnidated and optically characterized. From a
point of view of the fabrication, this design iss#a reproducible, even if the trenches create high
losses inside the waveguide. The shape of the miras defined by two geometric parameters, the
trench width and the period of the structure. Tihalfdevice consists in 5 coupled cavities each one
separated by a 16-period mirror. On Fig. 4.20, e@esent the final design only with two coupled
cavities. To get a good matching with the input agwide, the first and the last mirrors were of 8-
periods, as well as an adiabatic tapering of tts¢ &ind last periods of each mirror was used. ! t
measurements have been performed in quasi-TM patayn as on the other hand, quasi-TE

polarized light showed no sign of any photonic tiees.

Tapering 0,15 ym

; eEAnNT
g PP :IODL""&—JLJQ*4

0,12 pm

External Mirror

Coupled Mirror ~ Cavity

Fig. 4.20. Design of the coupled cavities basedzootal slot waveguide with a zoom on the adiab&tpering;
(Inset right) SEM image of the photonic structueddoe SiQ deposition

The transmission measured is showed in Fig 4.21e Nuat the transmission spectra have been
normalized with the straight slot waveguide and thavelengths normalized to the central

wavelength of the gap¢=1.45um).
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Fig. 4.21. Transmission spectrum normalized in fiomcof the central wavelength of a 5 coupled-dasitevice;
(Inset right) Broad transmission spectrum in dBlsca

A shift of about 100nm is present between the sitedl [25] and experimental data, due to a
disagreement between the nominal and real phosbnicture. Nevertheless, the spectral features of
the photonic gap are quite similar. The peak a 1/B is the edge of the bang gap, also found in
the simulation of a simple Bragg mirfofFig. 4.22). The cavity peak is found Bf=1.02.
Unfortunately, the coupling between the cavitiesa$ strong enough to resolve the five different
cavity peaks. We can just observe a single andderued peak. Another very interesting result is

the important extinction ratio measured experimignta the band gap, which is more than 15 dB.
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Fig. 4.22. 3D FDTD simulation of the device witheaingle cavity and a Bragg Mirror

 Simulations were made by Alessandro Pitanti
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4.7 Conclusion

We have demonstrated low losses nano-Si slot wadegland high-quality factor coupled ring
resonators. The importance of this works reliegh@nfact that by optimizing the annealed SRSO
(i.e. Si-nc) in the slot, we have significantly vegd the propagation losses and at the same time we
can add new functionalities related to the Si-nticap properties (i.e. light emission and/or non-
linear optical effects). A one-dimensional photomig/stal structure based on horizontal slot
waveguide with a photonic band gap around 185 has also been designed and optically
characterized. The high-quality factors demonstrate single and double ring resonators, if
associated to the sizeable non-linear effect obffainn the slot, can enable all optical switched a

tunable telecommunications filters.
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Chapter five

Silicon on Insulator coupled-resonators measurement S

As we explain in the last chapter, microresonatmesexpected to play a key role in the large-scale
integration of photonic devices as a consequenceheir compact geometry and tailorable
dispersive and nonlinear optical properties. Irs tbhapter, we will measure and compare the
characteristic of different sequences of micro ogwhispering-gallery microdisk) resonators.

On a first time, we will study the serially couplednfiguration, where each ring resonator is
coupled to another one. For this structure, weiotsiur attention to two ring/disk based unitsisTh
configuration is called CROW. The second configorathat we will study is the SCISSOR (Side-
Coupled Integrated Spaced Sequence of ResonatmByuration. In this case, all resonators are
coupled through the input and drop port waveguidescent theoretical analysis of coupled
microresonators has revealed that coherent efiact®upled resonator systems are remarkably
similar to those in atoms [1-3], where electromaiga#ly induced transparency (EIT) occurs due to
guantum interference effects induced by coheredhtiying the atom with an external laser [4-6].
Induced transparency can also occur in a phot@somrator system where coherent interference

between coupled resonators is instead enforcelldoggometry of the nanophotonic structure.

5.1 Serially coupled ring resonator theory

The first configuration that will be discussedtl®& basic ring resonator add—drop configuration,
consisting of one input, one output waveguide dmring resonator (Fig. 5.1). The four ports of

the ring resonator are referred to in the followasginput port, through port, drop port and add.por

5.1.a Add-Drop configuration
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Drop Port Add Port

lnput Port Through Port

Fig. 5.1. Add-Drop ring resonator filter

Using the same model as the last chapter, we fthatd

Bl R e )= (R 5.
Ei I, b Ei E. Ir, G E..
E,=e""e¢"™E, =a,,* " E, (5.2)

E, =€ """ E, =a,,*e™E, (5.3)

Where a;,=Va, 1, and  are the E field reflections and transmission doigfiits for the input
coupling, and # and  are the E field and transmission coefficient fbe toutput coupling,
respectively.

Due to the linearity and the symmetry of the deyites sufficient to consider an excitation in gnl

one of the external ports, in our cdSe If we suppose that r, and i t; are real, we can rewrite eq.
5.1 as

e B R e B
E,) in(-t 1 Eis E.) inp\-t, 1 Eis



We can also rewrite Eq. 5.2 and 5.3 as a matrigyzp like

E a,,e? 0 E
| _ 1/2 1 e | Fia (5.5)
Eis 0 e ? Ei.

Etl _ T |r1 * Eil (5 6)
E.) | t ¢ 1 -2||E '
13 _ 1 e 2 2 i3

Ir.lal/2 Ir.lal/2

And by multiplying (5.6) by (5.4), we obtain thdaton betweelk,, E, andE;;, Es.

e e @ Y
tt,e 2-ae? tae?-te ?
Et4 - rray, rra,, * Eil 5.7
- N P P N (5.7)
Et2 i i3 +t -z i i T Ei3
,ae? +te tae?-e
rray, rra,,

As there is no input frork;,, we can writeE,=0. Then the through mode amplituBlig/E;; is

14 -i? )
E, _t,ae?-te ? _ tzaé? -1, (5.8)
E, 2 - ttae’-1
t,t,ae2 —e ?

And by combining (5.7) and (5.8), we obtain for threp port mode amplitude/Ei;

0
E. _aez(l_tlz_t22+t12t22) (5.9)

E. r1rza'1/2(t1tzaew _1)

Since 2+1,°=1, t>+1,°=1 anda®;,=a,
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2
Ei - r1rzai(zez
E, tt,ae?-1

(5.10)

The power transmission in the througiil;=|Es/Ei1|* and in the drofa/li1=|E4/E|* will be

|, _ t,°a® -2tt,acos@ +t,’ and 14 = r’r,’a (5.11)
I, t°t,%a® - 2att, cos@) +1 |, ti2a?-2tt,acosg) +1 '

At the resonanceg = 2mn where m is an integer, the drop-put becomes

L _ (1-t12)(1‘t22)a (5.12)

The through port mode signak/liz (5.11) will be zero at resonance for identical syetrical

couplerst; =t, if a= 1, which indicates that the wavelength on resoeas fully extracted by the

resonator. The value @f= 1 can only be achieved by the implementationaih gncorporated in

the ring resonator to compensate the waveguidedo3he value of the loss coefficienis fixed in

a purely passive ring resonator. A possibility @hiaving minimum intensitylg/li; = 0) at

resonance of the output transmission at the thnqowighort is to adjust the coupling parameters

to the loss coefficient. From 5.11, we obtaia=t,/t,. If the ring resonator is lossless% 1), then

the couplers have to be symmetric in order to aghminimum intensity. An example of spectrum

for an Add-Drop structure is shown in Fig. 5.2.
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Figure 5.2. Spectrum of an Add-Drop ring resonatucture for =t,=0,9 and a=1

5.1.b Serially double coupled-ring

After having describe the principle of an add dfilter, the analysis of a coupled ring resonator
using both drop and through ports is very similarschema of a serially coupled double ring
resonator is shown in Fig. 5.3. Using the sameq@ore as in the last section, the fields depiated i
Fig. 5.3 can be easily calculated. Note that wenghathe names of the outputs for an easier

comprehension.

Add Port Drop Port
| |
Ed1
Input Port E.; f:‘;z;’(\ E,, Through Port
| — Srrws s — 3 ]
L

Fig. 5.3. Schema of an Add-Drop double-ring resonétter
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In the last paragraph, we found the relations betwe output & Ep; and B2 Ey,. We can write

exactly the same relations betweeg ,, and E3 Eps.

@ N
_ e'E t,a,, e'E

(EaZJ - N I * (Eal} (5.13)
Eb2 _ tl -7 1 -7 Ebl

: e ? -
Ir1a1/2 Ir1a1/2

and

-——¢€ -
28y, M8y, (5.14)

Using also the relation

Es) ir\—t; 1) |Ey (5.15)

And the fact that =0, it's easy to find the relation betweeg Bnd E;. With the same method,

we can also analyze a multiple coupled-ring resorsttucture.

5.2 Electromagnetically-induced transparency (EIT) and Coupled

Resonator Induced Transparency (CRIT)

Electromagnetically-induced transparency (EIT) ghanomenon that can occur in atomic systems
as a result of the destructive interference betweesitation pathways to the upper level. This
interference occurs in single atoms but manifdsedfiat the macroscopic level. Naturally, one is
led to ask whether EIT-like effects can occur idassical system. In fact, EIT-like effects can be
established in coupled optical resonators duedssatal destructive interferencéariv et al.have
shown that extensive mode splitting occurs in cedgksonator optical waveguides (CROW'’s),
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leading to the formation of photonic bands [7].aldition, we have found that whispering gallery
modes (WGM’s) in coupled microresonators are spiihmetrically when the individual resonators
have the same optical path length (OPL), due tofahethat light must traverse a coupler twice,
acquiring a net phase shift before interfering with light in theetial resonator [8]. But, contrary to
the EIT, the splitting in coupled (mechanical, éleal, or, as in the case examined here, optical)
resonators is the result of an internal couplingwken individual oscillators. For this reason,
coupled-resonator-induced transparency (CRIT) doets suffer from the propagation scaling

limitations of EIT as a result of control field aption.

5.2.a. EIT in an atomic configuration

In order to understand better our system, let'dysthe EIT in an atomic three-level configuration.
The quantum states |1> and |2> represent the twundrstates of the atom and the statei$3the

excited atomic level.

(a) Without pumping laser (b) With pumping laser

|3>

R |+>
% } Q,
Pumping Laser ’ |-=>
W Probe Laser
T 1>

|2>

13>

Probe Laser

W

|2>

Absorption
Absorption

Probe laser frequency w, Probe laser frequency w,

Fig. 5.4. Energy diagram of a three level atomsiiatting with two laser fields and Absorption spadif the probe
laser without pumping laser (a) and with pumpingda(b).

Without any pump laser, if we scan the frequencythef probe laser, we measure a standard

absorption resonance peak, define by transitiom fi@> to |3> (Fig. 5.4.a).
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When a strong control field is resonantly appliedhe |1>-|3> transition, the excited state |3#sspl
into the dressed states |&nd |->, which are a combination of the states |1> |8rd separated by
the Rabi frequency of the pumping fiedy, (Fig. 5.4.b). The probe beam will therefore couple
ground state |2 to two other states instead of one. As the spittraries linearly with the Rabi
frequency, whenQ, increases, the splitting becomes more pronoun@éten the splitting is
smaller than the excited state width, the two levale indistinguishable, and we can observe
guantum interference in the probe absorption spectiThe splitting in the absorption spectrum is

also called the Autler-Townes doublet.

Simultaneously, this narrow peak in transmissiomesponds to a steep variation in the refractive
index n(w) (and therefore the group velocity for the sigpalse) as a function of signal field
frequency. This is why the signal field “slows ddvim an EIT medium. Both the width of the EIT
resonance and the value of the dispersamid() are proportional to the intensity of the control
field, which (at least theoretically) means thaT Ebn be used to make a lossless and completely

controllable optical delay element.

5.2.b. Coupled resonators induced transparency

The analogy between the serially double-coupled resonators and the three-level configuration

studied above is easy to do. In this case, theafollee transitions between the ground stategd
the excited state 38is played by the second ring resonators, anddieeaf the transitions between

the ground state ¥Land the excited statex3oy the first ring resonator. When the Optical path
length’s of the two rings are identical, such téhat ©,= @, the transmission spectrum of the drop
port displays aminimumat the single-ring resonancdg2z] = 0, resulting in a splitting of the
resonance peak. The transmission coefficient offitse coupler,t,, is analogous to the coupling
Rabi frequency, and determines the spacing between the split mogeshe CRIT line width.
For t,>0, a splitting occurs, which leads to a minimumthe absorptionThe phase difference
between the split modes increases wittaking its maximum value whep—1, at which point the
spectrum simply becomes identical to that of a nwith twice the optical path length of the
individual rings. In this strong-coupling limit, terference between the normal modes of the
structure has no significant effect on the resorfaatures. The absorption at the single-ring
resonance is minimized simply because the splitisntarge. In the weak-coupling limit, on the

other hand, the modes become close together andt for interference, their independent overlap
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would result in significant absorption. In this limntherefore, it is the interference of light
circulating in one ring with that in the adjaceimty that leads to induced transparency.

It has been demonstrated that melevel cascaded atomic systems, the atomic resersplits into
n-1 submodes, as a result of the interference betwae- and multiple-photon effects, such that
n-2 dark states occur in the gaps between the resesd9]. Similarly, forN identical coupled
microresonators, the resonance frequency splits Mtsubmodes, as a result of interference
between one- and multiple-ring paths.

Another very important application of the induceahsparency effects is in the slow light field. In
simple two level atomic systems, slow light occarghe wings of atomic resonances because the
refractive index increases rapidly with frequenayoas the resonance; i.e., normal dispersion
occurs. In fact, on resonance, single over coupdstnators result in slow light. Larger group
delays are associated with smaller EIT linewidfhise same is true for CRIT, and one way to
obtain larger dispersion and group delays is simplyse large resonators.

EIT is often limited by absorption of the contr@lél, for CRIT there is no collapse of the spligtin
with propagation since there is no control fieldde absorbed. The CRIT line width may be
decreased by using larger ring of equal size (goai® to degenerate three-level EIT), by using
large resonators of unequal size where the oppiati length of the large resonator is an integer
multiple of that of the smaller one (analogous emaegenerate three-level EIT), or by using large
numbers of equal-sized resonators (analogous tolevel EIT).

5.3 Ring and Disk Resonators

The first measurements that we made were on dsdnegors. All the equations that we wrote in
the last sections for the ring resonators are tils® in the case of the disk resonators. The main
advantage of using a disk resonator instead oh@ is to the higher quality factors for disk
resonators. In fact, the higher Q factor of thé dessonator result from the reduced scattering loss
arising from the lack of an inner rim.

Another important property of the microdisk is faet that the mode size supported by the adjacent
waveguide must match the whispering gallery moddtiwpropagating in the disk. Proper mode
matching will support single-mode behaviour withime disk and optimize disk-to waveguide
coupling.

There is also an effect on the Free Spectral Raagyé;s wider in the case of a disk resonator in

comparison to a ring of the same size. It arisesalee of the lack of the inner rim allows the
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effective diameter to be smaller for the fundamlewtsispering-gallery modes of the disk than for
the ring. In a disk, as the order of the radial modreases, the peak of the mode moves toward the
center of the disk. In fact, the Free Spectral Ran§ the disk decreases as the wavelength
decreases. In an ideal disk, the low-order modes ki@e highest Q factors. But since the lowest
order mode is confined most closely to the perimefehe disk, it is most sensitive to side-wall

roughness.

5.4 Experimental Results

5.4.a Sample Description

The devices are based on Silicon on Insulator tgalen In our case, the layer sequence is & SiO
buffer of 1.52 um, a Si core of 0.205 um and finallSiQ top cladding of 0.745 pum. The width of
the waveguide will be 0.5 um in all the case. Tlzxess of the disk/ring are varied. The whole

fabrication has been carried out at the CEA-LET]I.

5.4.b Ring/disk comparison

We first study the difference between coupled dissonators and coupled ring resonators. The
structure is composed by two coupled disk/ring masars of 10 um diameters. The gap between
the disks/rings and the waveguide and the resoma#®®Onm. Figure 5.5. represents a schema of

the structure, and Fig. 5.6. shows an optical inedbhe sample.

*: (.4 pm *I 0.4 [im
I (.4 pm I 0.4 [im
(.4 pm 0.4 [im

' \(Li pm ' ‘ 0.5 im

Figure 5.5. Schema of a Double Coupled Ring/diskmators
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18R

Figure 5.6. Optical image of the structure

In order to facilitate the mode matching, i.e. dogpbetween the waveguide and the resonator, the
waveguide was curved close the resonator. Unforélynave observed that this structure generate a
lot of losses due to this bending (around 8dB Iessere than a structure without curve). But as, in
this case, we just want to compare the behaviaroapled ring and disk resonator, this will not
affect our study. In figure 5.7 we report a transsion spectrum of the drop port for the two
different structures in a large wavelength rangetie TM polarisation, where the structures where

designed.
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Figure 5.7. Transmission spectrum of the drop isecaf two coupled ring resonators (black curve) dists
resonators (red curve)

Disk resonators show high Q resonances, due teetheced scattering loss arising from the lack of
the inner rim. This behaviour is clearly verifiadthis case, as the width of the resonance peak is
almost twice narrower in case of the disks thartterring.

The free spectral ranges are similar in case df bwotictures. For example, in the wavelength range
of 1500nm-1570nm, we fourth = 23.6 + 0.3 nm for the 1@n disks resonators anh = 24.1 +

0.6 nm in case of the rings resonators. This yitdda group index of 3.22 + 0.05 for the disks

resonators andy= 3.12 + 0.1 for the rings.

5.4.c Coupled Disks resonators

The second structure that we will study is composedwo coupled disk resonators of 8 pum
diameters. The gap between the disks/rings anddestthe waveguide and the resonator is 400nm.
Figure 5.8 represents a schema of the structuceinaet of Fig. 5.8. shows an optical image of the
sample.
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0.5 pm

400

200 nm

Figure 5.8. Serially coupled @n-disk resonators; (Inset) Optical image of theisture.

Figure 5.9 represents the transmission spectrutineofirop port for both TM and TE polarizations.
As the structure was optimized for TM polarizatiome didn’'t see any resonance in the TE
polarization. For the TM polarization, we obsenarious set of resonances, corresponding to
multiple-order radial modes of the disk. The mogénse peaks correspond to the first order radial
mode of the disk (indicated by an arrow in the fe@uand the others to the higher order radial
modes of the disk. As the radial order increasesobserve that the transmission characteristics

worsen.
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Figure 5.9. Transmission spectrum of the drop podase of two coupled8n disks resonators for the TM (black
curve) and TE (red curve) polarization.

Figure 5.10 represents the double-peak resonantteeadrop port at different wavelengths. The
abscissa of the figure is normalized to the cerfte@juency of the resonance. We can observe that
as the wavelength increase, the width of the resmngeak increases, and the quality factor
decreases. At 1525nm, the highest value gfffound was 13000 + 2000, and at 1617nm, the best
value measured was 5600 * 1000.
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Figure 5.10. Resonance peak of the drop port taltetifferent resonance wavelengths

From the Free Spectral Range, it's possible to dedue group indery by the equation

FSR=

AZ
27R* n,

(5.16)

Figure 5.11 represents the valuesiphnd FSR measured in a large spectral range.
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Figure 5.11. Free Spectral Range and Group indexafdouble &@m disk resonators structure

We observe an important change in the Free Speeatrge as a function of the wavelength. This is
due to the decrease of the group index from 3R820This explains the higher Q factors observed
at short wavelength than at large wavelength. ¢t the fundamental mode is much more confined
inside our disk resonator, and therefore suffess lesses due to the surface roughness at thefwvall

the disk. The larger mode confinement also expltiesincrease of the group index in our system.
In simple terms, the mode which is more confindld fnore the silicon than the silica. Thus, the

effective and group indexes increase.

This result is very interesting also regarding gheup velocity of our mode. As we increaggwe

decreasey, the light slow down.

5.4.d CRIT in a double-disk resonators structure

The third structure that we study is composed by ¢oupled disk resonators of 4 pum diameters.
The gap between the disks/rings and between theguide and the resonator vary from 400nm to

260nm. Figure 5.12 represents a schema of thetsteuc
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Figure 5.12. Serially coupledm-disk resonators with different gaps design.

We already discussed that the transmission coeffidoetween the two resonators is analogous to
the coupling Rabi frequenc®, in an EIT system, and determines the spacing leetvilee split
modes, i.e. the CRIT line width. The transmissioefticient between two disks is directly related
to the gap between the disks. Figure 5.13 repbetsransmission spectra for the drop port in aglarg
wavelength range for the TM polarization of couptitsks with different gaps.

gap 400nm
i gap 360nm
8,0)(10'4_ - gap 320 nm
)l gap 260nm
— -4 _|
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Figure 5.13. Transmission spectrum of the drop podase of two coupledim disks resonators for the TM
polarization for gap of 400nm (black curve), 360fred curve), 320 nm (blue curve) and 260nm (grague).
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We observe, a@=1550nm, the second order radial peak of the dibk. Free Spectral Range of all
structures is similar, as the graphs overlap.
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Figure 5.14. Zoom of a resonance of the transmisspectrum of the drop port in case of two couglath disks
resonators for the TM polarization for gap of 40Qr860nm, 320 nm and 260nm.

Figure 5.14 shows a blow up of the resonance mstréssion for various values of the gap between
the two disks (arrows in the graph). The resonaacsplit in two peaks, with a peak-to peak

separation which depends on the gap value. Thétisgliof the resonance is an evidence of
destructive interference between signals coupladthe two disks. The coupling between the disks

increases which causes an increase in the two pegdexation. This effect in atomic systems is
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called the Autler-Townes doublet [10]. Fig. 5.14wi8 a proof of CRIT in a system of double-disk
resonators, which was already report in the liteatn more complex systems, like SCISSOR [11].

5.5 Side-Coupled Integrated Spaced-Sequence of Resonators
(SCISSOR)

5.5.a Description and principle of a SCISSOR

In the previous paragraphs, we study a sequendeaeditly coupled rings, often termed a coupled-
resonator optical waveguide (CROW). Another wayctmple the rings is through a common
waveguide, as depicted in Fig. 5.15. This is treeda a side-coupled integrated spaced sequence of
resonators, or SCISSOR [12].

E,

Figure 5.15. Schema of Side-Coupled Integrated &p&=quence of Resonators

In a resonator, the output fiel} is related to the input field; by the formula
E,(«) =€”“E, (@) (5.17)

where® represents the transmitted phase shift. For aeseguof microresonators with unit spacing
d, the additional phase imparted by the microresoratodifies the propagation constant of the
unloaded waveguide, which becomeg=neqw/c+md/d, wherem is the number of resonators. The
dispersion relationk{s vs w) is thus altered periodically. Near resonanceyéisenator contribution

®/d to the propagation constant becomes sensitivelertignt frequency, leading to a reduced

group velocity, y=dkes/dw.
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Then a densely packed collection of high-Q factesenators, a light wave spends much more time
circulating within each resonator than in propagatbetween resonators, and the group velocity
becomes very low. Because the time delay acquimethteracting with each resonator depends
critically on the detuning of the optical wave fraime resonance frequency, this device displays

tailorable dispersion with a magnitude much latgan that of conventional materials.

The addition of a second common coupling channal 8CISSOR as depicted in Fig. 5.16 enables
distributed feedback. In contrast to the singlercieh case, the spacing between resonatwsow

important because resonances can develop not atfiynihe resonators but also among them.

e-9o O

Figure 5.15. Design of a Double channel SCISSOR

When the circumference of the microresonator isré@ger multiple of the wavelengthaz =
MM Nes, With Mg an integer), the light goes inside the resona®indhe previous case. But in this
structure the presence of the drop waveguide allamegther periodicity to become relevant; that
provided by the periodic sequence of disks. Whemn glgnal wavelength satisfies the Bragg
condition,2d = msl/ne, With mg an integer, constructive interference occurs enditop waveguide
and the signal is reflected back along the dropegaide. Finally, if the wavelength satisfies béth
= 27Rny/mg andA = 2dnes /ms, we have the occurrence of CRIT: the signal indmaitted to the

through port. A supermode among nearly disks océtgs 5.16 summarizes these three cases.
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Figure 5.16. Double channel SCISSOR wheagrifies the condition of resonance on the resong),
when/ verifies the Bragg condition of the structure (b),
and whent verifies the condition of resonance of the resonand the Bragg condition (c)

5.5.b Single channel SCISSOR

The first studied SCISSOR structure is composeckeigit coupled disk resonators of 14 um
diameters. The disks are coupled only via the inpaxeguide. The gap between the disks and the
waveguide is 300 nm. The distance between eachatsois 22 um. Figure 5.17 represents a

schema of the structure.
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Figure 5.17 Schema of a 14 um-microdisk SCISSQRjtsichannel”

By dividing the response of the through channeth®/reference channel, the transmission can be
measured. Figure 5.18.a represents the normalipedtra of the through channel for TM
polarization. Figure 5.18.b represents also thenabzed spectra of the through port, but centred on
a resonance and on a smaller range. As the steuatas optimized for TM polarization, we didn’t
see any resonance in the TE polarization. In aelaemge, we observe in the spectrum various
resonances due to the SCISSOR. By taking a loeksigle resonance in Fig 5.18.b, we observe
various peaks and dips inside the resonance. Bks dhow many resonant modes, each one with a
very high Q factor. The division of the resonanead is due to the different resonances of the
SCISSOR system. As the disks have quite large dexma difference of some nanometers in the
size can split the resonance of some angstromshé\§) factor is very high (best value 35000 +

5000), the resonances of the eight disks are marposed but shifted by a few angstroms.
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Figure 5.18 Normalized spectra of the through @sia function of the wavelength in a large range (a
and a single resonance (b)
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Figure 5.19 represents the normalized spectra eftktmough port for the single waveguide
SCISSOR structure with ring resonators. As the €ofa of the ring resonators are smaller than

those of disk resonators, the extinction rationaker (8dB vs 30dB). In this case, no splitting of
the resonances is observed.
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Figure 5.19 Normalized spectra of the through porunction of the wavelength in a large range dasingle
waveguide SCISSOR structure in case of ring resogat

5.5.c Double Channel SCISSOR

The second studied SCISSOR structure is composegighy coupled ring resonators of 14 um
diameters coupled with both an input waveguide,ttineugh port, and with an output waveguide,

the drop port. The gap among the rings and the grades is 300 nm. The resonators are spaced 22
pum apart. Figure 5.20 represents a scheme ofrinetste.
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Figure 5.20. Scheme of a 14 pum-microring SCISSQRBte channel”

In order to have constructive interference betwesch resonator, we choose the distahiceorder

to have ar phase-shift for a signal propagating along thstatice. This is the same phase-shift for
a mode passing trough a half-disk. Thus a signathwvboes along two nearly ring has ma@hase
shift with respect to a signal which is propagatahgng the through channel.

Figure 5.21.a shows the transmission spectrum @ftlthough and the drop channels in a large
wavelength range for TM polarization. Figure 5.2fepresents in more details a resonance. We
observe first that both resonances are perfedtiyped, which means that the transmission between
the waveguides and the rings is well optimized. Whe take a look at Fig. 5.21.b, it seems that
the resonance peak of our structure is splittingwio. In a large wavelength range, this splitting

increases when we go to higher wavelengths. Thenséhat two different phenomena happen in
this structure. As we discussed in the previousiaeca huge signal at the drop port is caused by
wavelengths which satisfy the Bragg conditions amavelengths which satisfy the single

conditions. The two intervals are observed in5i@1 and indicated by the corresponding arrows.

In Fig. 5.21.b, in the huge drop signal resonaneescan observe very high Q factor dips.{@~
30000) in the drop port. These dips are due to ElTact, at the wavelengths where two or more
rings are completely resonant, we can have a dondif transparency (large transmitted signal).
As this effect is very dissipative, the signal fieeted by large losses and the transmission at the
output of the through port is negligible. This exips why no peaks are observed in the through
port.
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Figure 5.21. Transmission spectrum of the through fblack curve) and the drop port (red curve) &odouble-
channel SCISSOR in a large wavelength range (a)fand resonance of the structure (b)

It is worth noting that the splitting between thea8g region and the resonance region have a
wavelength dependence. The coupling coefficientvbeh the resonators and the waveguides
affects the Free Spectral Range of the resonatsrsye observed in paragraph 5.4.c. for double-
disks resonators. On the opposite, the Free SpeRttage of the Bragg resonances remains
constant as a function of the wavelength. Themwatwavelengths, an overlap of these two effects

is observed in the transmission spectra (Fig. 8)21.
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5.6 Top-view system®

5.6.a Description of the Set-up

In order to observe the scattered light, we implet@@ a new set-up to collect this light with an
infrared camera. A scheme of the set-up is showRigb5.22. As the working distance of the
objectives is short, we just used a 10x objectiwenected to the zoom, in order to facilitate the

alignment of our set-up.
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Figure 5.22. Experimental set-up created to meathuedop-scattering from the samples

All the collection system was connected to a migositioning stage in order to select the structure
and be able to zoom on each resonator. By charigggravelength of the signal, we can measure
how the disks scatter as a function of the inpuvelength. Figure 5.23 represents a top-view
image of the double channel SCISSOR structure c@riin wavelength. We insert white circles

® This set-up was developed by Mattia Mancinelli arelwithin his Master Thesis [Caratterizzazionsatjuenze di
risonatori accoppiati in ottica integrata in sibifi
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where the rings are in order to understand beteifigure. We observe at this wavelength a large
scattering due to the third and fourth resonatewsne scattering from the first and the second
resonators and no scattering from the others.

Figure 5.23. Top-view image of a double channelSSOR

A software was also installed on the computer gister movies showing the evolution of the

structure in function of the wavelength.

5.6.b Experimental results

Fig. 5.24 represents the transmission spectrumshisrthrough and the drop ports in case of a
resonance of the structure and the light scattioed this structure in the same wavelength range.
The scattered light signal is acquired by integratiof the camera counts over the whole

observation region.
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Fig. 5.24. Transmission spectrum for through (blagkve) and drop (red curve) ports for a resonantéhe structure
and top scattered light from all the structure @leurve) in the same wavelength range.
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We remember that the resonance of our structudéeszided in two: one is due to the Bragg effect
(from A=1554.5 toA=1557.2nm) and the other is due to the resonarfoagraing resonators (from
A=1557.5 tov=1560.1nm). We observe that out of the EIT-likakse the SCISSOR scattered light
only at the edge of the resonance peak of our etem {=1557.5 and\=1560.1nm). At this
wavelengths, the group velocity decreases. Thiscefis very dissipative and so the scattering
increases. If we observe the top scattered liglatgemat these wavelengths, we do wee a quite
homogeneous image which is due to the light seadtby all the rings. As all the structure is very

dissipative at this wavelength, the value of thetteced light can reach quite important value.

For the EIT-like peaks, we observe that only fengsi scattered light (two for the peak A and fours
for the peak B). This is due to the random fludtuad in the range diameters and coupling gaps

which allow resonant coupling of only a few of them

As this effect is very dissipative, we do not oleeany signal at the output of the through port.
This is also confirmed by the top scattered imayés.observe that the losses due to scattering are
very high when EIT occurs, which means that thenaigsuffers very high losses at these

wavelengths.

5.6.c Effects of structural disorders on the EIT-li ke peaks

In order to conclude our work on this structure,sttedy the resonance peaks for various samples in
order to verify the reproducibility of the EIT-likeffects on our system. Figure 5.25 represents the

transmission spectrum of the drop port for the gdaks in three different samples.
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Fig. 5.25. Transmission spectrum the drop port&feesonance of the structure in case of three miffesamples

All show the two characteristics Bragg and resongdgions at almost the same wavelengths. What
they differ from is for the fine structure assoedto the EIT. In fact, due to the random errors in
the fabrication, resonant coupling occurs for dedént number of rings in the various samples.
Thus the number of EIT dips is different.

The Bragg-band is not affected by these disordkrs,to the fact that the Bragg-effect is caused by
the entire structure. The high Q-factors EIT-likeaks are very sensitive to small disorders in the
structure, like the variation of the gap betweecheidng or the change of the diameter of the ring,
both of the order of some nanometers. These omeaftect both the position of the peak, but also
the value of the Q-factor of the peak. If we take@scattered image of this resonance, we can also
observe that for the three samples, the rings taffieby the EIT-effect are different in each case,

which confirm the presence of small disorders insitucture.

5.7 Conclusion

In this work, we studied various configurationscotipled disk/ring resonators. With these various

structures, we observed the differences in thestnagsion spectrum between rings and disks

117



resonators, we noticed the whispering gallery maahekthe effect of the gap in the CRIT effect for
a serially double-disks resonator.

We have also characterized the behaviour of comBIgiSSOR devices, composed by multiple
microrings. For the first time we demonstrate thhespnce of EIT-like band even in complex
structures. Extremely small differences betweemaaidjt rings can give rise to the appearance of
EIT states, spanned over only few rings at a time showing great Q-factor and strong out-of-
plane scattering.
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General Conclusion

In this conclusion, we will summarize the main tes@bout the various Si-based materials and

devices studied during these three years.

First, we characterized SiOC films produced viaypwr pyrolysis of sol-gel derived films. The
objective was to achieve bright emission and higler@al quantum efficiency in high-quality thin
film. We wanted thin films for possible applicat®om waveguides. We were able to observe a very
bright yellow photoluminescence from our sampleg tb the formation of SiC and C clusters into
SiO, matrix at high temperature, confirmed by Fourransform infrared (FTIR) spectroscopy and
X-ray photoelectron spectroscopy (XPS). This photohescence was quantified with the measure
of the External Quantum Efficiency. Values of 5%revéound for T'D"2 films and 11.5% for '
films. These values are very encouraging as theypeoe to the best results reported in the

literature about Si nanomaterials so far.

In the second part, we characterized several &il©o Insulator basic building blocks like Y-
junctions, MMIs and bends. This preliminary studyneeded to develop Silicon Microphotonics
components and circuits on SOI platform. The omedistructures are then used to make various
devices based on coupled disk/ring resonators@nbtigerve the difference between rings and disks
resonators. For the first time we demonstratedpiiesence of EIT-like effect even in complex

structures, like complex SCISSOR devices, compbgeadultiple microrings.

Finally, we have demonstrated low losses nanoiveaveguides and high-quality factor coupled
ring resonators. In fact, by optimizing the annda®RSO (i.e. Si-nc) in the slot, we have
significantly reduced the propagation losses antieasame time we add new functionalities due to
the Si-nc optical properties (i.e. light emissiordér non-linear optical effects). For example, the
high-quality factors demonstrated in single andldeuwing resonators, if associated to the sizeable
non-linear effect of nano-Si in the slot, can epakldll optical switches and tunable
telecommunications filters. Finally, we were abtedesign and characterize a one-dimensional
photonic crystal structure based on horizontal slaveguide, which, by concentrating the field
intensity inside theslot, allow us to increase the non-linear effects & 8i-nc increasing the
interaction time between the material and the eletagnetic fields propagating inside the

waveguide.
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As a final outcome, this Thesis shows that manycaptievices can be engineered in silicon-based
materials, using their characteristic propertiks the high visible luminescence in case of theCSiO
or the high refractive index difference in casetltd Silicon on Insulator, which causes an high
spatial confinement of the optical mode. All thgseperties are also exploited and improved with
the addition of new structure, like the slot wavegs, or materials, like Si-nc, in order to
demonstrate novel physical effects.
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Appendix 1: MMI Theory

In this paragraph we recall the basic principledvidfll theory explained by L. B. Soldano and
E.C.M. Pennings The central structure of an MMI device is a wavidg designed to support a
large number of modes (typically 3). In a step-index multimode waveguide of widltky, ridge
(effective) refractive index, and cladding (effective) refractive index The waveguide supports
m lateral modes with mode numbeys= 0, 1 ... (m-1) at a free-space wavelength The
propagation constant is notgld. We note the “effective” width\g,, takes into account the
(polarization-dependent) lateral penetration degtleach mode field, associated with the Goos-
Hahnchen shifts at the ridge boundaries. For hmgttrast waveguides, the penetration depth is very
small so that\e = Wy. In general, the effective widthak,, can be approximated by the effective
width W, corresponding to the fundamental mode. We hétdor simplicity.

By definingL, as the beat length of the two lowest-order modes a

L =7 _4nW? A1)
" ,Bo _,Bl 3/10 .
We can note the propagation constants as
v(v+2)n
(6, - p) = A" (A2)

m

Wherev is the mode number. An input field profiigy, 0) imposed ax = 0 and totally contained
within We (Fig. 4.10), will be decomposed into the modaldidistributionsy,(y) of all modes:

W(y.0) =D et (y) (A.3)

where the summation should be understood as imguduided as well as radiative modes. The

field excitation coefficients,¢ can be estimated using overlap integrals

°L. B. Soldano and E.C.M. Pennings “Optical muiidde interference devices based on self-imagirigciptes and
applications,” IEEE J. Lightwave Techn@B, 615-627 (1995)
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o Yoo (dy
S (e dy

Based on the field-orthogonality relations.
If the input field¥(y, 0) does not excite radiative modes it can beodgosed in terms of the m

(A.4)

guided modes only:

Yy0) =Y () (A5

The field profile at a distancecan then be written as a superposition of all thdepd mode field

distributions

Wy =Y cuexdiw-£2]  (A6)

A useful expression for the field at a distancelzis then found by substituting (A.2) into (A.6)

V(v+ 2t

q’(y,z):mz:‘,cv‘//v(Y)eXF{JTl—} (A7)

It will be seen that, under certain circumstandhs, field ¥(y, L) will be a reproduction (self-

imaging) of the input field(y, 0). Let's write some useful equality.
v(v+2) =even forv even, or odd fov odd

(A.8)
w,(-y) =y, (y)forveven, oy, (y) forvodd

By inspecting (A.7), we notice thi#(y, L) will be an image o¥(y, 0) if

ex;{ j%ﬁ_} =1or-1 (A.9)

m
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Fig. A.1. Multimode waveguide showing the inputfi&(y, 0), a mirrored single image at (3L.a direct single image
at 2(3L,,) and two-fold images at 1/2(3Land 3/2(3L,).

The first condition means that the phase changesdl dhe modes along must differ by integer
multiples of Z. In this case, all guided modes interfere withghme relative phases axzin 0; the
image is thus a direceplica of the input field.

The second condition means that the phase changgsbm alternatively even and odd multiples of
7. In this case, the even modes will be in phase aaddd modes in antiphase. Because of the odd
symmetry stated in (A.8), the interference produmegmnage mirrorewvith respect to the plane y =

0.

Taking into account (A.8), it is evident that tlestf and second condition of (A.9) will be fulfide

at L = p@BL,,) with p=0, 1, 2 ... for p even and p odd, respectively

In addition to the singlenages at distances given above, multiplages can be found as well. Let
us first consider the images obtained half-way ketwthe direct and mirrored image positions, i.e.,

at distanceg_ :§(3|_ﬂ)with p=1,3,5...The last equation represents a paimafges of¥(y, 0) in

quadrature and with amplitudes\2/ at distanceg = 1/2(3.,), 3/2(3.,), . . . as shown in Fig. A.1.

This two-fold imaging can be used to realize 2xB-8duplers.
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