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ABSTRACT

Industry analysts usually divide the existed automotive photonic systems in four application
domains depending on its integration in a car [COCHA15]: interiors, exterior, powertrain and
the advanced driver assistance system (ADAS). To our knowledge, the pioneer advanced
automotive photonic application can date back to the year of 2000. In order to increase the
data stream’s transmission and exchanging rate, the media oriented system transport (MOST)
based on optical fibers have been developed and then widely used to form a ring-like data
stream network of communications between each multimedia component. Since 2008, with
the development of the semiconductor industrials, the light-emitting diode (LED) lighting
source and display screens have been widely used in the automotive domain due to its
outstanding compactness, high efficiency and reliable stability. Most of existing automotive
photonic applications aim at improving driver and passenger’s experience with the human-
machine interface (HMI) and multimedia entertainment.

Henceforth the advanced photonics and optoelectronics embedded system will pay more
attention to the security of driving. Differently to the traditional lighting and signalling usage,
these new photonic and optoelectronic devices bring new-fashion functionalities into the
passenger cars, such as optical-frequency sensing, light beam carried communication, high-
density illumination and holographic displaying. Actually, PSA Peugeot Citroén has
developed a 3D holographic imaging prototype for a security-related application [FR2949725
(A1)]. The objective of this system is to generate at least one predetermined 3D image(s) in
the free space behind the car in the risky or dangereous situation, where another car follows
and then approaches too close from behind. This 3D image composed of several warning
symbols, aims at reminding driver in the following car to slow down and to keep a security
distance. The prototype of this holographic imaging system includes a series of optical mirrors
and lenses. It thus occupies a lot of space (i.e: the length is up to 80 cm), and there is no
enough space to integrate all the optical components in the car body. In this context, we are
looking for a technical solution to make this optical system much more compact.

In parallel with the development of the automotive photonics, physicists and engineers
have also made revolutionary progress in the theoretical and experimental research of
nanotechnologies and nanophotonics for last few decades. For instance, the photonic

integrated circuits (PICs) have been deeply investigated and applied in the telecommunication



domain, notably due to the fabrication process and facilities’ compatibility with the mature
complementary metal oxide semiconductor (CMOS) Pilot-line. Consequently, a series of
novel optoelectronic device are designed to realize optical wave’s routing, switching, emitting
and detecting. And besides, the huge progress in terms of patterning and miniaturization due
to the development of nanotechnology, is giving access today to planar visible wavelength
single-mode waveguide fabrication. Integrated circuits developed for near-infrared (NIR)
telecom applications can be thus now transposed to visible domain applications. Meanwhile,
surface plasmon excitation in hybrid dielectric and metallic structures is also appeared as an
attractive topic due to its specific sub-wavelength light concentration characteristics within an
interesting visible and NIR wavelength range. The development of nano-photonics and
plasmonics opens thus the way to new high-density photonic integrated devices.

Inspired by both the industrial need for PSA’s auto-embedded optoelectronic application
and the academic research of IEF in the domain of nanophotonics and plasmonics, since 2011,
a close collaboration between PSA and IEF has been biult for the research and development of
automotive photonic and plasmonic integrated devices and systems. This manuscript is
presented as a memorandum of the 1% CIFRE' PhD research work benefited from this
collaboration framework. The main objective of this work consists of the study and
development of an ultra-compact, coherent and uniform holographic illumination system. The
manuscript is divided into 3 mains parts:

In the 1* part, the evolution of the automotive photonic applications and devices will be
systematically reviewed in order to introduce with more evidence our research background
and objective. We will put great emphasis on how the application of nanotechnologies and
nanophotonics would disruptively improve the compactness of the mentioned holographic
illumination system. The basic design of the targeted PIC will be briefly presented, including
notably optical waveguide arrays and integrated plasmonic nanoantennas. This part is
presented in Chapter I. The 2™ part is dedicated to the research work on SizN; waveguide-
based PICs, and on the theoretical and experimental study of several specific elementary
building blocks: Si3N4 based straight and bent waveguides and 1 x N uniform beam splitters,
for operation at 633 nm. This part occupies the largest space in the manuscript and is
composed of the Chapters II, III and IV. In the 3™ part, we will present the evaluation of
plasmonic nanoantennas integration on SizN4 waveguides, for 633 nm working wavelength.

The coupling effects from the photonic modes in the dielectric waveguide to the plasmonic

! CIFRE: Abbreviation for the French industry academic program: “les Conventions Industrielles de
Formation par la Recherche”.



modes in an Au or Ag nanoparticle chain deposited on top of the SizN4 rectangular waveguide
are studied, including coupling and resonance efficiency. This part will be presented in
Chapter V. The manuscript is then achieved with a conclusion of the whole research work

during 3-year PhD study, as well as its perspectives.






CHAPTER I: GENERAL INTRODUCTION TO RESEARCH
BACKGROUND AND OBIJECTIVE

Photonics in automotive is the main context of this work. After a review of the progressive
implementation of photonics in automotive, we will introduce in a general way the
background of our research project, which aims at developing an integrated photonic and
plasmonic device for a compact automotive holographic system. We will thus present and
explain the purpose and the content of this work by showing a comprehensive description of
the targeted system, the innovative points and potential challenges attached to the research

project.

.1 PHOTONICS IN THE AUTOMOTIVE INDUSTRY

As one of the most traditional industries, automotive covers multidisciplinary modern science
and engineering. Photonic technologies have been first embedded into automotive vehicles
through its lighting and signalling functions with the first headlamp introduced in 1880. Since
then, many developments have been done on exterior lighting with projectors composed of
light sources (Halogen, Xenon, LED and laser) and mirrors, and also on different illumination
sources and devices for the cockpit. To give an idea, global market of exterior lighting was 12
b€ in 2013. Nowadays, research and developments on advanced driver assistance systems
(ADAS) are increasing as, for example, embedded light detection and ranging (LIDAR)
system for forward collision warning [SAMMAO0]. Meanwhile, aesthetic should also be taken
into account during the design of the different systems and photonics could have a clear
contribution.

However, there is actually not so much space for the car manufacturers and their suppliers
to integrate all the different systems and functions in the vehicle. As an example for lighting,
free space optics and bulky traditional optical components make integration of new systems
tricky. In this context, nanophotonic technologies may have more and more opportunities to
participate in design, functions and fabrication of future cars. For example, flexible organic
light-emitting diode (OLED) displays [AKEDOO6], laser projector, photonic sensors, smart
windows and light fidelity (Li-Fi) based intra-/inter-vehicle communication [CAILE12] are

presently investigated in automotive. Therefore, we must point out that photonics will not only



play a vital role in the current automotive research and development domain, but also will
bring a technological revolution to the three main priorities of automotive innovation which

are attractiveness, clean technologies and autonomous and connected vehicle [ BARAT].

1.1.1 Brief history of automotive lighting and signalling systems

As one of the most representative lighting systems, lamps have been applied and integrated
into automotive vehicles for the purpose of illuminate the roadway for the driver and increase
the conspicuity of vehicle in order to be observed by the other drivers and pedestrians. The
first affordable civil vehicle, the Ford Model T, came out about 100 years ago and has used
carbide lamp for headlamps and kerosene lamp for tail lamp. The famous halogen sealed beam
headlamp was then introduced and dominated the vehicle headlamp markets for several
decades. In the USA, since the first joint IES and SAE? specification relating to optical
performances of headlamps in 1918, the authority had formulated strict road safety laws and
vehicle manufacture industrial standards to regularize the design and use of the lamps along
with the home-use car’s popularization and the new lamp technology’s development.

In Europe, the first High-intensity discharge (HID) headlamps were introduced on
production vehicles in 1991 [NEUMA94]. Comparing to the classic sealed beam headlamp,
the HID lamp such as the Xenon lamp has obviously advantages in the commercial vehicle
market, such as longer lifetime, greater durability and enhanced light-source performances
(increased lumens, beam-pattern intensity, color temperature) [MOORE98]. Along with the
development of LED technologies, more and more car manufacturers have chosen this new
lighting source as the turning or stop signals and daytime running headlights since the
beginning of 21* century. The LED lamps have long service lifetime, good vibration
resistance, natural high energy-efficiency, compactness and fast response time. Recently, the
high brightness LED-matrix headlamp (i.e.: blue LED with phosphor to generate white
emission) systems have also been demonstrated in the luxury-car and sport car market for the
purpose of its brighter, more homogeneous and more precise illumination of the apex of a
bend, especially at night. In the future, the laser high beam based super white headlamp may
also be equipped in the production cars since there are already some pioneers launched into
the passenger car’s market, as Audi R8 and BMW i8. The history of the headlamp’s evolution

is presented in Figure I.1.

21ES: Illuminating Engineering Society; SAE: Society of Automotive Engineers.
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Figure I.1: Evolution history of automotive headlamps (taken from [COCHA15]).

Therefore, the automotive lighting system could be regard as a key factor of vehicle’s
outward appearances and functional components to attract potential customers among the

brutal competition of market.

I.1.2 Evolution of advanced driver assistance systems

According to a report from French analyst firm Tematys [COCHA15], the advanced driver
assistance systems (ADAS) have been estimated to occupy about ’ of automotive photonic
market in 2018 and to keep fastest growth rate in the next few years comparing to the other
embedded photonic applications including all of the interior and exterior lighting devices. The
statistic diagram of the estimated automotive photonics market revenue in ADAS from 2013
to 2015 is presented in Figure 1.2. Based on their analysis, this high growth of ADAS segment
in the global vehicle supplier market could be driven by both automotive industry’s dynamic
market evolution and new customers’ increasing demands of connectivity, security and
ecology. As a result, there would be a huge opportunity for automotive photonic technologies
in a vast range of engineering domains.

For the purpose of making progress in driver’s amenity and car’s security design, vehicle
embedded vision systems become multifunctional to assist car driver. Generally speaking,
there are mainly two kinds of vision systems, one for monitoring the exterior environment or

health state of the driver and the other for displaying vehicle and travel information. Several



cameras are already integrated at different position of vehicle, such as reversing camera, 360°
surrounding cameras or front camera to detect obstacles. Usually visible cameras are helpful
to observe easily the blind spots from driver’s point of view, in order to make reversing easier
in avoiding collision with the obstacles or pedestrians, or to call attention to keep a safety
distance from the other vehicles [XU00, US6115651(A), US6175300(B1)]. Infrared cameras
are also used for a specific usage, like night vision and animal or pedestrian detection
[US5001558(A), OMALLI10]. On the other hand, there are also some TFT screens installed
besides the dashboard to display vehicle’s information, GPS-guiding map or even Multimedia
Entertainment Systems (MES) interface. For some business or luxury class models, each
passenger has his own interactive display screen. Nowadays, the Head-Up Display (HUD)
technology has been generalized to medium and upper class vehicles. The HUD system uses
an additional semi-transparent mirror or the windshield as an interface to project navigation
information in the field of view of the driver at a distance around 2 m. At last, future of HUD
systems would be “augmented reality systems”. These systems would project navigation
information at a distance around 20 m avoiding accommodation and convergence problems of
the driver. The challenge is then to make a compact system, which can be integrated in a

cockpit.
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Figure 1.2: Estimated photonics market revenue in ADAS by technology from 2013 to 2020 (taken from
[COCHA15)).



.2 RESEARCH BACKGROUND

Since we have already reviewed the mainstream applications of photonics in the automotive
market, we will start with an introduction to the research background, which is related to our
embedded innovative holographic signalling project based on the collaboration between the
scientific division of PSA Peugeot Citroén and photonic department of Institut d’Electronique

Fondamentale, a laboratory of Université Paris-Sud.

.2.1 Targeted embedded holographic signalling system

Our research project is based on a rear-signalling device patented by PSA Peugeot Citroen
[FR2949725(A1)]. This system has a holographic image generating unit, independent of
lighting and signalling functions, which creates at least 2 registered holographic images visible
by observer(s) located at exterior of vehicle (i.e.: driver in a following vehicle). To simplify
the explanation of the operation principle of such a device, we consider here one of the
device’s uses when it shows a possible danger to the following car’s driver in a conventional
forward moving process. We suppose that the holographic image is always scattered in the
upward direction, and there are at least 2 different recorded images, which could be scattered
in two different angles. The schematic diagram is presented in Figure I.3.

In the first case shown in Figure 1.3.(a), once the following car’s driver keeps a safety
distance, the driver’s field of view has not enter into the effective zone of reconstructed
holographic image due to its limited diffusion angle, which has been fixed during the
holographic plate’s record. Therefore, driver in the following car could not observe the
holographic warning image. Once the following car moves closer and reaches the safety
distance (see Figure 1.3.(b)), driver’s field of view intersects diffusion cone of the holographic
image and a holographic image between the two vehicles can be seen by the driver. At last,
when the following car comes closer to the leading one, the driver will observe a different
image generated in a different diffusion cone (see Figure 1.3.(c)). Holographic plate is
composed of two different transmission holograms which are diffraction gratings containing

whole information of recorded objects (i.e. “!”” and “STOP” logo images).



To go further, PSA has also published another patent [FR2995269 (A1)], in which there is
a sensor used to detect inter-vehicle distance and, in a dangereous case, the warning system

can be turned on and a 3D holographic imaging system will emit a series of warning symbols.

Figure 1.3: Schematic diagram showing the principle of the PSA Peugeot Citroen rear signalling device:
(a). Safety mode: when the safety distance is respected, there is no holographic image observed; (b).
Warning mode: when the distance is reduced close to the safety distance, the first holographic warning
pictogram is activated and observed; (c). Danger mode: when the distance continues to decrease far
inferior to the safety distance, the second holographic image including a serial of “STOP” pictograms is

observed.

10



1.2.2 Restitution principle of predetermined 3D holographic image

The holographic image reconstruction mentioned in the signalling device is the same as a
conventional transmission hologram [BENTO69]. The principle is shown schematically in
Figure 1.4. A light beam S illuminates pattern-contained holographic plate H. This pattern is a
diffraction grating with fringes placed horizontally (in the width of the holographic plate) and

contains all the information of the real object (position, form...).

Figure 1.4: Schematic illustration of transmission hologram principle for generating two different images
as a function of observer’s angular position. S: reconstructing coherent light beam; H: hologram plate;

P1/P2: observer position.

In order to have two different holographic images visible in two different diffusion cones
with the same restitution beam, the patterns have to be fixed during recording by realizing
interferences between the reference beam and the two object beams. The two objects beams
come from reference beam passing through the two objects, which are placed at two different
places and angles from the holographic plate.

To be able to reconstruct correctly holographic images, the light beam S has to be identical
to the reference beam used during holographic recording process. Caution should be taken if
the restitution beam isn’t monochromatic. Due to the dispersion effect when passing through
diffraction grating, the diffracted beam could be split into several sub-orders and finally leads
to a blurring effect for the observer of holographic image. In our case, the restitution beam S
has to be monochromatic at 633 nm, uniform for all the holographic plate and with an angle of

56° to the normal of the holographic plate.
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1.2.3 Problematical analysis of existed holographic system

We firstly present in Figure 1.5 a schematic illustration of the existed holographic system
consisting of a 633 nm laser source, a series of cylindrical lens, a holographic optical element
and the pre-fabricated holographic plate [FR2949725(A1)]. This first restitution system is
bulky because it requires a large inner space close to 1 m to expand initial light beam from the

laser source and also generating the uniform and coherent restitution beam.
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Figure I.5: Schematic illustration of the existed conventional optical holographic imaging system.

Furthermore, as the visibility of the different holograms is dependent on the size of the
holographic plate (i.e.: 40 cm x 60 cm) and as the observer will be far from the holographic
plate, the decrease of the volume of the whole system has to be done by decreasing the volume
of the holographic reconstruction system, which generates the targeted beam. In this situation,
we are willing to find a solution in order to compress the expanding optical path in the free
space and even replacing the conventional optical components, such as mirrors and lenses.

In this context, Gong¢alves and al. patented a technical design to compact the system in
[FR3005011]. These solutions propose to replace the straightforward optical path between the
cylindrical lens system and the holographic optical element (shown in Figure 1.5) by a multi-

stage folded light path. This light path can be achieved by two solutions. As shown in Figure

12



1.6.FIG1, the first solution is to set in space a series of total reflection mirrors, in order to fold
the straight optical path in a short distance.

The second solution is shown in Figure 1.6.FIG2. The idea is to add a parabolic reflection
mirror following the punctual light source in order to collimate the beam. Then, a series of
beam splitters in a row is added with different reflection/transmission coefficients to deflect
successively the incident parallel beam to the holographic plate.

In conclusion, the auto-embedded holographic reconstruction system can be realized by
using the traditional optical component. These solutions are interesting and reduce the size of
the initial system but we think that integrated photonic system could give a breakthrough by

reducing more the size and allow mass production for this system in the future vehicles.
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Figure 1.6: Schematic illustration of the folded optical path design within a compact holographic
illumination system. In FIG.1, 1a, 2a, 3a and 4a are total reflection mirrors; in FIG.2, 1, 2, 3 and 4 are
ratio-tunable beam splitters and 7 is the parabolic reflection mirror; In both the figures, 5 and 6 are

respectively the punctual coherent light source and holographic plate.

1.3  OBJECTIVE AND PLANNING OF RESEARCH

Inspired by the rapid development of the nanotechnologies and nano-optics, we are intended
to look for an advanced solution to replace the previous restitution system within the

framework of this collaboration research project between PSA and IEF.
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I.3.1 Panorama of targeted holographic illumination system

Our ambitious research project of developing compact illumination system to reconstruct
holographic image could be divided into 3 main subsystem’s study. A schematic diagram of
our targeted global system is presented in Figure 1.7. By the way, the mentioned prototype of
such a holographic signalling system has recorded the holographic patterns consisting of two
different images with an incident angle of 56° by using 632.8 nm laser, and the necessary
power density for reconstructing illumination light beam should be around 16 W/m? by taking
in account transmission coefficients of the holographic plate and rear windshield and
photometric regulatory requirements of stop lamp.

The 1% subsystem (typically Figure 1.7.(a)) concerns visible-wavelength photonic
integrated circuits (PICs) aiming at distributing a monochromatic coherent light source into a
large surface by using optimized couplers and waveguides to keep the same intensity. In each
sub-waveguide branch, specific optical transverse mode(s) (i.e.: TE mode) have to propagate
with the minimum losses on top of a buffered silicium or glass wafer. The distribution surface
of all the optical waveguides will be several cm” and ideally will match the size of the
holographic plate, which has an around square shape.

The 2™ subsystem (zoom on Figure L1.7.(b)) should be involved in the re-emission of
guided optical waves. Each emission unit should be able to control angle (or direction),
intensity and phase of the emitted beam, and will be positioned on the waveguides in order to
illuminate the hologram plate under the conditions defined above and then reconstruct the
holographic images.

The 3™ subsystem (shown in Figure 1.7.(c)) aims at compensating the optical losses due to
the material absorption and scattering along the relatively long dielectric waveguides and

reemission system.
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Figure 1.7: (a). Schematic diagram of the 1 x 2 cascaded beam splitters and the re-emitters positioning on
waveguides. (b). Schematic diagram of holographic image’s reconstructing by our targeted surface

illumination system. S is the initially used coherent 633 nm laser source. (¢). PIC example overview for the

surface illumination system, zoom on the nano-emitters section.

1.3.2 1% subsystem: visible PICs

To our knowledge, Si3N4 platform has a good compatibility and functionality of visible-
wavelength PICs research and development due to its transparency, low material loss and
nonlinearity within the whole visible band. Therefore our research interest of the 1% subsystem

has concentrated on the Si3N; waveguides to design and fabricate a uniform beam splitting

PIC device shown as follows:

/— \ u—)louﬂ
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N

Figure 1.8: Schematic diagram of the expected visible light beam splitting system operating at 633 nm.
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The (single) input light source is supposed to be a 633 nm laser beam. We are intended to
design a surface-geometry 1 x 16 beam splitter, which can be itself composed of several 1 x 2
or 1 x 4 splitters. At the end of each of the 16 outward waveguides, the split power should be
identical. Meanwhile, the whole splitting system is expected as compact as possible.

Based on these requirements, the development work of this 1% sub-system has included
several steps, presented within 3 chapters. After the state of the art presentation of SizNg
platform and waveguides operating at visible wavelength in Chapter II, we will focus on the
design and optimization of different SizN4 passive devices, such as straight and bent
waveguides, as well as optical splitters. This design work will be presented in Chapter III.
Finally Chapter IV will be dedicated to the experimental part, including cleanroom fabrication

and optical loss measurement of Siz;N4 waveguides samples at visible wavelength.

1.3.3 2™ subsystem: controllable nano-emitters

The surface distributed emitters’ array is used to illuminate the hologram plate in a coherent
way. Since the human eye has normally a maximal theoretical resolution of 50 cycles per
degree (a 350 wm line pair at 1 m) [RUSS06], we suppose once the interval of two
neighboring emitters is inferior to a certain limit, from macroscopic viewpoint, the generated
holographic images would be continuous and the blind points due to the spacing of emitters
would not be detected by observer’s eye. So the emitters’ array should be basically of high
density and uniform distribution. Since the optical power is split into 16 waveguides, there
will be at least 16 emitters. We could easily control the lateral distribution of emitters by
equally spaced waveguides, however caution must be taken for the arrangement of emitters in
the main propagation direction along the waveguides. A schematic diagram of the guided
optical beam’s intensity variation after passing through an emitter array is presented in Figure

L.9.
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/

Figure 1.9: Schematic diagram of emitters array arranged along the waveguide.

waveguide
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We define the input coherent light source’s intensity as Iy, and the coupled intensity,
transmitted intensity and effectively illumination intensity affected by the i emitter as Lei, T

and I;. The i"™ emitter’s coupling efficiency could be written as:
Nei = LeifTei-1) (I-1)

and its effective illumination efficiency could be written as:
Nei = lei/lei (1-2)
and the transmission through the i emission unit is:
T; = Li /11y (1-3)

The i emitter’s effective illuminated intensity could thus be presented as:
i-1
Ioi = NeiNcilto H 17}- (1-4)
] =

At the same time, the propagation attenuation passing through the i™ emitter is:
A =1-Ti =1 (1-5)

The optical losses could be due to material absorption, waveguide scattering and so on. As
shown in ( -4 ), to keep each emitter’s effective emission identical in intensity, in phase and
with the same angle, all of its precedent emitters are involved. Limited by the unavoidable
optical losses due to the materials for each emission unit, we need to design different
parameters of each emitter to vary its coupling efficiency and emission efficiency. Meanwhile,
the attenuation due to each emission unit should be optimized as small as possible in order to
increase the number of the emitters.

Based on the experiences of our research of nanoparticle chain based plasmonics, we
choose metallic optical nano-antenna as our 2™ subsystem’s research target, instead of
conventional Bragg grating based optical couplers. Indeed, it is possible to control the
coupling efficiency, the emission efficiency and partially its directionality by slight design
modifications of metallic nanoparticle chains. At first, we theoretically studied the optic-
plasmonic coupling between the dielectric waveguides and the metallic nanoparticle (MNP)
chain. At the same time we studied the emission properties of nanoparticle based optical
antennas. Then we designed and simulated several plasmonic waveguide configurations
consisting of Au or Ag made MNP chain and Si3N4 waveguides by using finite difference time

domain (FDTD) numerical calculation method. From the transmission’s viewpoint, we
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analyzed the coupling efficiency as a function of the dimensions and materials of
nanoparticles. A logical trend has been found to optimize the coupling efficiency. In the thesis,
we will present in Chapter V the theoretical study concerning the MNP chain hybridized with

the dielectric waveguides.

1.3.4 3™ subsystem: organic amplifier

In collaboration with our project partner in Wuhan National Lab for Optoelectronics, who is
specialized in the domain of organic light emitting diode (OLED), the research work of optical
amplifier made by organic materials has been launched at the same time. Since most of work
has been independently carried on in China, no presentation of the progression and

achievement of organic compensator’s research would be included in this thesis.

.4 CONCLUSION

In this chapter, we presented our research objectives of an auto-embedded holographic
illumination system [WO02014106584(A1)]. We started with a brief review of photonic
applications in the automotive domain, and then introduced the automotive industrial
application background of our research target. We showed the typical PIC (photonic integrated
circuit) scheme that we proposed in order to develop a compact solution for the holographic
illumination system. The whole PIC includes the photonic circuit “backbone” (i.e. the array
which splits the light into 16 waveguides), controllable emitters, and organic amplifiers. These
different subsystems were then detailed, together with the manuscript outline and content
presentation. Especially, within this very ambitious project, the achieved results, which will be
presented here, include the visible light waveguide design, fabrication and test, the design of
power splitters and of bent waveguides, as well as the evaluation of the metallic nano-antennas

(nano-emitters) coupling with waveguides.
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CHAPTER 1I: INTRODUCTION TO THE SI;N, WAVEGUIDES
PLATFORM

Since compact holographic illumination systems require visible-wavelength PICs, Si3N4/Si0O;
based platform has been considered as a good candidate for its transparency and low material
loss and nonlinearity within the whole visible band. In this chapter, we will firstly review the
evolution of the silicon nitride based integrated optics over the last four decades, especially
some milestones in the progress of SisN4 waveguide-related research. And then, we will target
the performances of the Si3N4 2D waveguides used for planar integrated circuits in the visible
wavelengths range. At the end, we will present the state-of-the-art research results in this

domain.

II.L1 CONTEXT OF SILICON PHOTONICS

The high-density Si-based integrated optics has been one of the hottest optoelectronic and
microelectronic research topics in recent years, since the fabrication facilities of the silicon
photonics platforms are compatible with the CMOS technology, which has reached highly
mature, robust, accurate and reproducible industrialization. At the early stage of the
development of the PICs, telecom industry piloted the research on silicon photonics using the
infrastructure originally dedicated to microelectronic processing [BESTW99]. Thus so many
novel high-quality PICs-made photonic devices operating at telecom wavelengths for the high-
speed and wide-bandwidth data transmission system have been reported. The basic passive
components of these integrated devices include low loss waveguides [BULLA99], fiber-chip
couplers and power-splitters [LEEO1], circulators [PINTUI13], multiplexers [CHANGI10],
integrated optical Bragg gratings [MURPHO1] and ring resonators [GONDAO09, TIENI1].
However, some ring resonators have been used in other specific functional devices, such as
optical filters [LITTL97, PRABHO09], the others could also be hybridized with III-V materials
(i.e.: GaAs, InP etc.) to realize active components, such as Raman amplifiers and lasers
[DOYLEOS, RONGO8], hybrid III-V/silicon lasers [BOWER10, FANG12], photodiodes and
photodetectors [CHEN09, DOYLE10, FARD14], and optoelectronic modulators [TANG12,
WANG13]. Researchers from Glasgow showed a convincing general schematic of on-a-chip

photonic circuits (see Figure II.1), which consists of a complete panel of Si-based integrated
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components: low loss waveguides, fiber-guide couplers, beamsplitters, MMIs, photonic crystal
optical non-linear devices, delay lines, Mach-Zehnder phase shifters, high-Q micro-ring
cavities, and some other active components, such as Ge-on-Si single photon avalanche
detectors, quantum confined Stark effect modulators, strain induced long wavelength emitters

and photodetectors, semiconductor lasers and NIR LEDs.
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Figure I1.1: General schematic of Si-based complete photonic circuits, taken from Prof. Douglas Paul’s

webpage from The Semiconductor Device Group of University of Glasgow (taken from [PAUL]).

In general, the silica-based or silicon nitride-based PICs are used as passive devices to
realize routing and switching functions, in which the guide core is mainly made of doped
silica (p-Si or n-Si), silicon oxynitride (SiON) or silicon nitride (Si3N4) surrounded by a
silicon dioxide (Si0;) upper and lower cladding. On the other hand, the platform made of the
III-V materials is well suited for the transceiver application, which consists of various active
photonic integrated components, such as semiconductor lasers and photodectors [HECK14].

We list below an overview table (see Table II-1), in which the goodness and weakness of

different materials chosen to fabricate mainstream platform of PICs were summarized
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qualitatively. As seen in Table II.1, none of the platforms made by single material can cover
all the functionalities, except for the platforms made of hybrid silicon. Anyway, to be
compatible with visible light operation, the main solution is based on ultra-low loss
waveguides in silicon nitride based platform which helps enlarging the operation wavelength
range cross the whole visible band, and down to the UV wavelengths [ROMERI3,
SUBRA13]. Many passive functions, which were developed for near-infrared PICs in silicon
or III-V guiding structures, can be then transposed at visible light by using silicon nitride

waveguides with adapted dimensions.

Table II-1: Qualitative overview® of the main PIC platforms (data taken from [FANG2012])).

I-v
(i.c.: INP) Silica Silicon Hybrid Silicon

Lasers + 4+ + NA NA 4+ 4+ 4+
Photodetectors +++ NA + + + 4+

EO modulators + + NA + ++

Passive devices + +++ ++ ++
Wafer-level packaging NA ++ 4+ +++ + 4+ +
Electronic SoC and SiP integration NA +++ +++ +++

11.2 PICS FOR VISIBLE APPLICATIONS

Comparing to the huge quantity of academic publications and industrial products in the
domain of silicon photonics for fiber-optics communication system (i.e.: operation wavelength
within O-band or C-band) in the last decade, we have barely seen PICs-related research
attaching equal importance to the visible range applications. In this part, we will review the
research progress in the domain of visible-band integrated optics, especially the development
of some types of passive devices, which have been used to guide the visible light in the on-a-

chip PICs.

3NA = not available; + = possible; ++ = good; +++ = best option; SoC = system on a chip; SiP = system in a
package.



11.2.1 Bottleneck of the development of visible PICs

Firstly, at the beginning of the PICs development, the immature sub-micron level cleanroom
techniques seemed to be an obvious bottleneck for the visible-band devices fabrication due to
the limit of the conventional optical lithography resolution. On one hand, because the
minimum feature size of the visible photonic integrated devices is smaller than the one of
telecom devices. And besides, we need sometimes to limit the waveguide cross-section size
for the single-mode or low-order modes in specific application. On the other hand, the
resolution limit of the projection lithography system is determined by the Rayleigh’s equation
[KLEIN70]. The theoretical minimum resolvable feature, which is presented by the resolution

R and the corresponding depth of focus (DOF), are given by the equations:

kXA
- (11-1)
NA
DOF—kZX/1 (11-2)
~ NAZz

where A is the lithographic exposure wavelength, NA is the numerical aperture of the optical
system, and k; and k, are constants that depend on the specific resist material, process
technology and image formation technique used. In order to fabricate a smaller component, we
need a higher resolution of the lithography system, thus a shorter wavelength and a larger
numerical aperture of the optical lens system. Generally speaking, the minimum feature size
can be obtained with almost the same geometric dimension as the wavelength of exposure
light [OKAZA91]. However the requested optical lens system needs a relatively large
numerical aperture (typically NA = 0.5), so the DOF becomes very small, and the exposure
process becomes sensitive to slight variations in the thickness and absolute position of the
resist layer [ITOO00]. That’s why the lithography with state-of-the-art resolution enhancement
technologies becomes the key factor of the visible PICs development.

The second reason could be due to mainstream PICs platform material’s n optical
properties. Since not the entire core materials of Si-based PICs platforms could transmit
visible light, i.e.: SOI waveguides and III-V doped waveguides, we don’t have so many
candidates of waveguide materials operating at a visible wavelength. Most people prefer
silicon nitride to the other dielectrics, thanks to its transparency and considerably higher
refractive index (typically n=1.8-2.0) than the popular cladding material SiO, (typically
n=1.4-1.5) in the visible-band range (from 400 nm to 700 nm). However, the Rayleigh

scattering in this sort of dielectric platform becomes more important for the visible light than
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the IR light used for telecom devices because of the existence of impurity introduced by CVD
process and fabrication defects. We suppose the average feature size of these impurities is
much smaller than the light source wavelength in the PICs, so the Rayleigh scattering can be
presented by the following expression:

IsIc_Oat = 5—4 (1I-3)
where K is a constant depends on the size and optical properties of the small impurities and
the refractive index of the propagation medium, Iy and I the beam intensity of incident light
and the scattered light, respectively [YOUNGS81]. So the propagation losses due to small
impurities scattering are much higher at a visible wavelength than the telecom wavelengths.
Thirdly, due to the heavy market demand of telecom terminal devices, the interest of
researchers in the innovation of routing and switching PICs at visible wavelengths hasn’t been
extensively encouraged among the academics and industrials and more investments have been
put into the R&D for on-a-chip PICs devices at telecom wavelengths (from 1.3 pm to 1.6 um).
In fact, as we explained in the first chapter, for the automotive industry, the visible light
dominates the embedded lighting and vision system, especially the red part of the visible range
for rear lighting and signaling functions. In this situation, our entire research project is focused
on the integrated photonics operating at the wavelength of 633 nm. We will review in the
following part several pioneers’ original works in this domain, including materials choice,

waveguide’s design, fabrication and characterization.

11.2.2 History of 1D Si;N, slab waveguides

As one of the most popular platforms of integrated optics for visible application, some suitable
pairs of dielectric waveguide-buffer materials, such as silicon nitride core-silicon dioxide
cladding have been deeply studied for a couple of years. The early research work on silicon
nitride waveguides used for visible light propagation could date from 1977. Stutius et al.
demonstrated a planar waveguide model with SisNy4 layer deposited on a SiO, buffer layer
[STUTI77]. A classic prism coupler has been used to couple the red light into the Si3Ny4 layer
(see Figure 11.2) [HARRI70].

By the way, at that moment, a rutile (TiO2) prism has been largely generalized as a
relatively high efficient light coupler thanks to its high refractive index, large birefringence

and high dispersion at visible wavelengths among natural crystals. Once a suitable incident
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angle has been chosen, the light will penetrated into the core layer to realize inner total
reflections propagation. The order of the transversal electromagnetic modes in the planar
waveguide could be easily selected by choosing different incident angle, and different corner
angle or refractive index of the rutile prism corresponding to specific wavelength of the

incident light beam.

Figure I1.2: Configuration employed to couple a collimated beam into a thin film through a tunneling layer

between the prism and film (taken from [HARRI70]).

Three different chemical vapor deposition (CVD) techniques have been applied to deposit
the SisNy film on a thermally grown SiO; buffer layer: Plasma-Enhanced CVD (PECVD),
atmospheric pressure CVD and Low-Pressure CVD (LPCVD). But only the LPCVD sample
has been characterized thanks to its excellent fabrication quality, while the two other samples
contained minute cracks, which led to undesirable reflections or intolerable termination of the
waveguide. These minute cracks were due to the residual stress in Si3Ny film, and Irene et al.
have studied this issue by analyzing the Si3N4 film grown onto a (111) oriented Si wafer at the
same time [IRENE77]. According to their report, the large tensile stress of SizNj films were
composed of thermal and intrinsic stress components. The intrinsic stress was larger for room-
temperature deposition; meanwhile, the thermal stress would increase with higher deposition
temperatures. But once deposition temperatures increased, the intrinsic stress would decrease.
Therefore, the total tensile stress was lower for higher film deposition temperatures, which
permitted more movement on the surface and some relaxation of the stress. In fact, for a

visible waveguide, a buffer SiO, layer should be always needed between the SizN4 film and
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the Si wafer, the tensile stress at the interface of SizN4 and SiO, would depend on the
thermally grown SiO, film’s properties as well.

Due to the differences of deposition techniques, the measured refractive index of each
Si3N4 film sample at 632.8 nm by ellipsometry is 2.1, a value between 1.95 to 2.0 and 2.01,

respectively. The equivalent index n., of the propagated mode can be theoretically calculated

by deducing the formula of propagation constant () as follows:

m,b) +6,) (11-4)

si
= -— = nysin(arcsin < -
P

Negq ko

where ko is free-space wavenumber, n, the prism index, 0. the prism corner angle and vy the
incident angle measured from the prism normal (see Figure I1.2). The comparison of the
calculated and measured equivalent index of the fundamental and low-order TE and TM
modes in such a Si3Ny planar waveguide has been presented in Figure 11.3 to show the incident
light’s wavelength and waveguide’s geometry dependence.

In this experimental set-up, TEy, TMy and TE; modes correspond to the prism (corner
angle = 30°) coupling angle of 35.3°, 43.8° and 8.75°, and the refractive index of the SizNy4
was assumed to vary from 2.03 to 2.055 when the light wavelength decreases from 632.8 nm
to 470 nm [REIZM67]. As seen in Figure I1.3, TEy) and TM, modes with relatively high
refractive indexes are more confined than the TE; mode with a lower equivalent index, which
is rather close to the one of Si0,. Meanwhile, the equivalent indexes of high-order modes have
lightly stronger wavelength dependence. Furthermore, they compared also the optical losses
for different transversal modes by measuring the net waveguide attenuation at 632.8 nm and
calculating the radiation losses (see Table I1-2).

As we can see from the Table II-2, due to the mode leakage into the SiO; layer, the optical
losses for each mode have a remarkable increasing for the thinner buffer layer waveguide, in
which the optical modes of higher order could not been guided. However, if the buffer layer is
thick enough, so as to isolate guided light wave, Si3N4 should be a very good choice to
fabricate a visible-band waveguide, even the performance for the propagation of the

fundamental TE mode should be better.
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Figure I1.3: Wavelength dependence of the measured (presented by circles) and calculated (presented by
lines) propagation constants of some basic transversal EM modes in the Si;N; waveguide of different

thickness deposited onto a SiO, buffer layer of 816.5 nm (taken from [STUTI77]).

Table II-2: Optical properties of Si;N, planar waveguide deposited by LPCVD and supported by thermally
grown SiO, buffer layer of different thickness (data taken from [STUTI77]).

SiO; buffer layer of 816.5 nm SiO; buffer layer of 400 nm

Calculated radiation Measured net Calculated radiation Measured net

Mode . .
losses attenuation losses attenuation

Acqr (dB/cm) Aexp (dB/cm) Acqr (dB/cm) Aexp (dB/cm)

TE, ~0.0001 <0.1 2.7 3
T™, ~0.0001 <0.1 7.8 6.3
TE, 42 6 380 NO
T™, ~ 1700 No* NA NA

4 NO: Acronyms for Not been Observed.
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Since the CVD techniques have also been developed very fast with the demand of high
purity films, plasma-enhanced CVD (PECVD) technique was used to fabricate the SizNy film
waveguide on a thermally oxidized Si substrate and became more and more expected and
reliable. Sriram et al. presented their SizN4 waveguide deposited by PECVD in 1983. A
capacitively coupled glow discharge plasma in a reactant gas mixture of SiHs, NH3, and N,
performed a deposit of a SizNy layer of 935 nm at relatively lower temperature of 200°C to
300°C, over 1 um thermally grown SiO, isolative layers on the Si substrate. Thanks to the
low-substrate temperature, they succeeded to realize the SisN4 planar waveguide on
preprocessed silicon buffer layer without affecting the diffusion profiles that cause detector
crosstalk or other device degradation [SRIRA83]. The same scattered light top-view method
was applied to the optical loss measurement, just like the precedent experiment, which is
based on the assumption that the observed scattered light intensity from the top of the
waveguide came directly from the propagating light in the planar Si;N4 waveguide, and there
should be a strict linear relation between these two variables of optical intensity. Using a set-
up presented in Figure 11.4, propagation losses in the Si3N4 waveguide have been measured to

be as low as 1.14 dB/cm, which is comparable to the results obtained by Stutius et al.
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Figure I1.4: Schematic of the rutile prism coupler and the planar Si;N; waveguide structures. The
waveguide attenuation has been measured by collecting the scattered light along the propagation path by a
fiber probe placed several millimeters in front of the light beam. Si;N, layer was deposited by PECVD with
t; = 935 nm, SiO, buffer layer was thermally grown with t, = 1044 nm and the substrate was a 5-cm

diameter Si wafer (data taken from [SRIRAS83]).
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11.2.3 Structured 2D Si;N, waveguides: pioneer results for multimode

waveguides

The studies of the Si3N4 waveguides moved into the 2D area with the development of etching
techniques. Henry et al. introduced a 2D structured Si3N4/Si0, waveguide on Si and lateral
confinement of guided modes in the Si3N4 layer has been considered more attentively,
especially for the TE modes [HENRY87]. In this work, wet etching with hot phosphoric acid
at 174°C was used to form the mesa-like Si3N4 waveguide on top of the SiO, buffer layer,
rather than a plasma etching technique. The general fabrication process is presented in Figure

ILS.

Photoresist
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Silicon nitride 0.12 pm Si;N, 0.12 um [ Si;N,0.12 um
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(a) (b) (c) (d)
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Figure ILI.S: Schematic of the mesa Si;Ns waveguide fabrication process made by C.H. Henry et al. (a).
Realization of SiO, buffer layer by thermal oxidization (25 atm at 950°C); (b). Deposition of SizN4 by
CVD; (c). Deposition of a 120 nm thick film of SiO,; (d). Photoresist coating and patterning; (e).
Realization of SiO, mask (width lightly larger to the targeted width of mesa Si;N; waveguide) by wet
etching using (f). Wet etching of Si;N4 waveguide (rib form) with phosphoric acid (g). Since the chemical
etching selectivity for SiO, and Si;N, is different, the height of the etched Si;Ny4 film would be less than 120
nm, which means the shape guide was like a mesa, rather than a rib; (h). Bury of Si;N, waveguide by

deposition of an additional SiO, layer formed from tetra—ethyl-ortho-silicate (TEOS).
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The efficiency of this mesa-like 2D waveguide structure could be estimated by the
theoretically calculated transverse and lateral coupling losses due to the mismatch with the
mode of laser source, as well as leakage losses into the SiO, film on the Si substrate (see

Figure 11.6).
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Figure I1.6: (a). 1D calculation of theoretical transverse coupling losses vs vertical transverse position for
several axial displacement Z, assuming that the CSBH” laser used in the experiment has a tight Gaussian
mode profile of 470 nm by 550 nm at 1/e of maximum power; (b). 2D calculation of theoretical mesa etch
depth required for 75% confinement of optical power within the mesa and lateral butt coupling loss vs
mesa width W; (c). Theoretical leakage loss into the Si substrate vs base layer thickness (taken from

[HENRYS7]).

As seen in the above curves, the butt coupling loss could be less than 1 dB in a perfectly
aligned position, but it would increase brutally, once there was a little axial displacement.
Meanwhile, there was a considerable lateral coupling loss except for very narrow waveguides,
however the sidewall roughness could not be negligible for the narrow waveguides. Moreover,
a thicker buffer SiO; layer would avoid the mode leakage in the Si3N4 waveguide. Considering
the upper SiO; cover, an equal thickness of both SiO; layers should be a good choice to keep
the vertical symmetry of the guided modes.

On the other hand, they measured the IR transmission spectra by coupling light from a
tungsten lamp into and out of the waveguide. By analyzing the IR transmission spectrum (see
Figure I1.7), an additional annealing process was proposed to eliminate the O-H absorption

peak at 1400 nm and 1520 nm. Without annealing, the loss is about 1 dB/cm at 1550 nm and

> CSBH laser: the channel substrate buried heterostructured laser.
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much less at 1310 nm, while after annealing the loss decreases to less than 0.3 dB/cm in the
whole telecom-wavelength range. Furthermore, the deposition technique of the SiO, buffer
layer should also be optimized to obtain a smoother waveguide interfaces and a better
waveguide sidewall roughness, aiming to decrease the influence of Rayleigh scattering. Thus
the deposition technique of high-pressure steam oxidation of Si and the chemical mesa etching

process were strongly recommended to realize 2D Si3;N4 waveguide.
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Figure I1.7: Measured transmission spectra vs wavelength (taken from [HENRY1987]).

In 2004, Daldosso et al. reported their works of fabrication and optical characterization of
thin 2D Si3N4 waveguides on Si substrate in visible and IR wavelength range [DALDO0O4a]. A
CMOS pilot-line consisting of standard cleanroom processes of microelectronics industry has
been applied to fabricated 2D Si3N4 waveguides of different profile shape, such as channel, rib
and strip-loaded (see Figure I1.8). They evaluated the geometry, sidewall and layer roughness
by observing under SEM and AFM, as well as the optical propagation (at 632.8 nm and 780
nm) measurement by using the several different methods, such as cutback technique and
scattered light top-view technique. The cutback technique uses waveguide- transmitted light
intensity measurement and needs considerable amount of well-cleaved waveguide samples
with different lengths. Moreover, each measurement needed reproducible and effective
coupling conditions between source and SizNs waveguide, which relied on very smooth
waveguide facets, and extremely precise nano-positioning stages. It is suitable for the well-

cleaved short waveguides to do precise propagation attenuation measurement. Otherwise when
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the channel top surface was irregularity-free space, according to the scattering theory, the
decrease of the scattered light (supposing its intensity is directly proportional to the light
intensity propagation in the waveguide) as a function of the position on the waveguide is
representative of the attenuation of the optical mode propagating in the waveguide. In this
situation, the top-view method, just described in the precedent part, will be more efficient and
practical to measure the light attenuation in a long straight waveguide (up to several

centimeters).
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Figure IL.8: (above). Schematic view of the rib (a), channel (b) and strip-loaded (c¢) 2D-rectangular
waveguides deposited by LPCVD on Si substrate. The thickness of the Si;N, core layer, the BPSG® bottom
cladding layer and the TEOS covering layer is 200 nm, 2 pm and 520 nm, respectively, and the Si;N,
etched width is 10 pm; (below). Simulated intensity profile of the fundamental guided mode TE of rib (d),
channel (e) and strip-loaded (f) Si;N, waveguide, the filling factor/refractive effective index are 75%/1.723
for rib waveguide and 72%/1.755 for both channel and strip-loaded waveguide.

The measured optical losses at 780 nm of different types of 2D SizN4 waveguides have
been listed in Table II-3. As seen from the table, both of measurement methods confirmed a
lower propagation loss coefficient of the channel-like waveguide among all the samples.

Larger losses for rib waveguides should be due to the fact that the Si3N4 layer is exposed to air

% BPSG: the boron phosphor silicate glass.
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without an upper buffer layer, thus enhancing scattering losses caused by the roughness and
defects on the top surface of the sample. Meanwhile, the different etching depth defined by
different etching methods of the strip-load waveguides (oxide plasma etcher removed
additionally 30 nm of SizNy) led to different effective refractive index of the lateral cladding
that would result in different optical modes confined within the SizN4 waveguide. Obviously,
the thinner one etched by oxide plasma had a better optical confinement, thus a lower

propagation loss coefficient.

Table II-3: Measured propagation loss coefficient (at 780 nm) of different types of Si;N, waveguides: the
oxide plasma etcher attacked both Si;N, and SiO,. The etch rates for SiO, and Si;N,; were 390 and 250
nm/min, respectively; the nitride dedicated plasma etcher was better able to detect the Si;N,4-SiO, interface
with etching rate of 50 nm/min for the Si;N, layer; the BHF was a 7:1 buffered HF solution that attacked
very slowly the Siz;N, layer and stopped exactly at the Si;N; - SiO, interface (data taken from
[DALDO04a])).

Cut-back method Top-view method
Wave- Propagation loss Propagation
id Etchi hni Measurement Measurement
guide tching technique coefficient loss coefficient
Errors (dB/cm) Errors (dB/cm)
type (dB/cm) (dB/cm)
Rib Oxide plasma 2 +1 1.8 +0.2
Nitride plasma 0.2 +0.2 0.1 +0.05
Channel
Oxide plasma 0.3 +0.2 0.2 +0.2
Strip- BHF 2.5 +0.6 NA
loaded Oxide plasma 1.5 +0.2 1.4 +0.4

Since conventional optical lithography technique was used to transfer the prepared straight
waveguide’s patterns from the lithography mask to the photoresist, the etched SizNy4
waveguides had nearly the same width as the one of the mask’s pattern. Due to the limit of the
fabrication resolution of the photolithography mask mentioned in the part I1.2.1, the width of
waveguides could only reach down to 10 um. Even though the thickness of the Si;Ny layer
was around 200 nm, there were practically several high-order TE modes allowed in the

relatively quite wide rectangular waveguides (see Figure 11.9).



(d) (e) (f)

Figure I1.9: (a) - (c): Simulated TE,, TE; and TE; mode in the channel waveguide; (d) - (f): Beam analyzer
measured intensity plot profiles corresponding to the above modes (taken from [DALDQ04a]).

Their optical loss measurement setup was made of a He-Ne laser source (632.8 nm-5mW),
a 40x objective and a TE/TM polarizer. Since the channel waveguides made by the silicon
nitride dedicated plasma etching process presented the best optical propagation performance at
a red-edge wavelength, a cutback measurement of the propagation loss coefficient in this
channel waveguide was chosen (see Table 11-4). As seen in the table, a better-confined mode
resulted in a lower linear loss coefficient and the TM high-order modes had always more
losses than the TE modes of the same order. The increase of propagation losses as a function
of the mode order could be due to the increase scattering of light on the sidewalls of the
channel. But once the width of the Si3:N4 waveguides decreased to limit the existence of high-
order modes, this defects scattering and sidewalls roughness would play a more important role

in the light propagation in the 2D waveguides.

Table 11-4: Propagation losses at 632.8 nm measured by cut-back technique as a function of guided mode

and polarization of channel waveguides (data taken from [DALDO04a]).

1D mode Propagation loss coefficient (dB/cm) 2D mode Propagation loss coefficient (dB/cm)
TE, 0.2+0.2 TE o 0.8+0.2
™, 0.3+0.2 TM;o 1.2+0.2
TE, 0.2+0.2 TE 4 1.0+0.2
™, 0.3+0.2 TMyy 1.3+0.2
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1.3 THE STATE-OF-THE-ART Si3N4 WAVEGUIDES OPERATING AT VISIBLE

WAVELENGTHS

Up to now, we have reviewed the development of visible-wavelength silicon photonic
integrated platform and 2D various Si3N4 waveguides buried or deposited on the SiO, layer,
with dimensions only compatible with multimode behavior. The SizNy4 core - SiO; cladding
pair should be the most compatible platform for the visible-wavelength light lossless
propagation by optimizing the design of structured waveguide geometry and the fabrication
process to obtain very low propagation loss coefficient with a dedicated characterization
techniques. Especially with the development of the cleanroom facilities, including the limit
pushing of the lithographic resolution, the increasing of the purity of the CVD deposition and
the advancing of the plasma based etching technique, the Si3N4 based photonic integrated
platform becomes a milestone of the generalization of Si based PICs from telecom
applications to visible and very near infrared (VNIR), in which some particular features would
be attractive for various domains, for example, the minimal photo damage to living cells,
negligible water absorption and low fluorescence.

In 2008, Gorin et al. demonstrated low-loss high-index PECVD slab waveguides in the
470 nm—633 nm wavelength ranges. In this work, the precursor gas ratio of the PECVD has
been optimized to reduce the absorption losses and rapid thermal annealing has been
performed to eliminate as much as possible the sidewall roughness responsible for losses of
the waveguides [GORINO8]. In 2013, Romero-Gacia et al presented their single mode
photonic SisN4 wire waveguide (with a width of 700 nm) with low propagation loss coefficient
and low bend loss coefficient, which was fabricated within a CMOS pilot line and operated at
660 nm [ROMER13]. They compared two different claddings: one was made of water, and the
other was classic Si0,. Both performed a tolerable TE, propagation loss coefficient. Recently,
researchers from Ghent reported their low-loss PECVD silicon nitride photonic wire
waveguides fabricated in a CMOS pilot line [SUBRA13]. They focused their research in the
visible and very near infrared (VNIR), which correspond to the wavelength range from 500
nm to 950 nm. They deposited first 2—2.4 um of silicon dioxide using a high-density plasma
(HDP) CVD process, and two different thicknesses of SisN4 layer were deposited using
PECVD, one of 180 nm for 532 nm wavelength and one of 220 nm for 780 and 900 nm
wavelengths. The inductive coupled plasma-reactive ion-etch (ICP-RIE) process was used to

form the strip Si3N4 waveguides of 300 nm to 1 um wide by etching the whole SisNy layer, and
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an additional fluorine-based wet etcher etched a part of SiO, layer, following the 193 nm
optical lithography. No annealing or thermal treatment was applied at the end of process,
because there was no absorption band in the visible or VNIR wavelength range for Si3Na.
AFM and SEM have been used to evaluate the surface roughness and the cross-section
dimensions of the fabricated samples. In fact, for such a sub-micron level integrated device,
the conventional optical lithography technique seemed risky but efficient, especially for a
long-length waveguide pattern. Some photos taken by SEM have shown the fabrication quality
(see Figure 11.10).

nitride

Figure 11.10: SEM photos of Si;N, waveguide cross-section prepared by focused ion beam: (a) Siz;N,
waveguide, (b) complete cross-section including underlying SiO, and (c) grating coupler with 630 nm

period and 140 nm etch depth (taken from [SUBRA13)).

Since the RIE based dry etching happened homogeneously in the vacuum chamber, the
attack of Si3Ns would also accompany the consumption of the photoresist and the SizNg4
waveguide width would vary with the duration of etching process. That’s why a trapeze-like
cross-section has been observed rather than a common rectangular shape as seen in Figure
I1.10. Moreover, the cutback technique was also applied to evaluate the propagation loss of
such fabricated waveguides in the visible and VNIR wavelength range. The variation of the
waveguide loss as a function of waveguide width at several different wavelengths is presented
in Figure I1.11. Apparently, the waveguide losses should decrease brutally with the increasing
of the width, because the scattering losses due to the roughness of the sidewall or defects
become less important for relatively larger dimension waveguides. But the high-order modes
would also appear in a wider waveguide. Comparing to the unclad Si3N4 waveguides, the clad
waveguides with another upper SiO; film performed much better, because the 2D mode’s

profile and confinement in the waveguide strongly depend on the refractive index contrast and
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on the geometrical symmetry. At the end of this chapter, we list some influenced work related
to near-632.8 nm SisNy4 based waveguide and other on-a-chip passive PICs research, and we
compare their performance by indicating the most representative light propagation index and
the linear loss coefficient (see Table II-5).Overall, Si3N4 core paired with SiO; cladding should

be a very reasonable photonic integrated platform for visible applications.
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Figure I1.11: Measured waveguide loss coefficients as a function of width of (a) clad Si;N,; waveguide at

532 nm and 900 nm; (b). Unclad Si;N, waveguide at 532, 780, and 900 nm (taken from [SUBRA13]).

1.4 CONCLUSION

Whereas silicon and III-V platform have allowed monolithic or hybrid integration of
photonics circuits, work has been done essentially driven by the telecom market, at near
infrared wavelength. For visible light applications, the technological challenges imposed by
material defaults and extremely reduced dimensions patterning are similar to those faced at the
early age of telecom devices development. Nanotechnology and progress on dielectric
material deposition permit only since recently to face these challenges. Promising single-mode
Si3N4 waveguides have been demonstrated during these last 5 years, confirming the relevance

of this technological platform for future visible wavelength PICs.
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Table II-5: The state of the art of the Si;N, waveguides operating at 632.8 nm.

Waveguides Mode Propagation loss coefficient Reference
[STUTU77]
SizN4 planar 1D
0.1 dB/cm [INUKA94]
waveguide
[BULLA99]
0.3 dB/cm [DEBRA9I]
TE() 1.1 dB/cm
(HF-PECVD)
[GORIOS]
Si3N4 2D multimode 0.1 dB/em
rectangular (LF-PECVD)
waveguide with SiO, 0.6 dB/cm [OHTANO92]
cladding 0.2 dB/cm
™, 0.3 dB/cm
[DALDO04a]
TE, 0.2 dB/cm
™, 0.3 dB/cm
0.71 dB/cm
(Water cladding)
SizN4 wire waveguide | TE, @ 660nm [ROMERI13]
0.51 dB/cm
(S10; cladding)
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CHAPTER Ill: DESIGN AND SIMULATION OF SI;N,
WAVEGUIDES

In this chapter, we will present the theoretical study on the design of Si3N4 -based photonic
integrated devices, which are required for the targeted automotive holographic system. Firstly,
we will introduce the numerical simulation used to determine the cross-section dimensions of
the mentioned Si3Ny4 rectangular waveguide for visible-wavelength propagation. Then, we will
present designs of other integrated components based on the Si;N4 waveguide useful for the

global device presented in Chapter 1. This includes optical splitters and bent waveguides.

1.1 NUMERICAL SIMULATION-ASSISTED DESIGN

As described in a previous chapter, the photonic integrated devices for 633 nm-wavelength
applications are based on a Si3N4 waveguide platform. The passive components within such a
visible PIC include straight waveguides, bent waveguides and different types of optical
couplers such as multi-branch optical splitters.

In the first phase of the visible PIC’s development, we used different simulation methods
to calculate the optical transverse modes of the SizN4 rectangular waveguides in order to
choose appropriate dimensions of waveguide, i.e dimensions allowing strongly confined TE
fundamental mode propagation. More precisely the objective here is to obtain waveguides
with the highest confinement fundamental TE mode in order to allow waveguide bending and
to limit propagation losses induced by interface fabrication defaults. Single-mode operation is
required for the good coupling with splitters and with nano-antennas. However at visible
wavelength, we will see that the cross-section dimensions of the waveguide become very low.
For this reason, we admit that slightly wider waveguides can be envisaged and first order
modes with low confinement can be tolerated. Thus the dimensions must be chosen so that the
waveguide is as wide as possible, but taking into account the optical confinement of possible
higher order modes. We have thus evaluated different waveguide geometries by calculating
fundamental and first order modes effective index and confinement. We will first present the
different used methods, then the experimental determination of materials indexes for better

calculation accuracy, and finally the mode calculations for three different claddings.
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111.1.1 Modeling of guided modes: methods and structures

Sandwich-like layered structures such as dielectric slabs can be used to guide optical waves
due to the vertical/transversal 1D confinement of the Electromagnetic (EM) modes in the
higher refractive index layer, here the SizNy4 layer. By limiting also laterally the width of the
Si3N4 film, the 2D confined waveguide becomes more efficient for the fundamental modes
propagation of polarized light beam. Several methods can be used to calculate such 2D modes.
Simple and fast approximate analytical approach consists in applying the effective index
method (EIM), which is based on two successive effective index calculations (EIC) (see for

example [YARIV06)).

a. 1D mode calculation: EIC and 1D confinement factor
We present the TE mode’s mathematic derivation as an example of EIC 1D calculation in
Annex . The modeling of the 1D dielectric waveguide is schematically presented in Figure

III.1.
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Figure II1.1: Schematic diagram of the layered 1D dielectric waveguide structures.

Firstly, we can note the 1D index distribution as follows:

ny, —t;<x<0
n(x) ={ny,, 0<x<t, (II-1)
ns, t, <x<t3
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As demonstrated in Annex I, the Eigenvalue equation of the TE mode can be presented as

follows:
p+tq
tan(htz) =y I11-2
=Pl e
where h, p and q can be written as:
( 2
p = |B?*—ny2k
$h= /nzzkoz — B2 (111-3)
— 2 2], 2
\q = «/.3 —n3ky

with ky = w/cy 1s the wave number in vacuum and B is the propagation constant for the
guided TE mode. In fact, the difference between the TE and TM mode’s calculation within the
EIC is involved in the pair of index contrast coefficient: ;= 1= 1 for TE modes and n; =
(np/n;)* and M2 = (n2/n3)” for the TM modes. Therefore we need to replace the p and q in the
Eigenvalue equation shown in ( III-2 ) for the TM modes:

{? = zp (111-4)

q =129

Moreover, we defined the 1D coefficient of confinement as the ratio of the E,’s intensity,

which has been limited inside of the Si;N4 waveguide to the total intensity:
) Ot 2 Ep(x) dx

t
f_il E,,(x) dx

where we suppose that t; is the only variable in the EIC and largely smaller than the cladding

N (t2) = (11-5)

layer’s thickness t; and t;, in order to match the real physical model of such a layered 1D
dielectric waveguide. Physical interpretation is that a higher coefficient of confinement of
concerned mode shows better guided wave propagation efficiency in avoiding the mode’s

leakage into the cladding or buffer layers.

b. 2D mode calculation: EIM and 2D confinement factor
We present here as an example the calculation principle of TE modes in such a rectangular 2D
waveguide based on the 1D layered EIC algorithm. This 2D calculation is known as EIM
(Effective Index Method). The modeling of the 2D rectangular dielectric waveguide is

schematically presented in Figure I11.2.
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Figure I11.2: Schematic diagram of the 2D rectangular dielectric waveguide structures.

Firstly, we can note the 2D effective index distribution as follows:

< w
nl’y— 2

w w
Nerr (V) = {1, -5 <y< £l (111-6 )
w

> —
nl’y— 2

where n; should be equal to the refractive index of SiO; cladding, thus n;= n3;= n;; ny is the
calculated 1D effective index of TE modes, which has been presented in the above paragraphs.

Considering that for the 1*-step calculated TE modes, the E-field component should be
always in the y-direction, we can write down the E, component of this 2D waveguide structure
by deducing the TM mode wave function in this 2™-step, which is solution of the following

eigenvalue equation which is similar to the 1D TE mode case deduced in Annex I:

h(p+q
tan(w) = "7+ D (11-7)
h* —pq
where p, g can be defined as follows:

_ o ny?

p= FP
", (111-8)

7=

q 7,2 q
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Therefore we can describe this guided TE mode’s propagation and find the 2D effective
index by solving the Eigen equation. Since we evaluated the 1D confinement coefficient for
the 1D layered waveguide structure, we can apply the same notion to define the confinement
coefficient affected by the 2™-step EIM calculation, which is as a function of the width of
rectangular SisN4 waveguide:

w
S E,() dy
2 (111-9)

[Z E.(y) dy

where n is the order of TM modes found in 2"-step EIM calculated layered structure.

Na(w) =

Caution should be taken when we calculate the TM modes of 2D rectangular waveguide.
Since the TM modes have an orthogonal polarization state with the TE modes, the E-field of
TM modes should have only x-direction component. In the 1* step of EIM calculation, we
need to solve the TM mode’s Eigenvalue equation to calculate the 1D effective index as a
function of SizN4 waveguide’s thickness. However, in the 2™ step, for the purpose of seeking
Ex component, we should apply the TE mode Eigen equation to calculate the 2D effective
index for the TM modes.

By the way, we could separate the two orthogonal variables in the x-direction and in the y-
direction in order to approximately calculate the 2D confinement coefficient for each 2D
transverse modes of rectangular waveguide. The principle of the variable separation involved
in the 2D confinement coefficient is presented in Figure III.3. For the simplest case, we
consider a fundamental guided transverse mode with a round-like E field profile projected in
xy plane. The optical propagative intensity should be confined in a rectangular zone of w x t;,
where w is the width of SisN4 waveguide along y-direction and t; is the thickness of SizNy4
waveguide along x-direction. We could generalize the 2D confinement coefficient to high-
order modes, in which the pattern of intensity profile would be no longer a round shape.

Therefore we can define 2D confinement coefficient of the rectangular Si3N4 waveguide:

Nimn (t2, W) = Ny (E2)1, (W) (111-10)

where m is the order of concerned mode confined by the thickness of the waveguide
calculated in 1% step and n is the order of concerned mode confined by the width of the

waveguide calculated in 2™ step.
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(a) (b)

Figure IIL.3: Schematic diagram of transverse guided modes in a rectangular (w x t,) waveguide: (a).
Fundamental mode distribution; (b). Intensity patterns of the fundamental (0-order) and 1° order 2D

TE/TM modes.

¢. Vectorial mode solver
These 1D and 2D analytical methods are efficient for most of the waveguide geometries and
give in a short time effective indexes and confinement factors. However, as we will show it
can be relevant to complete the study by vectorial calculations. This will be done with the
mode solver of the software LUMERICAL FDTD Solution.

We must point out that as a vectorial computation method, the mode solver under the
LUMERICAL simulation environment could be used to visualize directly the transverse
mode’s E-component, H-component and total intensity profile in each direction. Additionally
mode solver provides at the same time the fraction of TE mode’s Ey-polarization7. As we
know, the pure TE mode’s E-field has only non-zero component along the y direction (Ey) and
H-field’s non-zero component is along the z direction (H,), or vice versa, a pure TM mode
could be presented by its E, or Hy modal field component. Since the LUMERICAL’s mode

solver applies a vectorial calculation algorithm, all of the modes found by the mode solver are

"TE mode Ey-polarization fraction in Mode solver is defined as fraction of integral intensity of the y-
direction E-field component over total intensity of all-direction E-fields.
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not based on the hypothesis of pure TE or pure TM modes. However, the modal profile of
each Ey and Hz or Ez and Hy are similar due to the orthogonality of propagative wave’s
electromagnetic field at the incident surface (yz plane). Therefore we can evaluate the relative
dominance of TE or TM mode for each calculated transverse mode by using the E,-

polarization fraction.

d. Studied structures
The schematic of the modeled SizN4 1D layered waveguide is presented in Figure 111.4(a), as
well as 2D rectangular waveguide in Figure I11.4(b). In fact, for the completely buried SizNy4
waveguide, the thickness of the buffered layer is much larger than the one of waveguide layer
in order to avoid the leakage of the guided modes into the Si wafer. The thickness of the SiO,
buffer layer should be several micrometers, and the cross-section dimension of the SizNy4

rectangular should be around several hundred nanometers.

Cladding(n;) .~
/ /

i x zZ
ts Cladding (ny) = ts » - e
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b 1021 h Si0, (n,)
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Figure II1.4: Schematic of modeling structures: (a) 1D Si;N4 slab waveguide and (b) 2D Si;Ny ridge-like
waveguide. t;, t; and t; are the thicknesses of lower SiO, buffered layer, Si;Ns waveguide layer and

cladding layer, respectively; w is the width of the 2D rectangular waveguide along the y-direction.

111.1.2 Measurement of refractive index

The refractive indexes of deposited dielectric film are important optical constants to establish

the waveguide design. We characterize 4-inch samples by the J.A. WOOLLAM CO. M2000-
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UI® set-up [WOOLLO7]. A conventional rotating compensator ellipsometry measurement set-
up 1is illustrated in Figure II1.5. The whole system is made of a quartz Tungsten halogen
lighting source, a pair of fixed polarizer and analyzer, and continuously rotating compensators
and detectors. In our measurement, there are 670 operation wavelengths that cover the whole
visible and NIR range (from 245nm to 1690nm), so the detectors include a CCD array for the

UV and visible wavelength range and a near infrared (NIR) photodetectors array.

Quartz
Tungsten ij\/@giSCD
Halogen
array
Continuously
\ Rotating s
\ Compensator /

Figure II1.5: Schematic diagram of our rotating compensator ellipsometric measurement setup.

Typically, the ellipsometric setup captures the change of polarization state of the light
beam when it interacts with the layered dielectric structures. We could measure a multilayer
sample’s transmission at the same time and extract each layer’s information separately during
the data processing. Based on the Fresnel reflection equation for polarized light encountering
boundaries in planar multilayer materials [AZZAMS87], the theoretical spectral ellipsometry
(SE) measurement result can be expressed as:

r .
p = r—p = tan (¥)e'4 (11I-11)

N
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where p is the 2-layer induced complex reflectance ratio, r, and r, are the complex Fresnel

reflection coefficients of the sample for p-plane and s-plane® polarized light, ¥ is the deduced
amplitude component and A is the phase difference, respectively.

Fitting the measured ¥ and A data involves supposing an analytic model of dielectric
material’s refractive index. Since both of our dielectric layers are transparent for the visible
and NIR light, their refractive indices can be described by using the Cauchy or Sellmeier

formula as follows:

B C
n(A) =4 +ﬁ+,1_4 (11-12)

where A,B and C are coefficients corresponding mainly to refraction, absorption and
dispersion of the transparent medium. The experimental SE fitting curves of complex

reflectance ratio is presented in Figure II1.6 and fitted results are shown in Table III-1.
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Figure I11.6: RCE measurement of complex reflection ratio s for a 2-layers dielectric sample.

Table III-1: Cauchy model fitted experimental optical constants of Si;N, — SiO, layered sample measured

by rotating compensator ellipsometer.

SE Parameters Si0, Si3Ny
Thickness 2272.6 £10.2 nm 286.1 £ 0.7 nm
A 1.420 £ 0.0033 1.934 £ 0.0060
B 0.00949 + 0.00055896 0.02958 + 0.005032
C -0.00091590 + 0.00011479 -0.00211 £ 0.001016

8 p-plane: polarization direction parallel with the incident plane; s-plane: polarization direction perpendicular
to the incident plane (contributed from the German word "senkrecht").
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The refractive index curves as a function of wavelength for both dielectric materials are
plotted in Figure II1.7. As shown from the SE results, the experimental refractive indexes of
our PECVD-made Si;Ns and SiO; layers at the targeted wavelength of 632.8 nm are n, =
1.995 and n; = 1.438 respectively, and the index contrast is about An = 0.56. We will keep
these indexes in mind for our following waveguide design work. By the way, adjusting the
PECVD operation parameters could vary the thickness of both layers, and we suppose the

variation of thickness has not a remarkable influence on the refractive index.
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Figure II1.7: Rotating compensator ellipsometer measured refractive index of PECVD deposited Si;N4 and

SiO, films with thickness of 286.1 nm and 2272.6 nm, respectively.

111.1.3 The effective index and confinement coefficient of TE modes

Once we have reliable experimental refractive indexes of the different layers of our sample,

we can study the optical transverse modes in the Si3N4 waveguide.
a. 1D mode calculation

We focus on mentioned layered structures illustrated schematically in Figure I11.8. The first

uncovered Si3N4 1D waveguide has its top surface totally exposed to the air; the second SiO; -
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covered Si3N4 1D waveguide has a symmetric index distribution in the vertical direction; the
last polymers-covered SizNs 1D waveguide has a different upper cladding material with a

bigger refractive index than the lower cladded SiO; layer (i.e.: PMMA, n=1.489).

Alr(n3),: ﬁz t, $i0, (n,) t, '
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t2_ Si3N4(n2) t2 Si3N4(nz)

t4 Sio, (n,) t Si0, (n,) t Sio, (n,)

(a) (b) (c)

Figure II1.8: Schematic diagrams of different 1D Si;N, waveguide: (a). unclad waveguide (n; = 1); (b).

symmetric SiO, cladded waveguide (n;= n;); (c). asymmetric cladded waveguide (n, >n; > n;).

In the first step, we used the EIC to study the TE mode in mentioned 1D waveguides. We
can present the refractive index distribution along the vertical direction for the 1D confined
waveguide structure in a Cartesian coordinates system shown in Figure II1.8. We calculated
the 1D effective index of the fundamental and 1% order TE/TM modes in each layered
waveguide. The 1D EIC and coefficient of confinement are plotted in Figure III.9, Figure
II1.10 and Figure III.11, corresponding to the different 1D SisN4 waveguides corresponding to
Figure II1.8.(a), (b) and (c), respectively.

a.1 Unclad waveguide

In the case of air cladding shown in Figure II1.9, the confined modes should have a 1D
effective index between the refractive indexes of bottom buffer layer (n(SiO;) =1.438) and the
propagation core layer (n(SizNg) =1.995). As expected, there are cutoff values of 1D
waveguide’s thickness for the guided TE/TM modes. For the thickness slightly exceeding the
cutoff, the fundamental mode’s confinement is quite poor, lower than 20%. By increasing the
thickness of the Si;N4 layer, the TE/TM modes become increasingly confined, and once it
exceeds the first order mode cutoff condition, the TE; and TM; modes would come out
immediately with a confinement coefficient higher than 50%. Finally their confinement
coefficients tend to a limit value. The fundamental modes TEy and TM, would be close to 1 in

a relatively thick 1D waveguide. In the viewpoint of mode’s confinement, the TM modes
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show a slight advantage comparing with the same-order TE modes, although the effective

index of TM modes are obviously smaller than the one of the TE modes.

unclad Si3N4waveguide

2 T T
¥ 190 =
3 -
E 1.8 —‘——___- |
3 17- ol -| [__EIM-mode=TE
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w16 s 4
a = .- - _ EIM-mode=TM,
15¢ e - EIM-mode=TM,
L-- i i i i I i i
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Thickness of the Si3N4Iayer (nm)

(@)

unclad SiaN 4waveguide

_ EIM—mode:TE0
EIM-mode=TE 1
_ _ _EIM-mode=TM
EIM-mode=TM

0
1

1D Confinement coefficient

0
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Thickness of the Si3N4Iayer (nm)
(b)

Figure II1.9: Calculated 1D effective index of transverse modes at 633 nm in the unclad waveguide (see

Figure I11.8.(a)).

a.2 SiO; and PMMA cladded waveguide
We applied both the EIC and the FDTD solution software LUMERICAL to simulate the SiO,

cladded 1D Si;N4 waveguide. We present simultaneously in Figure I11.10 the effective index
found by the mode solver attached to LUMERICAL. We employed the perfectly matched
layer (PML) absorbing boundaries condition to both vertical sides of our simulated SizNg4
waveguide. In this case, the mode solver could consider the guiding core material only been
limited in the x-direction and with an index contrast only at its top and bottom horizontal
sides. In Figure III1.10, the results of 1D effective index calculated by the mode solver of
LUMERICAL correspond to the TE modes, in which the E-field has only a y-direction
component. On the contrary, the EIC algorithm is based on scalar quantity computation.

Therefore we can calculate rapidly the effective index and confinement coefficient as a
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function of waveguide’s dimension parameters under a basic hypothesis of pure TE or pure

TM modes. As we can see, it shows a good agreement of results between both methods.

SiO, clad Si;N, waveguide
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* FDTD-mode=TE,
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Figure I11.10: Calculated 1D effective index of transverse modes at 633 nm in the SiO, cladded symmetric

waveguide (see Figure I11.8.(b)).

As shown in Figure II1.10 and Figure I11.11, once we used a transparent and homogeneous
dielectric or organic material to cover the top surface of the 1D SisN4s waveguide, the
transverse mode has a relatively higher effective index than the unclad case. The TM modes
always have a smaller effective index than the TE modes, however they could be confined in
the Si3N4 layer as well as the TE modes. Especially in the thick-waveguide case, there are
slight differences of 1D confinement coefficient between both TE and TM modes. Due to this
slight difference between the refraction index of SiO; (n=1.44) and PMMA (n=1.49), the SiO,
cladded waveguide has a smaller cutoff thickness for both TE and TM modes than PMMA
cladded waveguide. By the way, from the symmetric viewpoint of fundamental TE/TM mode,
we prefer using the same silicon dioxide material as the bottom buffer layer to clad the top
surface. The thickness of the SiO; cladded Si3N4 waveguide should be chosen to lower to 250
nm for the purpose of keeping single-mode propagation condition. This limit of thickness

could be enlarged with the increasing of cladding material’s experimental refraction index.
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Note that, near the cutoff thickness, both TE and TM modes would exist in the waveguide

with a high confinement coefficient (i.e.: 85%).

PMMA clad Si3N4waveguide
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EIM—mode:TE1
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Figure III.11: Calculated 1D effective index of transverse modes at 633 nm in the PMMA cladded
waveguide (see Figure I11.8.(c)).

b. 2D mode calculation
In order to study a rectangular Si3N4 waveguide, we are now considering the 2D waveguide
structure shown in Figure II1.4.(b). The origin of coordinates has been chosen in the middle
point of the SizsNy core-lower Si0O; cladding, and the Cartesian coordinate system is the same
as in the analysis of 1D EIC. The EIM calculated 2D effective indexes are plotted in Figure
I1.12, Figure I11.14 and Figure III.16, corresponding to the different 1D Si;N4 waveguides
shown in Figure II1.8.(a), (b) and (c), respectively. We scanned the SisN4 rectangular
waveguide’s width from 50 nm to 1000 nm with a step size of 50 nm. Meanwhile, the 2D
confinement coefficient curves are plotted in Figure III.13, Figure III.15 and Figure I11.17. In
general, EIM provides us an efficient calculation method for a supposed pure TE modes and
pure TM modes within a layered 1D or rectangular 2D dielectric waveguide. As shown in

Figure II1.4(b), we used the effective index method to calculate the transverse field
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components Ey(or Hy) and Hy(or E,) for the fundamental and the 1* order guided modes, in
order to find the cut-off dimensions of rectangular dielectric waveguide for the purpose of

single-mode application.

b.1 Unclad waveguide

Supposing the guided mode has always a 2D effective index inferior to the SizNy ’s refractive
index but superior to the cladding material’s highest refractive index, we find only one guided
mode in the 100 nm-thick unclad waveguide, which is the fundamental TE mode TE,.
Similarly to the 1D effective index’s characteristic, increasing the thickness from 100 nm to
150 nm could exceed the threshold thickness of 1D single-mode in the unclad waveguide. The
first TM-like guided mode comes up when the width of 150 nm-thick waveguide is increased
to 300 nm. However, once we slightly increase the thickness of waveguide to 200 nm, the
TMyo mode could be excited at the same time of TEg) mode when the width of waveguide is
going up to 300 nm. Moreover, we find always an intersection point between the width-
dependent 2D effective index curves of TEy and TMgyy modes in this rectangular waveguide
with a thickness larger than 200 nm. Before the intersection point, the TMy mode would even
have a slightly smaller cutoff width than the one of TEy mode. Once the width continues to
increase after the intersection point, the effective index of TEy mode would rise faster than
the TMO00 mode with the increase of waveguide’s width.

On the contrary, the guided TM modes in the unclad waveguide are confined strongly and
even have a higher confinement coefficient than the TE modes of the same-order (see Figure
II1.13). Consequently for the purpose of TE mode’s application, the unclad waveguide is not a

good choice due to its tolerance of TM modes and weak index.

b.2 SiO; cladded waveguide

We studied the symmetric SiO; cladded waveguides by comparing the results obtained with
two different calculations. Firstly, the EIM has been applied to scan a large range of
rectangular dimensions for the calculation of 2D effective index of fundamental and 1*-order

TE/TM modes and their confinement coefficient as well.
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Secondly, we used the LUMERICAL mode solver to calculate the guided modes in the
thickness-varied SisN4 waveguide with several selected widths, 1.e.: 200 nm, 300 nm, 400 nm
etc. As shown in Figure III.14, there is a good agreement of calculated 2D effective index
curves between the EIM’s scalar method and mode solver’s vectorial method except for the
relatively thin and narrow rectangular waveguides. In fact, due to the weak confinement of
guided modes, the approximate calculation based on the EIM’s scalar algorithm has probably
a worse accuracy in the situation of such a small waveguide’s dimensions. Considering the
result of 2D confinement coefficient shown in Figure II1.15, we found that the cut-off width of
waveguide for the TE(/TMy; mode should be close to 300 nm. Comparing to the unclad
waveguide’s different cut-off width for the same-order TE and TM modes, the cladded
waveguide has more similar cut-off widths for the TE,,;, mode and TM,;, mode. However, the
TE mode has generally a bigger 2D effective index than the TM mode, as well as its 2D
confinement coefficient. The differences of 2D effective index between TE and TM mode
becomes very important in a thinner and wider waveguide, but both TE and TM modes would
be confined well without a big difference when the thickness of waveguide exceeds the 250
nm cut-off thickness. A comparison of mode solver calculated modes between 250 nm % 300
nm and 500 nm x 300 nm waveguides is presented in Table I1I-2. As shown in Table III-2.(I),
LUMERICAL’s mode solver has found only two guided modes with an effective index
superior to the SiO;’s refractive index in the SiO, cladded symmetric waveguide, in the case

of the 250 nm x 300 nm waveguide.

Table III-2: Mode solver calculated transverse modes at 633 nm in the SiO, cladded symmetric Si;N,

rectangular waveguide of different cross-section sizes.

No. Model Mode2 Mode3 Mode4 Mode5 Mode6
t;(nm)/w(nm) Effective index / TE mode E-polarization fraction (%)
1.675/99 1.657/1
1. 250/300 N.A. N.A. N.A. N.A.
(TEo-like) (TMy-like)
1.573/48 1.539/52 1.537/47 1.487/52
1.804/100 1.573/0
I1. 400/400 (TMy-like/ (TE¢-like/ (TMo-like/ (TE;-like/
(TEoo-like) (TMoo-like)
TElo-likE) TMm-like) TEOl—like) TM]()-like)
1.798/0 1.766/100 1.584/96 1.58/2 1.465/2
1I1. 500/300 N.A.

(TMoo-like)  (TEq-like)  (TEg-like)  (TMjolike)  (TMy;-like)
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We present in Figure III.18 the mode solver calculated y-direction and z-direction
components of the electric and magnetic fields (E,/E, and H,/H,) corresponding to the
transverse Model and Mode2. By the way, we used the same Cartesian coordinates system as
shown in Figure II1.8. As shown in Figure III.18 none of the y-direction or z-direction
component of either E-field or H-field was null. The mode solver calculated Model and
Mode2 are thus hybridized by both of TE-like and TM-like transverse modes. However,
Model’s E, component’s intensity profile is much weaker than the one of its E, component.
Meanwhile E, component has a close-to-corner intensity distribution, which can’t be strongly
confined in the rectangular waveguide. But the round-like Model’s Ey; has a higher
confinement coefficient. From the viewpoint of the transverse modal field’s profile, the
Model could be totally regarded as TE mode. On the other hand, the Mode2 is a quasi-TM
mode. Therefore, we found that the effective index of the Model and Mode2 calculated by
mode solver coincide in Figure I11.14 with the EIM calculated effective index curves of TE
fundamental mode (TEyy) and TM fundamental mode (TMyy), respectively. At the same time,
according to the EIM’s 2D confinement coefficient calculation shown in Figure III.15, the
TEyo modal field’s confinement in the rectangular waveguide is higher than the TMy, mode. In
fact, if we compare only the E-field intensity profile along y-direction and z-direction, we
could have agreement with what EIM has predicted. Finally, in the 250 nm x 300 nm
waveguide, the Model with effective index of 1.675 is quasi-TE mode because 99% of E-
field is distributed along y-direction. On the contrary, the Mode2 is quasi-TM mode.

Hybridization effect in SiO; cladded waveguides
An interesting equal density TE/TM hybridization effect has been observed in some SiO;
cladded waveguides, which have specifically square-like cross-section. For instance, for the
dimensions of 400 nm % 400 nm and 500 nm % 500 nm shown in the curve of the 2D EIM-
calculated effective index, TE¢; mode and TE;y mode intersect with TM;o mode and TMy,
mode, respectively. We investigate here the model field distribution (including total E-field,
E-field’s y-direction and z-direction components and H-field’s y-direction component) of the
first and second non-fundamental modes (Mode3 and Mode4 in Table III-2) calculated by the
mode solver for the SiO; cladded 400 nm x 400 nm Si3N4 waveguide. The modal fields of the

400 nm % 400 nm waveguide are presented in Figure II1.19.
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As shown in Figure III.19, for the Mode3, the intensity of E,is slightly stronger than the
one of E,. This difference could be also quantitatively presented by the mode solver calculated
TE mode Ey-polarization fraction. Shown in Table III-2, the Mode3 has a TE mode refraction
of 48%, therefore the hybrid Mode3 is slightly dominated by the TM-like mode. Similarly, the
Mode4 is slightly dominated by the TE-like mode. Moreover, the Mode3’s E, and E, intensity
patterns are very similar but with a 90° rotated distribution: the E, has two symmetric spots
arranged in a column and the E,’s two spots are in a row. In other words, the Mode3 has a
hybrid transverse mode of TE;y and TMy;. Similarly, the Mode4 is also hybridized by TE;,
and TMy;.

However, the Mode3 has a larger effective index than the Mode4. Moreover, from the
viewpoint of total E-field, it has a ring-like pattern and the Mode4 has a square-like pattern. In
fact, the TE o—like field distributions of Ey and the TMy;-like field distributions of Hy (or E,)
are also different for the Mode3 and Mode4. As shown in Figure 11119, E, and E, fields seem
to be confined in the square waveguide in the Mode3 more strongly than in the Mode4.
Consequently, the total E-field in the Mode3 should have a higher confinement coefficient
than in the Mode4, as also suggested by the index effective index.

On the other hand, the ModeS and Mode6 are similar to the Mode3 and Mode4 except the
ModeS and Mode6 are hybridized by different TE;-like and TM¢-like modes. In one word,
this symmetrically cladded dielectric waveguide with a cross-section close to square would
excite at the same time several hybrid transverse modes, which have comparable quasi-
TEo1/TMg or quasi-TEo/TMy;’s Ey-field/Hy-field distribution but with different confinement
coefficient. As the result, each hybrid mode has a different total E-field intensity pattern and a
different 2D effective index.

For the purpose of compatibility with other integrated components, introducing these
hybrid modes in our SizN4 waveguide is not recommended. TEy; and TMy;-like modes could

be easier split over from the bended Si3N4 waveguide.
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We studied also the waveguide with a narrow but thick cross-section, for example 500 nm
% 300 nm from the model field’s viewpoint. In that case high order modes can remain laterally
monolobe. As shown in Table III-2, the first mode found by the mode solver is no longer the
TEgo-like but the TMqo-like one due to the dimension’s dominance of thickness over width.
Moreover, it’s easier to excite the TE;o/TM;o mode rather than the TEq;/TMp; mode in this
waveguide. The E-field/H-field’s y-direction and z-direction components of the first 3 non-
fundamental transverse modes found by the mode solver are presented in Figure II1.20. The
Mode3 is mainly dominated by the TE;y modes, but there is still a few TMjy;-like mode
showed in the Ey and H, components. On the opposite, the Mode4 and ModeS are dominated
by the TM;o and TM,; modes, respectively. Meanwhile the TM o mode has a bigger effective
index and thus a higher confinement coefficient than the TMy; mode. However, for the TE
single-mode application in the expected passive PIC, due to the presence of high-order TM
modes, this cross-section of Si3N4 waveguide is not acceptable. By the way, it’s also more
difficult to fabricate a thick and narrow rectangular waveguide with a smooth and vertical

sidewall.

b.3 PMMA cladded waveguides

The last study case corresponding to the Figure II1.8.(c) is involved in the non-symmetric
Si3N4 waveguide covered by the other suitable cladding material, for example PMMA. The
EIM calculated 2D effective index and the confinement coefficient curves for a PMMA
cladded Si3sN4 waveguide are presented in Figure I11.16 and Figure II1.17, respectively.

As shown in Figure III.16, the PMMA cladded waveguide shows in general the same
evolution tendency as the SiO; cladded waveguide. However, there are still two remarkable
points to be pointed out. Firstly, due to the slight difference between the refractive index of
SiO,; and PMMA, there would be a different start value of effective index for each induced
transverse mode and also a different cut-off width for the non-fundamental TE/TM modes. On
the other hand, when the cross-section size becomes much larger than the single-mode limited
size, the effective index would tend to a limit value, which is identical to the other cases.
Finally, even without a vertical symmetry of 2D index-contrast comparing to the SiO, cladded
waveguide, once the waveguide’s cross-section goes close to a square, the TE;¢/TMy; and

TE01/TM ;o hybrid modes would be induced just like in the SiO; cladded case.
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111.1.4 Conclusion

In this part, we presented our work on the design and simulation of rectangular SizNg4
waveguide, especially cladded in a homogeneous SiO, environment. The symmetric refractive
index distribution around the rectangular waveguide allows excitation of strongly confined
quasi-TEy modes with a symmetric modal field distribution, which is very useful for our TE
single-mode PIC. We have also evaluated first order mode waveguides, with the objective to
use wider waveguides with anyway very low high order mode confinement. Reduced
propagation losses are expected in that case, as well as easier technological fabrication. Such a
way, several interesting hybrid modes have been observed when the cross-section of the
simulated rectangular waveguide tends to be square-like. In general, more high order TE/TM
modes would appear with a high confinement coefficient within a thicker or wider rectangular
waveguide. Therefore, to keep the TE almost-monomode propagation in the expected PIC, we
need to limit the thickness and width of waveguide around the multimode cut-off condition,
avoiding too square configurations.

According to our EIM calculation, a first appropriate dimension should be around 250 nm
x 300 nm. This would be a reference value to guide our fabrication in cleanroom. By the way,
as mentioned in the Chapter II, this tiny cross-section could be a big challenge for low-loss

and longhaul light wave propagation.

1.2 VisIBLE PICS BASED ON Si3N4 /S0, PLATFORM

The objective of this sub-chapter is to evaluate the different optical components based on the
Si0; cladded Si3N4 waveguide platform for the design of the complete 633 nm single-mode
PIC as described in the Chapter I. The main elementary integrated devices are the 1 x N
optical splitters and the bent waveguides. In order to design these integrated passive devices,
we have used analytical solution and optical 2D+z simulation software, Photon Design
FIMMPROP®. At first, we will present our bibliographic research on the mainstream
integrated optical splitters and compare their compatibilities with our expected uniform and
coherent beam splitting system. Then we will focus on the evaluation and design of the
multimode interference (MMI) coupler based 1 x N splitter. Finally, we will introduce a bent

waveguide’s design inspired from the Lemniscate of Bernoulli.
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111.2.1 Review of 1 x N light beam splitters

a. Y-junctions splitter
A basic 1 x 2 Y-junctions optical-wavelength beam splitter has been largely studied as one of
the most important and most compromising elements in the PICs. lzutsu et al. explained the
working mechanism of single-mode optical-wavelength Y-junctions 1 x 2 splitter from the
viewpoint of guided mode’s field distribution [IZUTS81]. As shown in Figure 111.21, we
present schematically here a conventional single-mode Y-junctions 1 X 2 coupler and the
guided TE modes field distribution, as well as the effective indexes variation along the

propagation direction.
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Figure II1.21: Guided TE mode’s field distribution and 2D effective index variation in a conventional
single-mode Y-junction splitter with 1 straight-waveguide input and 2 inclined straight-waveguide outputs.
n; and n, are the refractive indexes of the cladding and core materials, respectively, 0 is the branching

angle of Y-junctions.

In fact, the Y-junctions splitter is composed of the 1% input single-mode waveguide
section, the 2™ tapered Y-junctions section and the 3™ output single-mode branching-

waveguides section. In the beginning, the fundamental transverse mode is the only guided
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mode with a good confinement coefficient in the input and output straight waveguide(s). Once
the light wave goes into the Y-junctions section, with a growing waveguide’s width, the
guided fundamental mode’s effective index would be increased and other higher order modes
would come up as shown in Figure I1I.14. Generally, the tapered section-induced higher mode
has a smaller effective index and confinement coefficient rather than the fundamental mode.

According to Izutsu, once the branching angle is small enough to permit application of the
local normal modes theory, there should be only two types of mode, the even mode and the
odd mode, which would exist in the tapered section. In the case of SiO; cladded SizN4
rectangular waveguide, the fundamental mode TE( and the 1*-order mode TE,; could be the
analogy to the even mode and the odd mode in the local normal modes theory, respectively. At
the starting point of this tapered section, both guided modes are propagating in the usual way.
However, at the tapered section end connected with the branching section of the single-mode
waveguides, only the fundamental mode is supported. The TEg;-like mode would be
immediately converted into radiation mode at the starting point of the single-mode branching
waveguides. This is due to the fact that the waveguide’s width would become abruptly much
narrower than the TEq; mode’s cut-off width. Considering the gradual change of the local
normal modes, the important radiation loss at the junction should be always taken into
account. In other words, for the purpose of single-mode optical power splitting with low loss,
the branching angle should be very small to limit the transfer of power into high order mode,
which could thus become radiation mode.

With the development of the planar lightwave circuits (PLC), these Y-junctions are widely
used to realize more outputs optical power splitters in the communication-wavelength domain.
Takahashi et al. reported design and fabrication of 1 x 128 Y-junction like symmetric Si-
based power splitters with a measured average excess loss (EL) of 3.2 dB [TAKAHO91]. Hida
et al. fabricated a 1 x 32 silica-based splitters with a size of 6 x 24 mm? [HIDA98]. Some
more compact 1 x 2" branches optical power splitters with N-stage cascade Y-junctions came
up during the past decade, such as polarization and wavelength independent 1 X 4 splitter
[CHUNGO6], 1 x 8 field matching splitter [GAMETO04], silicon wire based 1 x 16 splitter on
SOI [TAOO08]. However, research on the SisN4 waveguide based Y-junctions splitter in a
visible light PIC is rare. The reason should be due to a considerable radiation loss in the
tapered section induced by the weak index contrast between the core and cladding materials

and relatively narrower waveguides for visible single-mode application.
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b. Arrayed-waveguiding grating
Since we mentioned the popular usages of Y-junctions beam splitter in the telecommunication
domain, we must point out here another important optical splitting device, the N x N arrayed-
waveguide grating, which has been widely studied for the wavelength-division multiplexing

(WDM) networks.
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Figure I11.22: Schematic configuration of conventional arrayed-waveguide grating multiplexer applied in a

WDM system (reference [SMIT88], [SMIT96] and [OKAMO098]).

As shown in Figure I11.22, there are 5 main elementary devices in the arrayed-waveguide
grating multiplexer. The main interest of these structures is the wavelength selection and
redistribution due to a wavelength dependent linear phase shift in each arrayed waveguide.
More mathematical derivation could be found in [SMIT96, OKOMO98]. This function is not
necessary in our case. However several efficient beam splitters have been designed for these
PHASAR-like demultiplexers, which could be effectively used for single wavelength

application as a multi waveguide splitter.
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¢. Multimode interference (MMI) coupler

Since 90°, many of multimode interference (MMI) couplers have been widely reported to
show their good performances for optical-wavelength beam’s splitting. The main part of a
conventional MMI device is a wide rectangular waveguide designed to support a large number
of guided modes and then to excite the multimode interference effect. We present in Figure
II1.23 the schematic configuration of a conventional 1 x 2 MMI coupler based beam splitter,
as well as the multi-TE mode field distribution and 2D effective indexes. For such a step-
index rectangular MMI coupler, the EIM calculation results shown in Figure II1.14 and Figure
II1.15 could be used to analysis the E-fields of guided transverse modes.

Generally, in a thin and wide MMI coupler (i.e.: 250 nm x 1 pum), the fundamental TE
mode always has a larger 2D effective index than the other high order modes (see Figure
I11.14). However the TE(; mode could be confined in the Si;N4 waveguide as strongly as the
TEqo (see Figure II1.15). Once the width of the MMI coupler exceeds the cut-off condition,
there would be some more TE high-order modes coming up. As shown in Figure 111.23, we
can simplify this planar device’s schematic model from 3D to 2D because the thickness of
each waveguide is fixed to a constant (i.e.: 250 nm). At the end of MMI coupler, we can find
at some specific positions the input field’s self-imaging pattern due to the interference. By
adding a certain number of output waveguides, the uniform split light beams could be
extracted from the MMI coupler. The design of conventional MMI coupler is thus involved in

the self-imaging principle.
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Figure I11.23: Operation mechanism of a conventional 1 x 2 MMI coupler based beam splitter. Wy; and W,

are the physical width and the effective width of the MMI coupler, respectively.

c.1 Principle of the self-imaging interference in a symmetric 1 Xx N MMI coupler

Soldano et al. explained the conventional MMI coupler’s operation mechanism from the
aspect of input guided mode’s self-imaging due to the strict interference [SOLDA95]. In fact,
the self-imaging principle relies on the reproduction of input E-field profile in single or
multiple images at periodic intervals along the propagation direction. According to the

dispersion equation, the propagation constant for the m™ TE mode can be noted as:

B’ =ko’Nef 102 —kym” (111-13)
with:
21
ko = - (I11-14)
0
_(m+ r 111-15
ym - I”em ( = )
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where Wq,, 1s the effective width for the m™ TE mode’s propagation in the Wy-wide MMI
coupler. Theoretically Wey, is slightly larger than Wy because of the presence of the Goos—
Hdinchen shift at the MMI coupler’s lateral boundaries. However, in a high index-contrast
waveguide, the guided mode’s leakage into the cladding material is enough weak to eliminate
the difference of penetration depths which depends on the order of TE modes. By the way, as
we can see in Figure III.15, in a 1um-waveguide, TE(; mode could also be strongly confined
in the waveguide. Therefore, the m™ TE mode is supposed to be confined in the waveguide as
well as the confinement for the TEp. We could thus replace W., by a constant W,

[ULRIC78]:

1

2
Ngio2“ Ao 1
l (nefleZ - nsiozz) 2 (111-16)

Wem =~ We = Wy + Ty 102
By substituting Wey, in ( III-15 ) and using the binomial expansion of ( III-13 ) under the
condition of kyyn << ko when Wen/Ao>> (m+1)/2, we obtain the propagation constant for the
m"™ TE mode:

(m + 1)?7A,

> (III-17)
ANngrripWe

Bm = kOnefle -

Meanwhile, we define the beat length between two lowest-order TE modes:

2T
Ly; = (111-18)

BO_BI

Therefore we obtain half beat length as a function of TE mode’s effective width:

T N 4neff1DVVeZ
Bo — B 34o

There is a quadratic relation between the effective width and the beat length in a

(III-19)

L, =

conventional MMI coupler. In general, for the 1xXN MMI splitter, the position and the distance
of the 1* N-fold self-imaging patterns could be noted as follows:

W, 3W, 5W,
PN = i ) (i Ii ---)
2N 2N 2N (111-20)

Ly = (3/4N)L,

As a result, there is a quadratic relation between the symmetric 1 x N MMI coupler based
beam splitter’s width and length. Therefore for the conventional MMI couplers with the same
number of outputs, increasing the spacing of the output waveguide results in increasing more
the total length of MMI coupler. The beam splitter will occupy much more space in the

horizontal (propagation) direction than in the vertical (lateral) direction.
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c.2 MMI coupler based 1 x N (N>>2) beam splitting applications

To our knowledge, the conventional MMI couplers have been used to fabricate the 1 x N
(N>>2) beam splitter by connecting directly N identical outward waveguides at the right hand
side. Although the width of such a multi-output MMI coupler is quite large comparing with
the input/output access waveguides, the growth of the MMI coupler’s length could be
relatively reduced with increasing number of outputs according to ( I11I-20 ). We review here
some representative applications of MMI coupler multi-output beam splitter.

Rasmussen et al. designed a 1 x 64 MMI power splitter with total dimensions of 42 um x
16 um in Si0; used for fiber-optics communication systems [RASMU95]. They reported a
minimum excess loss EL of 0.5 dB and nonuniformity NU of 1.7 dB at a wavelength of 1.55
um. Lai et al. reported their silica-on-Si 1x8 MMI coupler with measured EL of 1.3 dB and a
maximal unbalance of 0.5 dB during 1.3 — 1.6 um [LAI97]. Hosseini et al. presented their
work on design and fabrication of 1-by-12 MMI couplers with a size of 60 um by 554 um on a
nano-membrane of silicon-on-insulator substrate with a width of waveguide varied from 0.5
um to 3.5 um operating at 1.55 uym [HOSSE10]. By the way, according to the report of
Hosseini, both mathematic derivation and experimental characterization showed that EL and
NU depend strongly on the width of the input access waveguide. Generally, a wider
waveguide (i.e.: Wwg>2.0 um) had a much smaller excess loss and nonuniformity than the

narrower waveguide (i.e.: Wwg<1.0 um).

c.3 State-of-the-art 1 x 2 or 3dB beam splitters

We list in Table III-3 a comparison between several state-of-the-art 3dB optical power
splitters. Typically these passive devices have been used for telecommunication wavelengths.
They are thus usually based on SOI and InP/InGaAsP waveguide platform. The parabolically
tapered MMI has a remarkably reduced length of the MMI coupler, but its non-uniformity
between the two split beams became more and more considerable when the spacing between
the outputs is increasing. The cascaded symmetric-asymmetric MMIs design overcame well
the issue of non-uniformity comparing to the parabolic MMI coupler, but the splitting
efficiency became worse. The Y-junctions based splitter is more suitable for the WDM
application, in which the width of the waveguides is relatively bigger comparing to the TE/TM
single-mode application. In fact, the conventional compact Y-junction splitters have more
radiation leakage for narrower rib or rectangular waveguides, in which the index contrast is
very low between cladding at core dielectric materials. The same effect has also been reported

for the star-like splitter [CASSAO03]. Therefore for our SiO, cladded SisNy4 rectangular single-
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mode waveguide, the Y-junction and star-like splitters have not been considered as ideal
candidates.

In a word, we prefer the MMI-based symmetric splitter design for purposes of obtaining
better uniformity for the split light fields, as well as decreasing the complexity of fabrication

comparing to the high-precision fabrication demand for the star-like couplers.
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’EL: Excess loss of the global devices over straight waveguides, taper and bent waveguides.

'“NU: Nonuniformity defined by the dB ratio between the two-split outputs intensity.
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111.2.2 Design and simulation of beam splitting devices

a. Modelling and simulation
We used commercial software Photon Design FIMMPROP to simulate the Elementary
Devices. In fact, FIMMPROP’s innovated EigenMode Expansion (EME) algorithm allowed
us to model a complex 2D+z structure composed of different-width planar devices and

obtained a considerable simulation accuracy of light propagation.

a.1 Simulation parameters

In order to evaluate the performance of our MMI coupler based beam splitter, we define

two transmission-related features in our simulation as:

N T
excess loss (EL) = —101log;, < 11_1 l) (11-21)
in
I
non uniformity (NU) = 10log,, ( max) (111-22)
Imin

where [; is the split beam’s optical intensity from the i output waveguide, I;in and .« are the
minimal and maximal intensity among the split waveguides, respectively. Ii, is the total optical
intensity at the input of the device. Both of EL and NU are typically presented in dB.
Normally, for the 1 x 2 symmetric beam splitter, the theoretical NU is close to zero. However,
with the increasing of output waveguides’ number, the NU would become important. On the

other hand, the EL is always the critical feature of passive device’s design.

a.2 Simulation methods

In the FIMMPROP simulation, we have chosen the FMM'' (real) solver [GALLAO3] to

calculate the modes of each component. Since the whole planar waveguide system involves
only RWG' dielectric devices, such as rectangular access waveguides, bent waveguides and
MMI coupler based beam splitters, the FMM solver has been used to reduce the 2D problem
of matching optical fields along just one vertical direction in order to accelerate the speed of
simulation. Meanwhile, we can also take advantage of the symmetry of the devices to save
calculation time, for example, we set the horizontal symmetry of TE-like modal fields in the

input waveguides. However, in order to keep a complete mode list in the MMI coupler and the

""FMM solver: Film Mode Matching method using a fully or semi-fully vectorial algorithm to calculate
slice-by-slice the planar waveguide’s transverse electromagnetic modes.

2ZRWG: Rectangular-geometry Waveguide, including straight and bent access waveguides, MMI coupler
based beam splitters etc.
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taper section for the purpose of multimode interference, we eliminate this symmetric feature

and then launch a full-vector calculation.

a.3 Modeling constants

The simulated MMI coupler based device consists of input straight waveguide, 1 x 2
conventional or tapered MMI coupler, output straight waveguides. Moreover, since we are
interested in the TE single-mode (TE() application, as shown before, the thickness of the
Si3N4 layer (nsisng = 2.0) is fixed to 250 nm, therefore the RWG type of device is chosen to
design planar structure. Both top and bottom SiO, cladding layers (nSiO, =1.45) have
thickness of 2 um.

a.4 RWG parameters

We define the width of Si3N4 waveguide along y-direction for each RWG component and then
calculate the transverse modes by the vectorial FMM solver. For the thin (i.e.: 250-400 nm)
input/output Si3N4 waveguide, TEy mode could be strongly confined, while the other high-
order modes such as TE(; or TE;y have very low confinement coefficient or even are not
excited. Therefore the maximal calculated mode’s number (Maxmode) within the FMM solver
has been chosen to relatively small, i.e.: Maxmode = 4. In the wider side of tapers (i.e.: 0.7-0.9
um-wide), the Maxmode is set to 10, and the Maxmode is set to 20 and 30 for the 2 pm-wide
and 4 pm-wide MMI coupler. In fact, the criteria of selecting an appropriate Maxmode in
different RWG component are to allow all possible guided modes in the FMM calculation but
also to avoid wasting time to seek physically meaningless low-index modes. However, on the
output side of MMI coupler, we should probably double the Maxmode number due to the
presence of anti-symmetric modes. For instance, the 2 symmetric-output waveguides RWG
has a Maxmode of 8. Meanwhile, the FMM solver’s mode profile resolution is fixed to (nx =

300, ny = 300) in the horizontal and vertical directions, respectively.

b. 1 x2 MMI coupler based beam splitters
The optical intensity (A=633 nm) patterns of simulated conventional 1 x 2 MMI coupler based
beam splitter’s are presented in Figure II1.24. There are 3 elementary sections in this device.
From left to right, the first is a single-mode input waveguide with a width of Wy; the second is
the conventional 1 x 2 symmetric MMI coupler, in which the width and the length are noted as
W and Ly,; the third is a pair of symmetric 2-output waveguides with the same width of Wy,

For the first and third section, the length of straight waveguides is noted as Lg. On the right-
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hand side of the MMI coupler, the locations of the output waveguides are noted as +/-P4 and
symmetric about the horizontal middle line (y = 0). A pair of detecting ports is used to collect
the transmitted optical signal from the output waveguide, so each port is aligned with
corresponding output waveguide at the position of +/-P, and is wide enough (i.e.: 1 pm) to

maximize the received optical intensity.

Figure I11.24: Simulated light intensity patterns I(y,z) in a conventional MMI 1 X 2 beam splitter.

A list of simulation parameters for the first conventional MMI 1 x 2 beam splitter is
presented in Table II1-4. W, is the MMI coupler’s effective width shown in ( III-16 ). MMI

coupler-related dimensions are calculated by referring to ( 111-20 ).

Table II1-4: Simulation parameters and EL results of conventional 1 x 2 MMI beam splitter.

Parameters W, W W, L P, EL

Values 0.3 pm 2 um 2.11 pm 6.51 um 0.54 pm 1.39dB

b.1 Optimization of the MMI coupler’s dimensions

Comparing with the state-of-the-art 1 x 2 beam splitters shown in Table III-3 the basic
design based on a symmetric 1 x 2 MMI coupler’s theoretical dimensions should be optimized
in order to obtain a comparable EL value. According to the FMM solver’s feature, once we fix
the width of each RWG component, we don’t need to recalculate each RWG section’s
transverse modes if we just change the length of device and redo the simulation. Therefore, we

have firstly used FIMMPROP to scan the length of MMI coupler, in order to find the best



length with a minimal EL. Then we fix this optimized length and scan the position of 2
symmetric output waveguides. The EL characteristic curves as a function of L, and Py are

presented in Figure I11.25.

W =2um; W =300nm; P =545nm W =2um; W _=300nm;L_=6.2um
m g g m g m
1.6
1.3F
1.41 1.2
) m 11
T 12 T 4
- -
w o9
1 0.8-
0.7 x*
0.8 | | | | i | | i
6 6.2 6.4 6.6 6.8 7 0.45 0.5 0.55 0.6
Lm (um) Pg (um)

Figure II1.25: EL characteristic curves as a function of L, and P, of basic 1 x 2 MMI beam splitter.

As shown in Figure II1.25, the variation range of the Ly, is from 6 pm to 7 pum. The lowest
EL could be obtained at L, = 6.2 um. The EL curve shows an exponential-like growth with
the increasing of MMI’s length. In fact, if we remove the Goos—Hdnchen shift in the L,
calculation of ( III-19 ), we should obtain a theoretical L, = 5.81 um. Therefore, the
simulation found the minimal EL of 0.87 dB with an optimized length between the theoretical
length with and without the Goos—Hdnchen shitft.

Meanwhile, we have scanned Pg from 0.45 um to 0.6 um. The EL characteristic curve
shows also dependence with the moving up of the output waveguides. The optimized position
is situated at 0.5 pum from the middle line of MMI coupler, that means the Goos—Hdnchen shift
should thus not be considered in ( III-20 ). These results also show that the Goos—Hdnchen
shift is a correction, which can be slightly excessive for low confinements. Finally, in the Ly,
and P, optimized case, the EL can be close to 0.7 dB, which is reduced a half comparing with
the mentioned non-optimized MMI coupler.

According to the [HOSSE10], the input/output waveguide’s width should also be taken
account into the MMI coupler’s design. The width-dependent EL of the access waveguide in

the optimized 2 um-wide MMI coupler is presented in Figure II1.26.
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Figure II1.26: EL characteristic curves as a function of W, of optimized 1 x 2 MMI beam splitter.

As shown in Figure II1.26, once the Wy exceeds 0.3 um, the EL could decrease linearly
with the Wy’s growth. However, as mentioned before, the width of the input and output
waveguide should keep the single-mode propagation condition. As a result, we should fix the
width of the access waveguides close or slightly superior to the cut-off width, i.e.: 300 — 400
nm. As shown in Figure II1.15, for the case of 250 nm x 400 nm, the TEy would be 85%
confined in Si3Ns waveguide while the TEy’s confinement coefficient is only 50%.
Meanwhile, if the width of the access waveguide is increased from 300 nm to 400 nm, the EL

would also go down from 0.7 dB to 0.5 dB.

b.2 Design of tapered 1 x 2 MMI coupler

In order to improve the MMI coupler’s transmission, some taper-like transition
components could be inserted between the input/out waveguides and the MMI coupler
[MOERMO97]. We have also designed some horn-like tapered MMI coupler and optimized the
dimensions of these tapers in an optimized conventional 1 x 2 MMI beam splitter. The optical
intensity (A=633 nm) patterns of simulated tapered 1 x 2 MMI coupler is presented in Figure
I1.27. We inserted a taper between the input waveguide and the left-hand side of MMI, and
two tapers on the output side. The thinner side’s and the wider side’s width of such a taper are
0.7 and 0.4 pum, respectively. The other dimensions are listed in

Table III-5.
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Figure I11.27: Simulated light intensity patterns I(y,z) in a tapered MMI 1 x 2 beam splitter.

Table III-5: Simulation parameters and EL results of optimized 1 x 2 MMI beam splitter.

Parameters W, W L P, W, L; EL

Values 0.4 pm 2 pm 6.2 um 0.5 pm 0.7 pm 5 pm 0.11dB

Similarly to the optimization of MMI coupler, we scan at first the length of taper, and then
fix an optimized length to scan the width. As shown in Figure II1.28, the EL could be saturated
as a function of the 0.7 um-wide taper’s length when the taper’s length exceeds 6 pum. At the
threshold length i.e.: Ly =5 um, we scanned the width of the taper and obtained a lowest EL of
0.1 dB in the case of W = 0.8 um. Comparing to the state-of-the-art 1 X 2 beam splitters

shown in Table III-3 our design shows lower value of EL and more compact size.

W =2um;W_ =400 nm; W =700 nm W =2um;W_ =400 nm;L =5um
m 9 t m *] t

0.151 0.4

0.141
o 0.13f o
Z i
-l L -l
o 0.12 o

0.11

2 4 6 8 10 12 14 16 18 20 5 055 06 065 07 075 08 085 0.9
Lt (um) Wt (um)

Figure I11.28: EL characteristic curves as a function of L; and W; of tapered MMI beam splitter.
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In conclusion, the optimized design of such a tapered MMI 1 % 2 beam splitter has a good
performance for the purpose of low excess loss (down to 0.1 dB) propagation. At the same
time, NU in these 1 x 2 beam splitters could be ignored since the whole device has a lateral
symmetry. From the dimension point of view, each elementary 1 x 2 beam splitter could be
compressed to 16.2 um x 2 um including tapers. The minimal feature dimension in such an
elementary beam splitter is the side-to-side spacing of 0.6 um between the two outputs tapers
on the right-hand side of the MMI coupler. By using the Electron Beam Lithographic (EBL)

technique, fabrication of such a device should also be realized.

b.3 Design of parabolic 1 x 2 MMI coupler

We have also studied the parabolic tapered MMI coupler inspired from the work of Levy et al.
[LEVY98, LEVY99, WEIOI1]. The structure of this compact 3 dB MMI coupler is illustrated
in Figure I11.29(b). Instead of a rectangular design, the width of the MMI coupler varied
parabolicallly as a function of the horizontal distance z (supposing the left-hand side of the
MMI is z = 0). Considering the Goos—Hdinchen shift especially for the relatively thinner MMI

coupler (i.e.: Wy, < 2 um), we can note the effective width of the parabolic MMI coupler as

follows:
Z 2
Wem(z) = W, + (W, — W) (L—) + Wen (1M1-23 )
m
with
2
Nsio2“ Ao -
Wen = l—z(nefleZ - nstozz) z (111-24)
MNeff1D

where W) and W, are the width of the MMI coupler on the left-hand side and on the right-
hand side, respectively, and Ly, is the length of the MMI coupler.
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Figure I11.29: Simulated light intensity patterns I(y,z) in: (a). 2 pm-wide conventional MMI coupler; (b).
1.2 pm/2 pm-wide parabolic MMI coupler; (c). 2.4 pm/4 pm-wide parabolic MMI coupler. In (a) and (b),
the output tapers have length of 2 pm and width of 0.5/0.3 pm. For all cases, the input waveguide’s width is
set to 0.3 pm.
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The parabolic MMI coupler’s half-beat length (L,;”) with a phase shift of & is analogous to
( III-19 ) and have following integral expression [WEIO1]:

Ly’
= [ (B - hu@) s (m.2s)
0
with
3y
Bo(z) — B1(2) = (111-26 )
4"nefleVVemZ(Z)
Substituting ( 111-23 )and ( I1I-26 ) into ( I1I-25 ) yields
4 W, + Wgy)?
r_ nefle( r + GH) (111-27)

T 347

W. —Ww,
W 2 t -1 T l
W, v BT W, F Wey (111-28)

= +
2(W, + Wep) (W, + Wey) 2 W, —wW,(W, + WGH)%

with a weighting factor

n

As shown in Figure 111.29.(a), the 2 pm-wide conventional MMI coupler has an optimized
length of 6.2 um instead of the theoretical Ly, of 6.5 pum according to Figure II11.21. However
as shown in Figure II1.29.(b), the length of the parabolic MMI coupler is reduced to 3.3 pm.
Therefore the division of conventional MMI coupler’s length over the parabolic MMI
coupler’s length is 1.88. This value could be regarded as the simulation obtained weighting
factor, noted as n,. On the other hand, the theoretical weighting factor calculated according to
( [I1-28 ) is noted as . We list in Table I1I-6 the dimensions and parameters of the simulated
parabolic 1 x 2 MMI beam splitters shown in Figure I11.29.(b) and (c), respectively.

Table II1-6: Simulation parameters of parabolic MMI beam splitter as shown in Figure I11.29.

Case W, W, L M s
(b) 1.2 pm 2 pm 3.3 um 1.72 1.88
(c) 2.4 um 4 um 12. 8 pm 1.85 1.93

In conclusion, the parabolic MMI coupler provides a more compact solution to realize a
symmetric beam splitter. Meanwhile, the self-imaging patterns in such a parabolic MMI
coupler show a very interesting tilt angle about the middle line of devices (see the two split

light spots shown in Figure 111.29.(c)). This tilt effect could be due to the parabolically varying



width in the MMI section. This feature could be useful to extract the split beams into an
inclined outward waveguides, in order to expand quickly the vertical spacing between the two
output waveguides. However, this re-configured design increases the EL value in our
simulation. For instance, with the same parameters of Wy = 0.3 pm, W¢= 0.5 uym and L; = 2
um, the EL in the 1.2/2 um-parabolic MMI coupler and in the conventional 2 um-wide MMI
coupler (not shown here) is 0.55 dB and 0.36 dB, respectively. It would thus be worthy of
applying this parabolic MMI coupler’s design within a high integration rate PIC.

¢. Design of 1 x 4 MMI couplers

We have designed also the conventional symmetric 1 x 4 MMI couplers. Similarly to the 1
x 2 MMI coupler, based on the theoretical dimensions according to the self-imaging principle,
we scanned the length of MMI coupler to find an optimized L. The simulated intensity
pattern is presented in Figure I11.30 with a list of simulation parameters presented in Table
ITI-7. This conventional 1 x 4 MMI coupler with the theoretical dimensions has an additional
EL of 0.41 dB comparing to the un-optimized conventional 1 x 2 MMI coupler. Meanwhile,
the intensity difference between the split beams at the position of y = £0.5 um and y = £1.5
um results in a NU of 0.04 dB.

Figure I11.30: Simulated light intensity patterns I(y,z) in a basic MMI 1 x 4 beam splitter.

Table II1-7: Simulation parameters and EL results of conventional 1 x 4 MMI beam splitter.

Parameters Wn Ly P, W, EL NU

Values 4 um 12.1 pm 0.5 um/1.5 pm 0.4 um 1.8 dB 0.04 dB




Similarly to the 1 x 2 conventional MMI coupler’s optimization, we have at first scanned
the length of the MMI coupler within a range of 2 um. The EL and NU characteristic curves as

a function of L, are presented in Figure I11.31.
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Figure I11.31: EL and NU characteristic curves as a function of L, of basic 1 x 4 MMI beam splitter.

As shown in Figure II1.31, an exponential growth of EL has been observed as well as in
the case of 1 x 2 MMI coupler. The lowest EL is found with L,, = 11.4 um. At the same time,
from the split uniformity view of point, the lowest NU is located at L, = 12 um. We added
then the taper section in the 1 X 4 MMI coupler in order to continuing the optimization for the
EL and NU. The simulated intensity pattern of tapered 1 x 4 MMI coupler is presented in
Figure 111.32. We compared two dimensions of taper, the modeling parameters and simulation

results in listed in Table I11-8.

Figure II1.32: Simulated light intensity patterns I(y,z) in a tapered (0.5 pm x 2 pm) MMI 1 X 4 beam

splitter.
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Table II1-8: Simulation parameters and results of tapered MMI 1 X 4 beam splitter.

W L W, L; EL NU
Small-taper 4 um 11.6 pm 0.5 um 2 um 0.63 dB 0.05dB
Large-taper 4 um 11.6 pm 0.7 um 5 um 0.51 dB 0.33dB

In conclusion, the lowest EL could be obtained with a theoretical length of MMI coupler
slightly shorter than according to ( III-20 ). Indeed for the calculation of half beat length and
the output waveguide position, it seems that the Goos—Hdnchen shift correction is excessive,
maybe due to the large difference between the MMI coupler’s width and the leaked mode’s
penetration length. Meanwhile, an important NU comes out in the optimized case based on the
minimization of EL. There is thus a trade-off condition between the EL and NU for the
symmetric 1 x 4 MMI beam splitter. Comparing with the other 1 X N (N > 2) MMI beam
splitter mentioned in II1.2.1-d.2, increasing the number of the output N would result in a
growth of NU. For purposes of keeping a high uniformity among all the split outward
waveguides and making the arrangement of each elementary beam splitter more flexible
within the whole planar device, we have to limit the number of the MMI coupler’s output. In
this situation, we plan to cascade 1 x 2 or 1 x 4 MMI couplers for future beam splitter on our

Si3N4 waveguide platform.

d. Design of 1 x N symmetric PHASAR
Inspired by the PHASAR’s design, we have designed and simulated a monochromatic
PHASAR-like beam splitter based on our SizN4 waveguide platform. Its instantaneous E-field
distribution in the yz plane of the propagation modes is presented in Figure I11.33. We set the
access waveguide’s width to 300 nm and PHASAR’s width to 15 um. There are 11 symmetric
outputs arranged at uniformly spaced positions along the propagative wavefront-like arc, and
each outward waveguide is perpendicular to the tangent of the arc. We suppose the
propagative wave have a Gaussian E-field distribution along the y-direction. Then the right
hand side of the PHASAR has been designed as an arc with radius of curvature of 7 pum,
which is analogous to the Gaussian-like propagative wavefront with a diffraction angle of 30°.
Similarly to the decomposition of sub-wavefronts issuing from a punctual source, every split

sub-wave could continue to propagate along its wave vector’s direction.
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Figure I11.33: FIMMPROP simulated Phasar-based 1 x 11 beam splitter’s E-field instantaneous
distribution and the EL and NU characteristic curves as a function of the output’s location z from the

vertex of the arc.

We calculated the output optical intensity distributed in each outward waveguides.
Similarly to the analysis in the MMI coupler, we plot in Figure II1.33 the EL and NU
evolution curves as a function of the location z from the vertex of arc. In fact, the split beams’
intensity has also a Gaussian-like distribution along the y-direction. That means the split beam
in the middle output waveguide has the strongest intensity, on the opposite, the furthest pair of
split waveguides from the z-axis with a tilt angle of 15° have the weakest intensity. As seen in
Figure II1.33, this single input PHASAR has a high-level excess loss (> 3 dB) and non-
uniformity (> 10 dB) among the split beams in the 11 output waveguides. It cannot be

regarded as a good candidate for the expected 1 x N uniform beam splitter.

e. Designof 1 x 2" cascade MMI coupler
As we know, it’s possible to generate a symmetric 1 x 2N (N is an integer) cascade MMI
coupler based beam splitter. We study here only the simplest case, in which there are 2-stage
MMIs and 4 outputs. As mentioned before, we could take advantage of the elementary 1 x 2
beam splitter’s flexibility, in order to provide various device’s layout. We present here the

schematic illustrations of optical intensity patterns in two types of cascade MMI beam splitter.
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Figure I11.34: Schematic configuration of a 2-stage cascade 1 x 2 MMI coupler based 1 X 4 beam splitter.

The first design shown in Figure 111.34.(a) has 4 horizontal symmetric output waveguides
on the right-hand side of the 2nd-stage MMI,.; and MMI,.,, in which the Bendl have also
horizontal inputs and outputs to connect with the 1** and 2™ stage 1 x 2 MMI beam splitters.
On the other hand as shown in Figure II1.34.(b), the 2" stage MMI couplers are arranged with
a tilt angle about the horizontal axis, which is aligned with the inclined outputs of the Bendl.
Consequently, the 2™ stage MMI couplers expand much more vertical space within the whole
planar device.

From the dimensions point of view, the transition bent waveguides need to occupy more
space than the elementary 1 x 2 beam splitters (i.e.: 2 um % 10 pm) in order to reserve enough
interval space between each neighboring output waveguide at the terminal. For the purpose of
avoiding inter-waveguide interference, we suppose to separate the terminal-stage output
waveguides with a security interval. For instance, the Bend, should space its input and output
side a distance of several ten micons. Therefore, in order to make the whole cascade beam
splitter more compact, we have to design some specific low loss bent waveguides within the

beam splitting PIC.

111.2.3 Design and evaluation of bent waveguides

As mentioned before, the bent waveguides are dominant of the space’s occupation within the
expected beam splitting devices. We will introduce our design and evaluation of these bent
waveguides in this part. Firstly, we will define two types of curves, which have analogous

bended optical path. Secondly, we will introduce two theoretical approaches to analyze the
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radiation losses due to the bend. Finally, we will evaluate the bent waveguide’s propagation

performances and propose an efficient design within our targeted PIC.

a. Definition of plan curve-based bent waveguides

a.1 The S-Function bend

The S-Function bend is pre-defined as a default bent waveguide’s design except for the
constant-radius of curvature arcs within FIMMPROP. Assuming the origin of the coordinate
system is the beginning of the S-Function bend (see Figure I11.35), we can define the vertical
expanding space along the bent waveguide’s path as follows:

Z
y(Z) = T,,sin? (7%) (111-29)

where T}, is the spacing distance between the two shifted straight waveguides, which links one
output branch of the m"-stage MMI coupler’s output with the (m+1)th-stage MMI coupler’s
input (see Figure I11.34) and Z is the fractional z-coordinate normalized by the horizontal
length of m™-stage bend (Z = z/Ly).

Moreover, the S-Function also affects the width of the waveguide along Z in order to
maximize the optical transmission through the bent waveguide:

wz)=Ww, <1 — sin? (ﬂ» + W,,,sin? (ﬂ) (111-30)
Lhs 2 rhs 2

where Wy and Wy, are the width of the left-hand side and the right-hand side of the bent

waveguide, respectively. In our case, we have Wips = W= W,.

Figure II1.35: Simulated E-field amplitude distribution in a S-Function bended Si;N, rectangular

waveguide.
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We can deduce from the function shown in Figure I11.28), the radius of curvature of the S-

Function [WEISS]:
(@)
dz

azy
dz?

We will compare the evolution of the radii of curvature along the propagation path with other

R.(2) = (1I1-31)

curves afterwards.

a.2 The lemniscate-like bend

We have investigated some other plan curves, such as the lemniscate of Bernoulli. In fact, the
lemniscate-like bend’s design is widely used for the design of curved roads and tracks due to
its featured mathematical properties [LABROO03]. Lemniscate of Bernoulli is a special case of
the famous plan curve Cassini oval and firstly described by Jakob Bernoulli in 1694. 1t has the
locus of points for which the sum of the distances to each of two fixed focal points is a
constant. Classic lemniscate of Bernoulli in polar and Cartesian coordinates shown in Figure

I11.36 follows the 2D polar equation and parametric equations, respectively:

r? = 2a®cos26 (I11-32)
x(t) = a\/ic.os (t);
1 + sin2(t)
(II1-33)
© = av/2cos (t)sin (t)
YA = T sin? )

Considering a counterclockwise rotation of 45°, we obtain a sine-type lemniscate of Bernoulli

with similar equations in polar and Cartesian coordinates:
r? = 2a®sin26 (111-34)

_acos (£)(1 —sin (1))

o Ltsi?@) (11135 )
_acos (t)(1 +sin (1))
y©) = 1+ sin?(t)
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Full-period Lemniscate of Bernoulli in Polar coordinate Full-period Lemniscate of Bernoulli in Cartesian coordinate
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Figure II1.36: Full-period (0<0<180°) cosine-type and sine-type lemniscate of Bernoulli (with a=1)

presented by solid line in cyan and in magenta, respectively.

Schematical illustration of lemniscate based bent waveguide’s design is presented in
Figure II1.37. As an example, we generate a fractional part of normalized (a = 1) sine-type
lemniscate with 6 = 30°. It’s trace starts from the origin in both coordinate systems and will
end at an inflection point with a radius of curvature R, and a tangential angle 6.. The
geometric parameters at the inflection point could be easily calculated in the polar coordinates

as follows:

2
Rcza/Br
6, = 36

(1I1-36)

Since we have 6 = 30° and r = 1.32 in the polar coordinates, at the inflection point, R, =
0.44 and 6, = 90°. Then we combine the anti-symmetric image of this fractional lemniscate
curve in Cartesian coordinates to form a complete end-to-end bend, which is analogous with
the propagation path of guided modes in the bend section of our PICs. Therefore, the
horizontal and vertical spacing between the endpoints are 2.28 and 1.32, respectively.

By the way, we could also deduce the radius of curvature for this sine-type lemniscate by

using the parametric equations in the Cartesian coordinates [ WEISS]:

dx()\? . (dy©\ ]
(5% + (5 |
x(6) d?y(t) dy(t) d*x(®)|
dt  dt? dt  dt? |

(1I1-37)

where the horizontal and vertical displacements along the curve can be calculated according to

(111-35).
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1/6-period Lemniscate of Bernoulli in Polar coordinate Lemniscate of Bernoulli based bend in Cartesian coordinate
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Figure II1.37: 1/6-period (0<0<30°) sine-type lemniscate and its application in combining with its mirror

symmetric image at an inflection point with 6. = 90° to design a bent waveguide.

b. Modeling and analysis methods of the bend loss
In our single-mode rectangular waveguide, the index-contrast between the cladding (Si0;) and
the core (Si3Ny) is identical along the y-direction and along the x-direction (see Figure I11.4).
Therefore we must consider the leakage effect in both directions. We will introduce here two

rough analysis methods in order to evaluate the bend losses in a dielectric waveguide.

b.1 1°* approximation method: velocity approach

Marcatili and Miller introduced the velocity-delay approach to analyze the radiation loss
due to bent waveguides [MARCAG69a]. This velocity approach is based on the physical effect
that the low-loss propagative modes confined in the waveguide would imply propagation
above the velocity of light at a distance far from the center of curvature of the bend. As shown
in Figure II1.38, in order to keep the integrity of the propagation’s modal field in a curved
waveguide with a radius of curvature R and a propagation constant k,, the phase velocity of
fields in the wavefront is proportional to the distance from the center of curvature O..

Therefore we obtain a proportional formula as follows.

kO Rc
—_—= (II1-38)
k, R.+A4R

where ko and R.+AR are respectively the propagation constant and the radius of curvature at

which the phase velocity exceeds the velocity of light in the cladding.
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Figure I11.38: Schematic illustration of the propagation mode in a bent waveguide. W, is the width of the

waveguide. R, and 0, are the radius of curvature and the angle of arc, respectively.

Along with moving further from (around) the middle (z-axis) to the edge of the
waveguide, the phase velocity will be increased quickly and the effective index will go down
abruptly. As a result, the modal field’s confinement to the waveguide will become weaker.
Once AR is increased to a threshold, the effective index could be close to the refractive index
of the cladding. The SisN4 waveguide has thus no more confinement for the mode.

According to this velocity approach, we can present the attenuation coefficient in a

simplified form as follows [GOELL74]:
a = Ciexp (—C,R,) (111-39)

where C; and C; are constants depending on the dielectric waveguide’s geometric dimensions
and refractive indexes. As shown in ( III-39 ), the bend-related attenuation coefficient varies
as an exponential of the radius of curvature. Thus the radiation loss could change abruptly
from considerably large to negligibly small when we increase the minimal radius of the
curvature of the bent waveguide. The values for C; and C; play also an important role in the

calculation of the theoretical bend loss.

b.2 2™ approximation method: 2D modal analysis

Marcatili quantitatively analyzed the propagative modal fields in a bended dielectric
waveguide [MARCAG69b]. This modal analysis theory can be used to deduce the accumulated
bend loss in a TE single-mode SiO; cladded SizN4 waveguide. The main difference of this
model with respect to the elementary “velocity approach” method presented before, is the fact

that the dependence of C, with R; is taken into account in the equation (II1-39). As explained
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in the following, this dependence comes from the possible excitation of higher order leaky
modes when R, significantly decreases. As mentioned before, the cross-section of the
considered Si3N4 waveguide should be close to the cut-off dimension (i.e.: 250 nm % 300 nm).
Only TEgy mode could thus propagate with a high confinement in the Si3N4 medium. We
modeled in Figure II1.39 a 2D rectangular waveguide with a turning angle of 6 and a fixed

radius of curvature R..

Figure I11.39: Schematic illustration of a curved SiO, cladded Si;N, rectangular waveguide. W, and t are
the dimensions of the waveguide’s cross-section, R, and 0 are the radius of curvature and the angle of arc

about the origin of the curvature O, respectively.

As shown in Figure I11.39, When the optical wave goes through a bend with a radius of
curvature R, the only large modal field components, such as TEgo-like mode’s E, (Hy) are
perpendicular to the curved z-axis. All of these components have a sinusoidal distribution
along x or y direction within the SisN4 medium and an exponential decay in the cladding SiO,
media. The penetration depth along the y and x-axis are noted as & and m, over which the
modal fields decrease by 1/e. The propagation constant is related with the free space

wavelength by the expression:

k, = Jkoz —k,? —k,* (111-40 )

where ko = 2mngisng /A with A the free space wavelength i.e.: 0.633 um in our case; ky and ky
are the propagation constant’s component along x and y axis, respectively. ky is identical in
the straight and curved waveguides and equal to 2nnespre/A. In fact, the model analysis theory
is based on a theoretical study of the TE or TM-like propagative modal field’s evolution in a

bend. The attenuation mechanism can be supposed to be linked to the fact that the
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fundamental or low-order modes could be coupled to higher-order modes in the curved section
and result in a loss of confinement for the propagative modes. Consequently, this mode’s
conservation would finally excite the leakage of energy from the guidance material to the
cladding layers. [MARCAG69b] has given the relation between the portions of the guided
mode’s power coupled to high-order modes as a function of the radius of curvature in the

transition section between a straight waveguide and a curved waveguide:

kyo (koW \°
f(RY) =%0< ;0 g) 2z (111-41)

yo /) Re

where kyo is the propagation constant along y-axis in straight waveguide and ko the axial
propagation constant, which equals 2nn.sop TE/A (see Figure 111.14). Since the field component
in a straight waveguide’s cladding media decays almost exponentially away from the guide,

we can calculate it as a function of the penetration length £ by the following expression:

1 2
kyo = |ko® — k% — (E) (111-42)

where k; = 2nnSi0O, /A. By using FIMMPROP’s MOLAB, we can easily find this penetration
length for different cross-section waveguides. We present in Figure 111.40 the TEq, E-field
distribution along y-axis in the straight SiO, cladded SisN4 rectangular waveguides with

different cross-section dimensions.
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Figure I11.40: Modal fields distribution along y-axis in the straight rectangular waveguide of several cross-
section dimensions. Dots present the edge location of the waveguide and pentagons present the location of

&, over which the modal fields decrease by 1/e.

97



In fact, we find that the horizontal penetration length & for the TEgyo mode doesn’t vary a
lot with the increasing of the cross section dimensions. In casel and case2, § = 0.12 pum; in
case3 and case4, § = 0.11 um. At the same time, we found a ‘pulse’ near the edge of the
waveguide. It should be due to the E, component discontinuity at interface. In the case of the
shortest Rc values (strongly bent waveguides) this description is incomplete, since the guided
mode maximal intensity is no more centered in the middle of the waveguide, but shifted in its
outer middle part, similarly to a centrifuge effect. We have neglected this effect, and we have
considered that the penetration depth of the guided mode is the same as in the case of a
straight waveguide. This approximation is considered as valid for moderate bends, which will
be chosen in any case in order to limit excess losses.

Finally, based on TEg-like mode’s analysis in the curved rectangular dielectric
waveguide, we deduced the equation (19) in [MARCA69b] to put the R. dependent
attenuation coefficient o, into a simplified expression, which is similar to ( 1II-39 ). This

general expression of attenuation coefficient o, can be noted as follows:
a(R.) = Ciexp (—C,(R)R,) (111-43 )
with a R¢-independent constant:
1
(kyoW)z wl _ (kyoW)z 2 ko’ (1 _ Msior? )
i Wy n kzoz NsizNa’
C = T (111-44)
Ne; 2 k OW 2 ZW k OW 12
1_2(1_ Si02 )(y )_I_ 1_(3’ )
NsizNa’ T Wy T

and a R.-dependent constant:

3
ky()W ’ Zf(Rc) 12
o [1- (B22) (14 442) s,
3k,o W3

where W is the multimode cut-off width, which relies on the wavelength and the refractive

CZ (Rc) =

indexes:
A

W= 2 2
2\/n5i3N4 — Ngjo2

(1I1-46 )

In order to avoid redundancy, we could substitute several symbol variables shown in (
I11-44 ) by the numerical values, which are applied for the presented SizN4 bent waveguides

(see Figure I11.39). We obtain thus:
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C==—
A kzO % 5
1+WA2
s (111-47)
2k T N2 (ko) ko> W, \'|?
Cz(Rc)= z ( ) _<L0> < Zoz g)
3 (\k,oW k.50 kyo? 2R,
with
k,oW\*
A=1 _< y°_> (T11-48)
T

b.3 Discussion and analysis of C; and C,

We list in Table III-9 a table of substituted material-dependent constants and parameters

and in Table III-10 the numerical values for the dimension dependent variables.

Table I11-9: Values for the material-dependent variables in the studied Si;N, waveguide.

Variable A (um) n(Si3N4)  n(Si0) W (um) ko (rad pm-1) k; (rad pm-1)

Values 0.633 2.0 1.44 0.22 19.85 14.29

Table I11-10: Values for the geometry-dependent variables in rectangular Si;N, waveguide.

Waveguide . . R, (nm,
Case Nef2p Cy(um™) C; (um™)
(t x W, : nm) for C,=0)
' 0.33\2]*/*
1) 200 x 300 1.63 0.514 10.79% |0.78 — 0.46 (1 = ) 1.08
L c
' 0.35\2]*/°
Q) 250 x 300 1.68 0.471 11.12x 073 — 043 (1 = ) 1.15
L c
' 0.56\2]"
3) 250 x 400 1.74 0.439 11.51x |0.68 — 036 (1 = ) 1.47
L c

As shown in Table III-10, the bigger the cross-section of the rectangular dielectric
waveguide is, the smaller the constant C; is in the formula of the bend losses calculation.
Supposing the cladding material is homogenous and symmetric about the rectangular
waveguide, C; is inversely proportional to the 2D effective index for the TEy mode.

Meanwhile, in our case, within a variation of 200 nm of the waveguide’s cross-section, C;

99



always stays at the same order of magnitude i.e.: several tenths per micron. In order to
qualitatively analyze the evolution of C,, we present also in Figure III.41, the characteristic

curves of C, as a function of the radius of curvature.
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Figure I11.41: Characteristic curves of C, as a function of the radius of curvature.

As shown in Figure II1.41, C, is a piecewise function of the radius of curvature. If R; is
inferior to a threshold value, C, could be very close to zero. Consequently, the attenuation
coefficient would no longer depend on R, but only rely on C,. Otherwise, when R, exceeds the
threshold, C, will increase as a function of R.. Comparing with different cases, we firstly
found a proportional relation between the dimensions of rectangular waveguide and this
threshold value of R, to make C, = 0. The larger cross-section the rectangular waveguide has,
the longer the threshold radius of curvature is. Physically speaking, we need to design a
curved waveguide with a relatively larger radius of curvature, in order to decrease the
radiation loss for a larger rectangular waveguide. By the way, we have also applied this modal
analysis method to calculate the bend loss for a known InP rectangular waveguide, in which
the bend losses have been measured. The theoretical calculation result matches well with the

experimental results.
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We will thus apply this approximation method to evaluate the mentioned S-Function and
lemniscate-like bended Si3Ny4 rectangular waveguide’s radiation loss, in which the R, is varied
along the whole bend section and has a minimal value at least equal to 10 um, in order to

satisfy the approximation condition.

111.2.4 Evaluation of lemniscate-like and S-Function bent waveguides

a. Definition of the optical transmission in a bent waveguide with varied radius
of curvature
Similarly to the other attenuation coefficient, o, can be defined as the decay of optical power P

in a bent waveguides along z-axis by the expression:

dP

- 111-49
Pds ( )

a. =

Since in a bent waveguide, the wave vector’s direction is varied along its optical path, we use
thus s as a curvilinear displacement instead of the horizontal displacement z. In the both
studied bent waveguides (i.e.: lemniscate-like or S-Function bend) with varying radius of
curvature, the calculation principle consists in the decomposition of the full curve into
successive elementary curves with constant R, and in the application of the function (I11-45)
for each elementary transition. As shown in Figure II1.37, the bent waveguide’s optical path is
defined to be analogous to a pair of anti-symmetric fractional lemniscate of Bernoulli. By
computing the integration and substituting ( III-39 ) we obtain the optical transmission in a

parametric expression for the lemniscate-like bent waveguide as shown in ( 111-37 ):

d
- P[())ut _ o Jiac®(ggat (111-50 )
in
with
2 2
ds _ <@) N (d_y) (III-51)
dt dt dt

On the other hand, for the S-Function bent waveguide as shown in ( III-31 ), we can also

calculate the radius of curvature dependent transmission along z-axis:

z ds
T = Pout — e lez ac(z)(ﬁ)dz

(III-52)

in

with
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2
ﬁ = [1+ (d_y) (III-53)
dz dz

Therefore, the accumulated radiation loss due to the bend’s radius of curvature in both
cases could be evaluated through an analytic expression of the attenuation coefficient, which

is varied along the whole bend section. By the way, we will use the same definition of excess

losses shown in ( III-21 ) to evaluate the bent waveguides.

b. Modeling of optical path of bent waveguides

The evaluation aims at comparing the occupation size (horizontal and vertical spacing
between the 2 endpoints, which are analogous to the input and output of the bent waveguides)
and the accumulation loss between the S-Function bends and lemniscate-like bends. In the
beginning, we need to design the dimensions of bent waveguides based on both types. We
suppose here the expected vertical spacing Ay between the start point (on the bottom-left side)
and the endpoint (on the top-right side) is fixed to 50 um, which matches the expected spacing
between the last-stage split waveguides shown in Figure I11.34.(a).

The analogue optical paths made by a pair of anti-symmetric fractional lemniscates and the
corresponding S-Function curves are presented in Figure I11.42. We have chosen a serial of
tangential angles 0. at the inflection point for the lemniscate-like curves (i.e.: 6.= 60°, 90° and
180°). Meanwhile, we generate also a S-Function bend corresponding to each lemniscate case,
in order to link the start point with the 3 different endpoints. Consequently, in the smaller 6.
case, we need more horizontal spacing along z-axis in order to lay down the whole curve.

For the purpose of making the cascaded beam splitter more compact and distributing the
split waveguides more uniformly in a square-like plan, we hope to increase the aspect ratio of
device, which is defined as the division of the horizontal spacing over its vertical spacing. In
this context, the design of lemniscate-like bent waveguides with a bigger 6. could be more
interesting for us. However, we will begin our evaluation and analysis with the case of the
smallest 6.. We suppose that both types of curves are totally anti-symmetric about the
inflection point, we will thus present the evolution of optical path and its radius of curvature
and calculate the accumulated bend losses only along the first-half of optical path shown in

Figure 111.42.
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Comparison between lemniscate-like and S-Function bends
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Figure 111.42: Comparison between lemniscate-like and S-Function curves with the inflection point with

0.=60°, 90° and 180° for a vertical spacing of 50 pm between the endpoints.

b.1 6, = 60°

As shown in Figure I11.43, our first remark is that the lemniscate-like bend has an extremely
large R; (much larger than 500 pum) in the beginning of the curve and goes down to its
minimum at the inflection point. On the contrary, the S-Function curve’s radius of curvature
begins with its minimal R; and arrives to the maximum at the inflection point. Secondly, the
minimum of lemniscate’s radius of curvature is about 50% smaller than that of S-Function’s.
However, comparing with the mentioned threshold radius of curvature (C, = 0), both curves
are far away from the high attenuation zone. The accumulated bend losses along the
lemniscate bend and the S-Function bend, according to ( III-50 ) and ( III-52 ), in 3 different

cross-section rectangular waveguides (see Table I1I-10) are presented in Figure 111.44.
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Figure I11.43: Trace of half-path bend and evolution of radii of curvature between the lemniscate bend

(with 0. = 60°) and S-function bend for a vertical displacement of 25 pm.
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: Theoretical cumulated EL of the bent waveguides (with 0. = 60° and Ay,,=25 pm).
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As shown in Figure II1.44, the radiation loss in the lemniscate bend will exponentially
arise up to the maximum at the inflection point, and for the S-Function bend, the accumulated
losses will arrive a limit value in the middle of the path. Comparing with different size of
waveguide’s cross-sections, it has been seen that the TE( mode propagation losses along the
half-path bent waveguide can be reduced about 1/3 by increasing the width of the waveguide

(see Table III-10).

b.2 0. =90°

As shown in Figure II1.45, the lemniscate bend with 0, = 90° is featured by the fact that the
wave vector of the propagation modes can turn 90° at the inflection point. Meanwhile, the S-
Function bend has a tangential angle of 45°. Comparing with the case b.1 with 6, = 60°, the
length of the bend along the z-axis has been cut off more than one third, although both curves
have a comparable minimal R, (i.e.: 25 um for lemniscate bend and 40 pm for S-Function
bend). The accumulated bend loss along the bend section is presented in Figure II1.46.
Similarly to the precedent case, the attenuation threshold of the lemniscate-like bent
waveguide is located at about one third of the 1* half path. By exceeding the threshold, the R,
will keep descending and the bend loss will arise with exponential growth. During the last few
microns along the propagation path, the bend loss in a lemniscate-like bent waveguide will be
increased straightforwardly and thus result in a notable growth of the bend’s accumulated
losses.

By the way, comparing with different cross-section sizes of waveguide presented in case
(1)-(3) (see Table II1-10), we find the same tendency as the precedent situation with 6, = 60°:
the smaller the dimensions of rectangular waveguide are, the more important the bend loss of
the guided TEy mode becomes. This property fully consists in the characteristic curves C,
(R¢) curves shown is Figure I11.41. Once the minimal R of the bends is larger than about 7
um, C; (R;) in case (3) will always be larger than that in case (1) and (2), on the opposite, C,
in case (3) is the smallest among all the cases. Consequently, the bent waveguide in case (3),
which has a largest cross-section has the smallest accumulated bend loss. On the other hand,
since the minimal R, of the S-Function bend is at the start point, the EL characteristic curves
will also arise quickly during the first few microns of the bend section and arrive at a saturated

level of 0.1-0.2 dB, which is almost doubled comparing with that of b.1.

105



Half-path bends Radii of curvature of the bends

w 500+
40 1 ' _.__Lemniscate (ec=90 degree)
450} S=Function
30 1 400/
35011
20 .
300 !
£ £ '
2 2 2501
> 101 1 o’ E
200 \
0 ] 150
100 I \s‘
=10 Lemniscate (6c=90 degree) S 50+ Treel Sl
S—Function | T T
T T T L o L L L L
0 10 20 30 40 0 10 20 30 40
z (um) z (um)

Figure II1.45: Trace of half-path bend and evolution of radii of curvature between the lemniscate bend
(with 0. = 90°) and S-function bend for a vertical displacement of 25 pm.
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Figure I11.46: Theoretical EL of the bent waveguides (with 0. = 90° and Ay,,=25 pm).
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To sum it up, the accumulated bend loss in a lemniscate with 6, = 90° has a lossless
propagation within its first third of the 1* half path for the TEy mode. However, this
advantage over the corresponding S-function waveguide will be straightforwardly eliminated
by the quick growth of accumulated loss involved in an exponential decay of R, within the last
few microns of the half-path close to the inflection point. However, the S-Function design
could also encounter an abrupt change of radius of curvature in the very beginning of the bend
section due to the fact that there is always a straight access waveguide used to link the
precedent device’s output with the bent waveguide. In this case, if the S-Function bend’s EL
arises quickly to a comparable value, caution should be also taken for the design of the joint

straight waveguide.

b.3 0. = 180°

The last case we studied is with 6, = 180°. As shown in Figure I11.47, the lemniscate-like
bent waveguide could reverse the propagation wave vector’s direction at the inflection point.
After combining its anti-symmetric twin curve as shown in Figure 111.42.b.3, the finally
horizontal displacement from the start point to the endpoint b.3 could be remarkably reduced
to about 30 um. In this case, we can save about 2/3 of the z distance with respect to the case
with 0, = 90°, and even 4/5 with respect to the case with 6, = 60°. Along with the propagation
in the lemniscate bend, at the location near the intersection point with the S-Function bend (z
= 22 um), the radius of curvature is decreased to the minimum of magnitude of 10 um, and
then R will arise very slightly to 11 um, in where we can find the inflection point. As a result,
as shown in Figure I11.48, the lemniscate-like bent waveguide will begin to suffer relatively
huge losses, when it goes across the turning point at z =25 um until the inflection point.

By the way, the influence of the waveguide’s cross-section could be also noticed: the EL
curves would be separated with more and more difference along the propagation path between
the smallest cross-section waveguide in case (1) and the largest cross-section waveguide in
case (3). As shown in Figure 111.48, the bend loss in the 250 nm x 400 nm-waveguide will be
reduced of 0.3 dB with respect to the 200 nmx 300 nm-waveguide. For the S-Function, the
tangential angle at the inflection point has exceeded 45°. As a result, within the very beginning
of the bent waveguide the EL could be already up to 0.2 dB and 0.3 dB for the larger and the

smaller cross-section waveguides, respectively.
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Finally, we may propose here a new design based on the lemniscate with 6, = 180° and
Ayy,= 25 um. Considering the first 20 um just before arriving at the intersection point along
the propagation in the bent waveguides as shown in Figure I11.48, the accumulated bend loss
in the lemniscate bend is smaller than in the S-Function bend. We can take this advantage in
order to design a low loss (i.e.: for 250 x 400 nm Si3N4 waveguide EL < 0.2 dB) routing
device and realize a wave vector’s turning of 60°.

Furthermore, we can also choose an arbitrary endpoint with an expected tangential angle
0., along the lemniscate curve in order to increase the flexibility of the arrangement of the
mentioned cascade devices. In that case, it can be relevant to successively position one
lemniscate, one S-function (with inflexion point) and again one lemniscate, with continuous
R, value at the junctions, in order to benefit of the highest R, values along the whole bend
section. Moreover this combination allows connections with “infinite” radius at sensitive
interfaces (straight waveguide-lemniscate bend and then the inflexion point inside the S-
function bend). This type of wave vector turning device could easily be integrated in the

cascade beam splitter as shown in Figure 111.34.

111.2.5 Conclusion

In the part III.2, we introduced the design of some elementary passive devices, which are
based on the mentioned SiO, cladded SisN4 waveguide platform. Firstly, we designed and
optimized different types of MMI coupler-based 633 nm single-mode 1 x 2 beam splitters, in
which the simulated EL (excess losses) could be reduced to 0.1 dB and be comparable with
the other state-of-the-art 1 x 2 beam splitters. The complete final 1 x 16 splitter can be made of
a cascade of such 1 x 2 splitters. Then we systematically studied the bend loss’s mechanism
based on Marcatili’s mode analysis theory. The bend attenuation coefficient has been
established as a function of radius of curvature for the studied waveguide platform. By
applying this analytic model, we evaluated then the S-Function and lemniscate of Bernoulli-
based bent waveguide’s design. Finally, the combination of lemniscates and S-function bends
has been proposed as a low loss and compact optical routing device to be integrated into a
cascade beam splitter system, which could be used to realize the uniform and coherent light

distribution on a planar PIC.
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I11.3 CONCLUSION

This chapter was dedicated to the design of the SisN4 PIC for the 633 nm light uniform
repartition on a square-like plate, to match the size and shape of the holographic plate, thanks
to a waveguide array, which is composed by different elements as single-mode straight and

bent waveguides, and power splitters.

The first step consists in designing single-mode waveguide, or wider “almost” single-
mode waveguide in order to limit excess propagation losses. First dimensions of such a SiO;
cladded Si3;N4 waveguide were determined at 250 x 300 nm. As an additional result, by this
complete study using vectorial mode calculation software, we also showed that almost square
section waveguides lead to first order-like TE/TM hybrid Eigenmode with circular
symmetrical intensity repartition. Such a waveguide must be avoided here since it should

favour TE/TM conversion.

The second step aimed at choosing and designing the 1 x 16 power splitter. By a
comparison based on excess losses and power non-uniformity properties of different splitters,
the 4-stage cascaded 1 x 2 MMI coupler was identified as the most relevant solution. Such
geometry needs then efficient bent waveguides in order to connect the different MMIs and to

uniformly position the waveguides and future emitters on the PIC surface.

The last part of this chapter was thus concerned with the bent waveguide design.
Especially a full comparison was done on two kinds of bend shape, the S-function and the
lemniscate bend. Both have progressive curvature radius, with a different evolution of this
radius along the curve. We showed finally that the optimal case should be an accurate
combination of the both shapes in order to ensure optimized connection with the straight
waveguides, and at the inflexion points. This leads to a typical combination of lemniscate — S-
function — lemniscate, which allows connections with “infinite” curvature radius at each

interface.

The three main building blocks of the PIC have thus been designed. The experimental

performance of these elements should be now evaluated.
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CHAPTER IV: FABRICATION AND CHARACTERIZATION OF
SIsN, WAVEGUIDES

The fabrication of our samples was realized at the Centrale de Technologie Universitaire
(CTU) IEF-MINERVE in the Universit¢ Paris-Sud. In this chapter, we will introduce the
cleanroom techniques and the process of SiO, cladded Si3N4 rectangular waveguides as well
as some other passive PICs based on the same planar device platform. Meanwhile, we will
discuss on some critical parameters within the fabrication process and also present the process
optimization. Then we will introduce the characterization methods and analyze some

preliminary measurement results. At the end, we will discuss outlooks of this work.

IV.1 CLEANROOM FABRICATION PROCESS

Our integrated photonic devices were fabricated on 4” silicon wafers. The whole flowchart
of cleanroom fabrication is shown in Figure IV.1. We will describe the main processes

corresponding to the steps of the flowchart in this part.

Photoresist
Si;N,; 0.25 um Si;N;0.25 um
Silicon dioxide 2.0 um ‘ Si0, 2.0 um Si0; 2.0 um
PECVD PECVD ‘
Si0; 2.0 um I W l patta [ — l
Si;N,  SisN, SisN,0.25 pm SisN;0.25 um
Si0; 2.0 pm Si0; 2.0 um ‘ Si0, 2.0 um $i0,2.0 um
PECVD RIE etching EBL

Figure IV.1: Flowchart of the fabrication process in cleanroom.
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IV.1.1 Deposition of materials

As mentioned in the Chapters II & III, due to low losses in the visible spectrum, we used the
silicon nitride and silicon dioxide as the dielectric waveguide’s “core” and “cladding”
materials. Meanwhile, the refractive indexes and the physic dimensions of these dielectric
materials play a very important role for the propagation of guided modes in the waveguides.
We introduce here the deposition process of the sub-micron or several-microns thick silicon

nitride and silicon dioxide layers on top of the standard 2 and 4” Si substrate.

a. Principle of LPCVD and PECVD techniques
Usually, there are 2 conventional chemical vapor deposition methods for the silicon nitride
and silicon oxide: the low-pressure chemical vapor deposition (LPCVD) [MELCHOS,
HOSSEQ9] and the plasma-enhanced chemical vapor deposition (PECVD) [GORINOS,
IKEDAOS, DAI12]. We will briefly review both CVD techniques and discuss respectively

their goodness and weakness.

a.l LPCVD

For a slab dielectric waveguide, the dominant intrinsic losses are due to the surface scattering,
which is generally proportional to the square of the ratio of the surface roughness to the
operating wavelength. According to the cited reports, stoichiometric SizNy4 layers grown by
LPCVD exhibit remarkable refractive index uniformity, highly controllable thickness, and
extremely small interface roughness. The LPCVD made slab SiO, waveguide contributes of
about 0.5-5 dB/cm to the losses of the fundamental guided mode, and more for higher-order
modes [HUNSPO09]. Meanwhile, for a 2D cross-section dielectric waveguide, LPCVD has also
shown its advantage for the purpose of low loss propagation. For instance, the LPCVD made
Si3N4 channel waveguides had propagation losses of 1 dB/cm for the single-mode regime and
down to 0.1 dB/cm in multimode regime at 1.55 um [SHAWO0S5]. However, this technique for
Si3N4is limited by the maximum deposited layer thickness, which is less than 350 nm due to

the large internal tensile stress of this material (around 1.3 GPa) [DALDOO04b].

a.2 PECVD
The PECVD process is attractive in our application due to the low temperature of the
deposition chamber (usually 300-400 °C for PECVD and 800 °C for the LPCVD). It is used to

deposit thin films from a gas state (vapor phase) to a solid state on a substrate within the
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chemical reaction induced by the plasma. The plasma is created by radiofrequency between
two electrodes, i.e.. HF-PECVD usually works at a high frequency of 13.56 MHz and LF-
PECVD works at a low frequency from 10 kHz to 500 kHz. The chamber is filled with
reacting gases and plasmas typically operate at pressures from a few mTorr to a few Torr. For
LF-PECVD process, low-mass ions can follow the applied radio frequency electromagnetic
field so as to cross the plasma sheet and directly bombard the substrate leading a change of
structural and physical properties of the deposited films. Gorin et al. reported their preference
of this low-frequency technique to deposit silicon nitride materials for application of channel
waveguides, due to a higher optical index and a lower absorption coefficient over the visible
wavelength-range in comparison with HF-PECVD [GORINO08]. In our process, we chose LF-
PECVD technique to deposit both oxide and nitride layers.

b. Deposition of SiO; and SizN4 by PECVD
Deposition process of SiO, cladding layer on silicon wafer is as follows: once a voltage is
dropped across a thin sheath region between the plasma and the sample in its contact, all the
ionized atoms or molecules that diffuse to the edge of the sheath region are attracted by an
electrostatic force and are accelerated towards the neighboring surface. Thus all surfaces
exposed to the plasma receive energetic ion bombardment. Especially when high-density
plasma is formed, the density of ions can be high enough to result in a significant sputtering of

the deposited films. The chemical reactions involved in this process are presented as follows:
3SiH, + 6N,0 — 3S5i0, + 4NH; + 4N, (IV-1)

The formed film of silicon dioxide contains hydrogen impurities from the silane precursor.
Then, a new vacuum pumping with the initialization of the ambiance in the reaction chamber
will be executed to eliminate the N,O and N, before the nitridation reaction happens as

follows:
3SiH, + 4NH; - Si;N, + 12H, (IV-=2)

During this reaction, if the silane percentage and ion bombardment are increased, a film of
silicon rich silicon nitride will be formed, thus the composition of the Si and N elements is not
as precise as the subscripts of Si3N4 . But a low deposition temperature would be helpful to
stabilize the nonstoichiometric Siz+N4.y. As seen in Chapter II, an ellipsometric measure of
refractive indexes of both deposited layers has been done to give a reference for our fabricated

materials. The process parameters of our PECVD recipes could be found in Table IV-1.
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Table IV-1: Parameters'® of PECVD processes at the CTU IEF-MINERVE.

Recipe P, T, Tsn Gas (flux) top Theyip Dettip
N,O (1420 sccm) 2272.55 + 1.438
LFSIO 550 mTorr 300 °C 250 °C 30°
SiNy4 (400 sccm) 10.182 nm 0.003
NHj; (20 sccm) 262.12 + 1.9995
LFSIN 550 mTorr 300 °C 250 °C 5’307
SiH; (2000 sccm) 0.711 nm +0.006

The silicon nitride film seems to contain hydrogen impurities, which are probably
introduced by silane and could result in absorption effect in the NIR range. According to
references, by applying a high-temperature annealing, i.e.: at 800°C or at 1000°C, some of the
stress and trapped gases could be removed from the deposited layers [GONDA10]. Recently,
Romero-Garcia et al. reported cladded single-mode photonic wire with low waveguide loss (<
0.7 dB/cm) at 660 nm fabricated within a CMOS pilot-line using PECVD technology, while
Subramanian et al. also reported low loss silicon nitride waveguide for 532-900 nm
application [ROMER13, SUBRA13]. Thus, with an optimization of PECVD by adjusting the
ratio of the reactive gases and processing and using an additional annealing step after the
deposition, we believe that high quality SiO; clad SizN4 rectangular waveguides should be
obtained (not applied here).

IV.1.2 Electron beam lithography

Electron beam lithography (EBL) is the key step for the cleanroom fabrication of sub-micron
integrated devices. Within an ultra-vacuum and stable room-temperature environment, EBL
set-up exposes a thin film of chemical resist (usually with a thickness of several hundred nm
to several um) and writes down the design patterns (with a feature size down to several nm) by
moving a high-voltage electron beam gun, in which the exposure dose of electron beam and
displacement step-size can be precisely controlled. Shawn et al. reviewed and compared the
mainstream high-energy EBL techniques [SHAWNI10] to show the outstanding writing

precision of EBL technique comparing with the conventional projection optical lithographic

13 P,p: Operation Pressure in the reaction chamber; T,: Temperature of platen; Tg: Temperature of
showerhead; t,,: Processing Time; Thep: Ellipsometry measured thickness of deposited layer; nenip:
Ellipsometry measured refractive index.
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techniques. Finally, by applying a corresponding development solution, the expected patterns
with a fine feature size could be thus transferred to the resist layer, which is made of some

specific polymer materials.

a. Preparation of substrate and spin-coating of resists
A step of substrate cleaning should be done before the spincoating of resist. Typically, we use
firstly the PICO plasma cleaner to clean the surface of the PECVD made Si;N4 samples. The
pressure of oxygen is set to 0.7 mBar and the generator’s power is 160 W at 40 kHz. After 5-
minute oxygen plasma cleaning, the substrate is rinsed with acetone, Isopropyl alcohol (IPA)
and de-ionized water. Then we dry them with nitrogen.

A widely used negative photoresist MaN-2403 is used as our e-beam resist. The choice of
negative resist is based on the fact that waveguide-occupied effective writing area should be
very small comparing to the whole pattern frame with a distribution of planar-geometry split
waveguides. Meanwhile, according to the characteristic of MaN-2403, we found it to be
readily used to pattern narrow and long ridge-like waveguide with a featured size down to 25
nm and to be nearly independent on the dose of e-beam in the case we keep the feature size of
pattern at the same order of magnitude. To improve EBL performances, a HMDS'* Prime
promoter layer of several ten nanometers is used to increase adhesion between silicon nitride
surface and MaN-2403 layer by reacting with the substrate material, removing absorbed water
and reducing surface energy. Another layer of E-spacer 300Z has been spun on top of the
MaN-2403 in order to prevent internal charge build-up in the dielectric materials during the e-

beam writing process. The parameters of spincoating processes are summarized in Table [V-2.

Table IV-2: Parameters of spincoating program for the resist deposition.

Material Speed Acceleration Delay Thickness Thake(@90°C)
HMDS 5000 rpm 5000 rpm/s 60” several nm None
MaN-2403 4000 rpm 5000 rpm/s 60” ~250 nm 90”
E-spacer 4000 rpm 5000 rpm/s 60” Several nm 1207

'Y HMDS: Hexamethyldisilazane.
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Caution should be taken when we put the HMDS on the SisNy4 deposited samples. Since
the methyl groups of the HMDS fragment form a monolayer of hydrophobic-like surface on
top of the water-free SisNy4 substrate accompanied with the release of NH3, a N, bubbler oven
step has to be done to HMDS for the water-free substrate. In our case, only spin-coater is
available to deposit HMDS, so we have to make sure that a very thin thickness is deposited by
increasing the speed of the spinning. Otherwise, a too thick HMDS film will make the
through-developing process impossible [MICRO13].

b. Nano-beam lithography
We have used the NanoBeam© nB4 to write the waveguide patterns at the CTU IEF-

MINERVE.

b.1 Operational parameters and writing strategy

The mentioned nB4 facility uses an acceleration voltage from 30 kV to 100 kV. According to
the database, a guaranteed writing beam size down to 8 nm could be obtained for an operating
voltage at 80 kV. We use a negative resist (i.e.: MaN-2403) for the EBL process due to the
fact that the effective writing area is small. A relatively low writing current (i.e.: 1.6 nA) has
been thus chosen to write our patterns. In fact, the criterion of operational current relies on the
exposure dose and the writing areas. For the conventional EBL technique, we can define the

dose of exposure D as follows:

D—IT (1V-3)
A

where I is the beam current, T is the dwell time of exposure, A is the exposed area and D has
usually an order of magnitude of pC/cm?”. By the way, once we choose the operation current,
we can use ( IV-3 ) to estimate the writing time. Since the contact between the electron beam
and the surface of electron sensitive resist is diffusive, the dose of exposed electron beam is a
decisive factor in order to precisely control the exposed area, which results in the
determination of pattern’s dimensions in the resist layer. The EBL’s exposure process of a
typical tapered waveguide is schematically illustrated in Figure IV.2.

The first wider rectangular section is used for coupling the input light from the micro-
lensed optical fiber with a diameter of 2 pum; the second taper section is used to transmit
progressively the input light beam into a 300 nm-wide single-mode SisN4 waveguide, which is
illustrated in the 3™ section. Meanwhile, we suppose the length of each section is variable

from several pm to several mm. In fact, within a sub-field writing zone (typical 20 pm x 20
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um), the e-beam gun only adjusts its emission angle to leave the exposure trace following a
vector-scan mode along a referenced direction and finally covering the whole sub-field pattern
zone. The nB4 system chooses the shorter side of a rectangular pattern zone with a default
setting. For example, in the case shown in Figure IV.2 the vector-scan starts with the top-left
of the pattern, then moves vertically from top to bottom, and finally turns 90° to the second

column. This repeatable round-way scanning lasts within the whole sub-field area.

1 I 1
j—— L, —— L, ¢ Ly >

Figure IV.2:Schematic diagram of the EBL exposure spot routing to write a tapered rectangular

waveguides.

b.2 Field stitching errors

Once the emission angle leans towards its limit where the exposure spot arrives at the edge of
the first sub-field, the e-beam emission will move into the next sub-field pattern area without
mechanical move. At this moment, a mismatch of focus and an abrupt variation of e-beam’s
location could probably cause “sub-field stitching”. As shown in Figure 1V.3.(a), these field-
stitching effects occur occasionally within the section of straight 300 nm-wide waveguides. As
a result, a lateral shift of patterned resist is observed, and the measured spacing distance is
varied from several nm to tens of nm. From the light beam propagation point of view, this
fabrication error could result in considerable loss due to misalignment and also discontinuity.
Similarly, once the e-beam gun finishes writing the whole main-field (typical 500 pm X
500 um), nB4 system will send to the stepping motor a driving command to move the beneath
chuck with a step size of 500 um. This mechanical movement of heavy metallic chuck
probably causes another type of pattern’s mismatching or discontinuity called “main-field
stitching”. In fact, a non-optimized “main-field stitching” has also a feature dimension of
several tens of nm, or even more. Consequently, a discontinuity near a main-field’s boundary

has also been observed (see Figure IV.3.(b)).
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Figure IV.3: Micrograph of resist after developing: (a). a lateral shift caused by the sub-field stitching; (b).

a discontinuity of pattern caused by the main-field stitching.

b.3 Stitching error’s overcoming with alienment marks

Although the errors due to sub or main-field stitching are relatively smaller than the feature
dimensions of the patterned waveguides, we need after all to correct effectively it to optimize
propagation performances. We introduce here a self-focusing method assisted by additional
alignment marks. Before applying the spin-coating of the EBL resist, we have deposited a
series of Au rectangular marks (typically 6 um X 8 um with a spacing of 200 pm) on the top
of the SisNy layer by UV lithography and lift-off techniques (see Figure IV.4.(a) and (b)).

zoom

N
AccV SpotMagn Det WD ——————— 100um
150kV30 250x  SE 59

(@ (b) ()

Figure IV.4: (a). & (b). Optical microscopic photos of Au alignment marks deposited on silicon nitride

samples; (c). Micrograph of alignment marks with EBL patterned resist.

These 3-element metallic marks can be found in a line every 2 mm in horizontal and
vertical directions. An identification program of nB4 is thus executed to verify the alignment
marks by refocusing on them with the EBL’s scanning election microscope. If the size of

rectangular match, the location and the updated focus value for each alignment mark are
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registered in order to generate a new and more precise focus map within the whole substrate. It
means that with a displacement of 2 mm during the EBL writing, the focus can be updated by
using the data of the neighboring alignment marks taken from the new focus map. By the way,
in our case, we defined also the EBL’s writing coordinates by linking the locations of two
horizontally arranged alignment marks with a relative large spacing distance for example, 4
mm. The idea is to write down our straight waveguides in parallel with the horizontal abscissa
in the EBL’s writing coordinates. Furthermore, these alignment marks can be used during the
sample’s cleavage process, since the um-wide marks are easily observed and localized by the

assistance optical microscope in the dicing saw, rather than the nm-wide waveguides.

b.4 Analysis of the charge effects

Moreover, if we consider the reaction between the e-beam and the electron sensitive resist
deposited on top of the dielectric materials, there should be others “charge effects” due to the
secondary electrons and the back-scattered electrons, which will expose a certain area around
the principal e-beam spot (see Figure IV.5). Each exposure of nB4’s with a Gaussian-like e-
beam profile forms a spot with a nominal size of 2 nm. If we apply a relatively large current or
choose a small dose for the EBL process, the exposure time would be thus increased.
According to ( IV-3 ), we have to enlarge the step size, in order to avoid exceeding the
nominal frequency of exposure (typical 50 MHz). In this case, we need to delete the residual
effects of charge due to the secondary and back-scattered electrons. Indeed these residual
electrons are totally diffusive in the resist and they could straightforwardly modify the shape
of exposed resist. As a result, the lithographic quality could be degraded. That’s why an
additional E-spacer layer is realized on top of the MaN resist in order to prevent the internal

charge build-up of the residual electrons.

'sd ! 'sd ! d

1 1 | | i<
e-beam Secondary Back-scattered
spot e- e-

Figure IV.5: Schematic diagram of charge effects in the resist due to the principal and residual electron
beams during the EBL writing process. d is the typically diameter of the e-beam spot and s is the

experimental step size of EBL exposures.
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¢. Resist development
We use AZ-726 MIF to develop the EBL exposed MaN-2403 resists. It contains a wetting

agent for fast and uniform wetting of the wafer. This helps ensuring good uniformity when
short developing duration is chosen. Based on our test results, 30 seconds are enough to
remove the unexposed resist with a thickness of 250 nm. In addition, the sample has been
submerged in the de-ionized water for 20 seconds before developing to wet and dilute E-
spacer layer. Slightly jiggle of the sample is useful to optimize the contact between the organic
solution and the sample during the developing. The sample should be always placed
horizontally and jiggle from side to side along the parallel direction with the straight
waveguide’s pattern. After the developing, we rinse the sample with de-ionized water for more

than 2 minutes and then dry it with nitrogen.

d. Optimization of EBL process
We can firstly evaluate the EBL’s performances by observing the cross-section’s profile of the
developed resist. By the way, a thin layer of Au can be deposited on top of the developed
samples, in order to avoid the unfavorable charge effect in the scanning electron microscope

(SEM) and enhance thus contrast of the micrograph.

d.1 Discussion on the vector-scan mode

In our EBL optimization process, we firstly aim at overcoming the discontinuity and
unfavorable pattern shifting due to the sub-field(s)-stitching. By applying the alignment
marks, these issues could be effectively improved. On the other hand, since the fabricated
straight waveguides have a length of at least 800 um and a cross-section of 250 nm X 300 —
400 nm, which are then cleaved and measured in an optical loss characteristic platform, the
main-field stitching could be still detected from the transmission spectrum. We will discuss on
this issue afterwards.

Secondly, the influence of the dose and stepsize of the e-beam exposure on the developed
resist’s cross-section’s profile has to be investigated. By the way, we must point out that nB4’s
vector-scan mode may introduce gentle undulations along the sidewall of developed resist (see
Figure 1V.6). In fact, if the step size of exposure is slightly larger than the experimental
exposure spot size, the time-domain convolution of the dose profile along the horizontal axis
is smoother than the one along the sidewall of waveguides. Because nB4 chooses the shortest

side of pattern zone as its trajectory of writing, the abrupt change of writing direction occurs
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along the vertical side of pattern. This wave-like dose profile would thus be transferred into
the resist. According to the optical loss theory [GOELL77], the surface scattering loss due to
the roughness of waveguide’s sidewall would be dominant in the propagation losses of the

dielectric waveguide.

Dose profile

0

nm

~ 246 nm .
AccV SpotMagn Det WD }—_{.zﬁﬁjlj[\
150KV 30 65000x TLD 638

Figure IV.6: Schematic illustration and SEM photo of etched sample show the undulation of the

rectangular waveguide’s sidewall and top face due to the vector-scan writing mode.

d.2 EBL’s dose and stepsize tests

In the very beginning of our EBL tests, we tried varying doses and step-sizes. Typically,
doses from 2.0 C/m* to 5.0 C/m” and exposure step size from 5 nm to 15 nm were tried. The
tested pattern was a series of 350 nm-wide straight and curved waveguides and some of the
results are presented in Figure IV.7. As shown in Figure IV.7 (a) and (b), in the case of a large
step size of 10 nm, there are two sloping facets on the top of the waveguide and the cross-
section is not rectangular with expected dimensions. Especially when the dose of exposure is
small at 3.1 C/m’ (see Figure IV.7 (a)), the difference between topside and bottom side of the
developed resists is large. On the other hand, in the case of a higher dose as shown in Figure
IV.7.(b) and (d), the profiles of resist are closer to a rectangular and their cross-section are
closer to the expected dimensions with extremely vertical sidewalls. By comparing a large
amount of samples with different EBL doses and step-sizes, we have found the same tendency

even if influence of the dose is weak on the developed resist’s profile.

121



AccV SpotMagn Det WD j——————| 500 nm
200KV 30 50000x TLD 54 TEST DE DOSE S9 WG10-WEN-

AccV SpotMagn Det WD p——————— 500 nm
150KV 30 50000x TLD52 TEST DE DOSE S9 WG5-WEN-

%371 nm

7

AccV SpotMagn Det WD p—————— 500 nm
150KV 30 50000x TLD 55 TESTDE DOSE S WG10-WEN-

=————1328m

261 nm

AccV SpotMagn Det WD ————————| 500 nm
150KV 30 65000x SE 57 TESTDE DOSE S9 WG5-WEN-

Figure IV.7: Micrograph of cross-section and sidewall of resists after developing. The pattern is 350 nm-

width straight waveguides: (a). s =10 nm and D = 3.1 C/m’; (b). s =10 nm and D = 4.1 C/m’; (). s=5nm

and D = 3.1 C/m%; (d). s =5 nm and D = 4.5 C/m’.
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Figure IV.8: Micrograph of cross-section and sidewall of resists after developing for the pattern design

with different widths of waveguide w. The EBL’s parameters are s =5 nm and D = 4.5 C/m’: (a). w = 380

nm; (b). w =400 nm; (c). w = 420 nm; (d). w = 450 nm.
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To sum it up, we need firstly to decrease the step-size of the EBL as small as possible, in
order to improve the uniformity of the profile. If we fix the operation current at 1.6 nA and a
step-size of 5 nm, the optimized dose is 4.5 C/m”. In Figure IV.8, SEM photos of width-varied
samples in these conditions are shown. Similarly to the case of Figure IV.7 (d), the cross-
section profiles of developed resists are close to a rectangle with a thickness of the developed
MaN layer around 250 nm. Comparing with the expected width of the patterns, the developed
resist has only a mean tolerance of 20 nm, which is acceptable considering the nB4’s minimal
nominal precision of 8 nm. However, the presences of mentioned undulations due to nB4’s

intrinsic vector-scan writing still persist on top and along the sidewalls of the resist.

IV.1.3 Reactive ionic etching

Reactive ion etching (RIE) uses chemically reactive plasma to remove, in our case, dielectric
materials deposited on the silicon wafer. Due to the vertical delivery of most reactive ions,
RIE, as inductively coupled plasma (ICP) combined with RIE, can produce anisotropic
profiles, in order to realize a high aspect ratio silicon etching [WU10]. Meanwhile, the RIE
and ICP-RIE etchings for the rectangular Si3N4 waveguides with good properties have also
been reported in [GONDA10]. We introduce here the RIE process applied for our EBL
samples and evaluate the etching performance by analyzing the influence of different

parameters of RIE process.

a. Principle of RIE plasma etching

A schematic illustration of the RIE facility and RIE plasma etching process is presented in
Figure IV.9. In the reaction chamber and within a varied-pressure atmosphere, the precursor
gases i.e.: CHF; and CF4, are dissociated with the energized plasma’s electrons, generated at
radiofrequency. The reactive species i.e.: CF3" and F diffuse into the dielectric layer(s) of the
samples along a certain flux direction. The Si3Ny4 layer adsorbs the reactive species and its Si-
N bonds are also broken and replaced by the SiF4, Therefore, the solid Si3Ny is transferred into
gases and leave the sample’s surface. Meanwhile, a high-density reactive gas flux causes a
physical collision in the Si3N4 layers. A combination of these chemical and physical effects
can consequently etch the SisNy layer with a controllable etching rate. Once the whole Si3Ny4
layer has been totally removed, the beneath SiO, layer can suffer from the precursor gases.

However, the SiO; layer should have a different etching rate, usually faster than the SisN4 one
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because it’s easier for the Si-O bonds to adsorb the fluorine ions and form the SiF4 gas. As a
result, by choosing an appropriate etching selectivity, we can obtain an expected rectangular

Si3N4 etched structure on top of the SiO; layer.
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Figure IV.9: Schematic illustration of the RIE set-up and plasma etching processing.

b. Laser interferometer based end-point detection
By using a Jobin Yvon 633 nm laser interferometer based RIE end-point detection system
(shown as “detector” and red-line laser beams in Figure IV.9), we can monitor in real-time the
etching process, which is presented by the interference fringe’s evolution as a function of

operation time.
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Figure IV.10: Jobin Yvon’s end point detection laser interferometer experimental data: (a). with 30 mTorr

and 450 W; (b). with 20 mTorr and 150 W.
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Based on some precedent test recipes at IEF, we have started our RIE tests with the
precursor gases of CF4 and CHF; flux values of, respectively, 42 and 10 Standard Cubic
Centimeters per Minute (sccm). In this situation, we evaluated the etching rate (ER) as a
function of chamber pressure and RF power. As shown in Figure IV.10, we found clearly a
shift of interference fringe’s periods after certain duration of RIE etching. In the case (a), the
first periodic oscillation ends at 84 s, and it corresponds to the RIE condition of 30 mTorr and
450 W. On the other hand shown in the case (b), the shift of oscillation period occurs at 196 s
due to a decreased RF power and chamber pressure. As the reactive gas flux is diffused
homogeneously in the environment where our SisN4 samples is, etching effect in the same
dielectric materials could be considered to be uniform from a macroscopic point of view. Thus
the RIE etching rate is supposed approximately a constant within the Si3N4 layer. Therefore, a
study of the influence of RF power (chamber pressure: 40 mTorr; RF power: from 100 to 600
W) and chamber pressure (RF power: 450 W; chamber pressure: 15 to 40 mTorr) on SizsNg ER

was carried out and the results are shown on Figure [V.11.
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Figure IV.11: Characteristic curves of etch rate as a function of chamber pressure and RF power in the

RIE process for the 260 nm-thick Si;N, waveguide samples.

As shown in Figure IV.11, both characteristic experimental data are linears. In the

chamber pressure-dependent ER curve, there is a threshold around 20 mTorr with constant ER
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of 2.95 nm/s below and a linear growth with a slope of 0.01 nm/s/mTorr above. On the other
hand, in the RF power-dependent ER curve, we found a threshold RF power of 325 W with
constant ER of 2.32 nm/s below and linear growth with a slope 0.0068 nm/s/W above.

¢. Evaluation of the cross-section profile
The pattern for EBL is composed of width-varied straight waveguides, optimized EBL process
conditions have been applied (D = 4.5 C/m”and s = 5 nm) and. a recipe with 42 sccm of CFy4
and 10 sccm of CHF; has been used for etching. The test of RIE is aiming to optimize the
etched waveguide’s cross-section’s profile by varying the chamber pressure and RF power and
to obtain an 260 nm-thick Si3N4 rectangular waveguides with sidewalls as vertical as possible
for the purpose of TEy mode’s E-field symmetry. Meanwhile, the etched waveguides are
expected to have minimal sidewall roughness, in order to decrease the surface scattering loss.
We present here some representative samples with 3 different RIE recipes. By the way, since
there were still some unconsumed Man-2403 resists persisting on top of the patterned SizNy
waveguide with a thickness of several tens of nm, samples have been firstly washed by the

acetone + [PA solution and then loaded in the PICO plasma cleaner.

c.1 Sample 10: Pressure = 40 mTorr, RF power =300 W and etching time = 112 s

As shown in Figure IV.12, the sidewall bowing effect is observed, which means the etched
waveguides have a pair of hyperbola-like sidewalls. According to [RANGEO03], the general
reason to form such a sidewall bowing is the non-uniform charging effect due to the electron
shading. Upper parts of the sidewalls are locally charged and would reduce the flux of etching
species reaching the bottom of the samples. As a result, the horizontal moving flux of etching
species could be denser than the vertical flux, which is going down. Since the expected
rectangular has a low aspect ratio, the lateral etching effect on the middle part of sidewalls
become more important in this case. Consequently, both chemical reaction and physical
collision of the etching species have more impact in the middle part of the sidewalls.
Meanwhile the top part suffers from less etching effect than the middle because of the
protection by the resists, and the foot of the SisNy received less etching species. Finally, a
bowing-like cross-section is formed. From the propagation mode’s distribution view of point,
such a bowing-like Si3N4 ridge waveguide would have no longer a horizontal symmetry for

the fundamental modes.
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Figure IV.12: Micrograph of cross-section and sidewall of RIE etched Si;N, waveguide sample S10 with
different widths w. The EBL’s parameters are s =5 nm and D = 4.5 C/m’: (a). w = 380 nm; (b). w = 400
nm; (¢). w =420 nm; (d). w = 450 nm.

c.2 sample 10-2: Pressure = 30 mTorr, RF power = 450 W and etching time = 84 s

Based on the analysis of sample 10, we tried to increase the RF power, in order to increase
the verticality of etching species’ flux going across the plasma sheath and moving towards the
bottom. At the same time, we decrease also the chamber pressure for the purpose of dilute the
atmosphere, in which the neutrals and other non-biased reactants have less probabilities to
hinder the reactive gases flux going downward. As shown in Figure 1V.13, the retrograde
sidewalls have been obtained. Comparing the width of the cross-section with Figure V.12, the
etched waveguide’s topside has an average reduction of 50 nm. Meanwhile, the waist of the
cross-section profile has been raised from the middle to a location close to the topside.
Although the laterally moving etching species have etched more Si3N4 than the precedent case,
the sidewalls have no longer hyperbola shape but an improved verticality. However, the

retrograde effect should also be eliminated to avoid deforming the propagating modes.
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Figure IV.13: Micrograph of cross-section and sidewall of RIE etched Si;N; waveguide sample S10-2 with
different widths w. The EBL’s parameters are s =5 nm and D = 4.5 C/m’: (a). w = 380 nm; (b). w = 400
nm; (¢). w =420 nm; (d). w = 450 nm.

c.3 sample 12: Pressure = 15 mTorr, RF power = 450 W and etching time = 88 s

In fact, as a tendency observed in the precedent cases, the smaller the chamber pressure is,
the more vertical sidewall is obtained. However, the RIE set-up has a limitation of the
chamber’s pressure to have an auto-assigned gases flux angle, which is 15 mTorr for any RF
power. As shown in Figure IV.15, we obtain an etched waveguide with sidewalls more
vertical than the previous ones As it can be seem in Figure 1V.14, width has a maximal value
at the bottom side, which has been reduced to more or less 80 nm comparing with the pattern’s
drawing width.

However, the topside’s faceting effect must be caused by the angular dispersion of ions
and neutrals, which have more chances to have collisions within the plasma sheath because the
light density atmosphere makes the etching depending more on the angle of ion incidence

[RANGEO03].
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Figure IV.15: Micrograph of cross-section and sidewall of RIE etched Si;N, waveguide sample S12 with
different widths w. The EBL’s parameters are s =5 nm and D = 4.5 C/m’: (a). w = 380 nm; (b). w = 400
nm; (¢). w =420 nm; (d). w = 450 nm.

IV.1.4 Cut and cleavage of the samples

a. Dicing saw cutting
Disco dicing saw system DAD 641 has been used to cut the samples based ona 1 cm x 3 cm
Si substrate. The used 56 mm-diameter dicing blades with a plane edge of 30 um are installed
with a 54 mm-diameter metallic support. In fact, we made some rectangular alignment marks
in the same layer as SizN4 waveguide, in order to observe and localize easily the cutting
positions on the sample’s edge. A SEM photo of the sample’s boundary with alignment marks
is presented in Figure IV.16.(a) and the side view scheme of the dicing saw’s cutting in Figure
IV.16.(b). The depth of the cutting is inferior to the whole thickness of the sample, in order to
keep the bottom part of each cleaved section getting together and also improve the uniformity
of the cleaved sidewalls. Since a pair of adhesive plastic film encloses the substrate after a

batch of cutting process, we can easily recover all the divided sections by lightly pressing the
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samples from its backside. And besides, we can program all the information concerning the
start point’s location and moving route of the blade for each cut, and realize an automatic

batch process, especially for a length-varied waveguide samples.
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(a) (b)

Figure IV.16: (a). SEM photos of the plan view of cleavage zone on the substrate of SiO, cladded Si;Ny4

waveguide samples. (b). Schematic illustration of the side view of the dicing saw cleavage.

Moreover, we tested also different feed speeds (i.e.: 0.1, 0.3 and 0.5 mm/s) along the
cutting direction and also different revolution speeds of the spindle (i.e.: 18000, 24000 and
30000 rpm). We present some representatives photos of the cut waveguide’s samples in Figure

IV.17.

(b) (c)

Figure IV.17: Dicing saw cut cladded waveguide’s samples: (a). with 0.1 mm/s and 24000 rpm; (b). 0.5
mm/s and 18000 rpm; (¢). 0.5 mm/s and 30000 rpm.
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As shown in Figure 1V.17.(a), with a slower feed speed, the dicing saw caused along
cutting interface many bursts and brought a lot of curdling with a feature size of 1 um. We can
hardly find out the Si3N4 rectangular waveguide’s profile under SEM. Once we increase the
feed speed, the feature size of the bursts becomes bigger and there are less bursts as shown in
Figure IV.17.(b) and (c). However, all of the samples cleaved by this blade could introduce an

important coupling loss due to the roughness of the cleaved facets.

b. Scriber cleavage
We have also tried the direct cleavage using the scriber set-up under an assistant optical
microscope. By producing a groove with the diamond tip at the predefined position of the
sample, the crystalline Si wafer could be cleaved following the trace of the grooves. In fact,
the substrate comes from the standard 4 Si wafer, which has a thickness of 530 um. So we
need firstly to make the sample thinner by using a conventional polishing setup. We usually
remove a thickness of 400 um in order to satisfy the operation condition of scriber. If we thin
it more, we would obtain a curving substrate sample. Then we can adjust the force of scriber’s
tip, with ranges from several grams to several hundred grams. Some SEM photos of the

scriber cleaved sample’s cutting edge are presented in Figure IV.18.

Figure IV.18: SEM photos of optimized scriber cleaved samples’ cutting edge.

As shown in Figure IV.18, the scriber’s cleavage of samples is better than the dicing saw’s
cutting. We can find out clearly the rectangular-like Si3N4 waveguide’s cross-section profile.
Meanwhile, the cleaved edge in the whole field of view looks neat and uniform which is
favorable to couple the light source with less loss due to the surface scattering. However, the
weakness of this scriber based cleavage techniques is a high dependence of the operator’s

manual precision because alignment of the sample’s edge and localization of the groove’s
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position have to be done manually. At the same time, much attention should be taken when we
intend to separate the cleaved sections from the initial substrate by manually pressing the
backside of the extremely thin samples. Consequently, we can barely obtain a perfect fraction

of waveguide samples with a length inferior to 1 mm.

IV.1.5 Conclusion

In this part, we presented the principal cleanroom fabrication techniques and processes of the
633nm single-mode Si3N4 rectangular waveguides. The critical steps are the PECVD, EBL
and RIE. By scanning a great number of variable parameters and qualitatively evaluating the
samples under a SEM, we have optimized each elementary process step and finally obtained
measureable SiO, cladded Si3N, straight and curved waveguides with a ~260 nm-thick
rectangular cross-section and different widths, as well as MMI couplers based beam splitters.

At the end of the technological process, the cleavage is also a critical step for such structures.

IV.2 CHARACTERIZATION OF FABRICATED WAVEGUIDES

In the precedent chapters, we have systematically introduced the design, simulation and
fabrication of the SiO; cladded Si3;N4 rectangular waveguide, which is intended to be single-
mode at 633 nm. Since this waveguide is the basic element within the targeted 1 x 16 beam
splitting planar integrated device, we must measure the fabricated samples propagation losses.
In this part, we will firstly present our experimental characterization platform, and then show
the loss measurement results for different lengths of straight waveguides. Lastly, we will
analyze these experimental results and discuss on the prospective optimization involving the

design, fabrication and also characterization.

IV.2.1 Characterization platform

a. 635 nm laser diode test
Since we are interested in TE propagation modes in the fabricated SisN4 waveguides, the first
step of the characterization is to make the 633 nm laser source with a TE linear polarization
state. The experimental set-up for the TE polarization calibration is schematically presented in

Figure IV.19.
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Figure I'V.19: Schematic illustration and photos of the TE polarization calibration set-up.

We have used the laser diode (THORLABS TCLDM-9) with a TEC 2000 temperature
controller and LDC 500 laser diode controller. The noticed central wavelength of this laser
diode is 635 nm with a microwatt optical power. Firstly, we characterized this laser diode’s
output spectra measured by an optical spectral analyzer (OSA) ANRITSU MS-9710C. The
OSA has an effective operation wavelength range from 0.6 to 1.75 um. We tested several
stabilized operation temperatures, which are varied from 25°C to 38°C. Meanwhile, we varied
also the driving current from the threshold (i.e.: 25 mA) to the limited maximum (i.e.: 90 mA).
The fibered output of the laser diode has been connected with a 2 pym-diameter micro-lensed
fiber (AMS technologies AG: TPMJ-3A-633-4/125-1-5-2-10-1-AR). Then we coupled the
output beam from the micro-lensed polarization-maintaining fiber into a 10x objective and a
set of beam expander, which is based on 2 convergent lenses as shown in Figure IV.19. The
parallel propagative beam is collected by a fiber collimation packages (THORLABS F230FC-
B) and finally sent to the OSA’s input by a 633 nm single mode optical fiber. We list in

the OSA’s parameters for the laser diode’s test. The diode laser’s output characteristic

spectra as a function of current at an operation current of 27°C are presented in Figure IV.20.

Table IV-3: Parameters of OSA for the diode laser’s characterization.

Parameters Acenter Span Resolution VBW Ptay Sampling

Values 636.5 nm 5.0 nm 0.2 nm 1000 Hz 10 501 pts
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Figure I'V.20: Current-dependent output optical power spectra of the laser diode.

The maximal output optical power is decreased by 2 orders of magnitude comparing with
the optical output of the diode laser. This attenuation has been probably introduced during the
coupling of optical signal between the fibered propagation and inter-lens transmission. As
shown in Figure IV.20, the central wavelength is shifted from 635.8 nm to 636.4 nm when the
current is increased from 50 mA to 65 mA at 27°C. Then the output peak has a blueshift about
0.2 nm when the current continues arising to 80 mA. We studied also the time-dependent
stability of this diode laser without any stabilization operation. In fact, an average wavelength-
shift of 0.3 nm has been observed during 10 minutes in keeping all the parameters unchanged.
The instability of the measured diode laser’s spectra is probably caused by the interference
effect between the current-driven diode laser and the reverse-path optical signals, which are
reflected by some smooth ends of fiber interconnectors and inputs of the measurement
instrument (i.e.: OSA). To do a reliable measurement of optical transmission, we should thus

improve the stability of the diode laser source.

b. Stabilization of the light source
Firstly, in order to eliminate the mentioned internal interference affected by the reverse-path
optical signal, we installed an isolator (THORLABS 10-F-660) as shown in Figure IV.19.

Secondly, we slightly pulled out a few mm on both optical ends within the first interconnector,
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which is used to link the diode laser’s fibered output and the isolator’s input in order to induce
a constant feedback. Moreover, a 1%/99% beam splitter (THORLABS FC-632-99B) has also
been inserted following the output of the isolator in the optical path. Its 1% output has been
connected directly with the OSA. Finally, we fixed the operation temperature of 25°C and
driven current of 80 mA and measured the time-dependent laser diode’s output optical power
spectra as shown in Figure IV.21. The applied laser diode’s parameters are presented in Table
IV-4. By the way, the output of this 1%/99% beam splitter has been used as the reference
signal for the transmission measurement of the waveguide samples.

Between each neighboring measurement, we wait 5 minutes. Generally speaking, by
applying the mentioned stabilization operations, the laser diode could send relatively stable
optical spectra spanning from 635.5 nm to 636.3 nm. Meanwhile, due to the fluctuation of the
driven current and also the controlled operation temperature, these reference optical spectra
don’t show a good stability as a function of time. During half an hour, the optical power peaks
have an average fluctuation of 20%, although these power peaks didn’t shift laterally in the
spectra. However, for the next transmission measurement, we suppose each measurement of
the transmitted signal and the reference signal has only an interval of time less than 1 minute,

the division optical spectra should be out of the influence of this instability.
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Figure I'V.21: Time-dependence output optical power spectra of the stabilized laser diode (T=25°C).
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Table IV-4: Parameters of OSA for the diode laser’s characterization.

Parameters Acenter Span Resolution VBW Ptay Sampling

Values 635.85 nm 1.0 nm 0.05 nm 1000 Hz 10 1001 pts

¢. TE polarization state
As shown in Figure IV.19, the TE polarization of the guided modes can be realized by rotating
the fibered polarizer, which is connected with the 99% output of the beam splitter. Since the
micro-lensed fiber can maintain the state of polarization, the propagative light arriving the
sample’s left-hand side would keep the same state of the polarization at the output of the
fibered polarizer. On themright-hand side of the sample’s support, the second polarizer would

filter the collected light through the objective and the beam expander.

IV.2.2 Transmission measurement of the straight waveguides

a. TE modes transmission measurement set-up
We present in Figure 1V.22 the experimental set-up used to measure the transmission of
waveguide samples. The diode laser is operated at 25°C and 80 mA. We used a visible camera
with a 20 X zoom camera to monitor the plan view of the optical signal’s coupling between the
lensed fiber and the on-a-chip waveguide samples. We used ELLIOT-MARTOCK 3-axis
adjustable supporters to precisely move both the lensed fibers. Two camera-captured photos of
the optical coupling between the lensed fibers and the waveguide are presented in Figure

IV.23.
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1/99 BS polarizer
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Figure I'V.22: Schematic illustration of the waveguide’s optical transmission measurement.
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Figure I'V.23: Views of the input (left) and output (right) coupling between the lensed fiber and the straight

waveguide.

At the same time, we used another 10%/90% fibered beam splitter to do simultaneous
measurement of the optical power and optical spectra. The idea is to optimize the coupling by

real-time monitoring of the powermeter and then recording the stabilized optical spectrum.

b. Measurement of the transmission spectra and attenuation coefficient
By using this popular end-fire method, we measured the optical spectra for 5 straight
waveguides with lengths from 500 um to 900 um. As we mentioned before, the scriber
assistant cleavage is not reliable to prepare a sample with a certain predetermined length.
Consequently, we present here only the measurement results for the straight waveguide
samples realized with the optimized fabrication process shown in Figure IV.13.(d) and cut by
the dicing saw with a non-optimized recipe. For each sample, we measured separately 3 times
the “ref” and “sig” spectra and we redid every time the optimization of the optical coupling
between the lensed fibers and the sample, in order to save only the maximized “sig” spectra.

The OSA measured average transmission spectra are presented in Figure V.24,
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Figure IV.24: Transmission spectra of the different lengths straight waveguides.

As shown in Figure 1V.24, the spectral transmission for each measurement is defined as

follows:

Psig (/1)

Teasr) = Pros ) (IV-4)

This transmission value is the ratio of the transmitted power to the input power, including the
contribution of the two splitters (1:99 and 10:90, before and after the sample) as shown in
Figure IV.21. The fiber-to-fiber transmission is thus obtained by correcting this value as
follows:
Tref(A) = 0.01xOT’;;Lm (IV-5)
.99x0.9

Supposing that the attenuation coefficient due to the straight waveguide length should be
constant, we present in Figure IV.25, a characteristic curve showing the relation between the
fiber-to-fiber transmissions at 635.7 nm (expressed in dB) as a function of the waveguide’s
length. We fitted it with a linear function since the relation between the transmission (in dB)

and the linear losses can be expressed by:

Trer(dB) = 4.343X(—al + ¢) (IV-6)
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Figure I'V.25: Relation between the fiber-to-fiber transmission and the waveguide’s length at 635.7 nm.

The slope of the linear fit leads to the linear attenuation coefficient of the waveguide,
which is estimated at 10.4 dB/mm. Taking into account the fluctuation of the 3-times
measurement, the error bar is as follows: 10.4 +/- 0.9 dB/mm. The constant part c is related to
the optical injection coupling, which is evaluated at 7.2 +/- 0.3 dB/facet, in accordance with
the mismatch size between the waveguide and the fiber spots. This result must be considered

as a very first estimation, whose range is anyway in accordance with literature results (see
Figure 11.12).

¢. Fabry-Perot oscillation effect
As shown in Figure IV.24, a serial of periodic oscillation (period = 0.2 nm — 0.3 nm) has been
observed in the transmission spectra. The Fabry-Perot theory can be used to analyze this

oscillation effect. At first, we can define a group index of the propagative modes as follow:

22

" = 2a2L (v

where AL is the Fabry-Perot oscillation’s step size, and L is the cavity length. By deducing the

1** order dispersion relation, we obtain the relation between this group index and the effective

index for the propagative modes:

ONgsr
oA

Ny = Nepp — A (1V-8)

where negris the guided mode’s effective index. Here we suppose the fabricated rectangular

Si3N4 waveguides have a fixed thickness of 250 nm and a variable width from 250 nm to 400
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nm. By applying the EIM, we can estimate approximately the theoretical group index for the
TEo mode’s propagating in such a rectangular Si3N4 waveguide. We present in Figure IV.26
the wavelength-dependent group index of the TEy mode function of the wavelength and also

the analogue FP cavity’s theoretical AL as a function of the FP cavity’s length for different

widths.
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Figure 1V.26: Group indexes as a function of wavelength and analogue FP1 cavity’s oscillation step-size as

a function of cavity’s length for the TE(, mode for different width of SiO, cladded Si;N, waveguides.

As shown in Figure 1V.26, the TEy mode’s group index changes little within the
wavelength range (i.e.: 630 nm — 640 nm). It could be increased when we enlarge the
waveguide’s cross-section. On the other hand, according to the formula shown in ( IV-7 ), we
can estimate the FP cavity’s length, which is supposed to be equal to the straight waveguide’s

length if there is no discontinuity along the waveguide.

d. Discussion on the measurement results

Based on the observed oscillation step-size in the transmission spectra, we can estimate the
corresponding straight waveguide’s length by applying the FP cavity theory. However, we can
hardly exclude the possibility that the coupled light beam has also be guided and propagated
within the enclosed SiO; layers. In this case, we can estimate also the FP cavity’s length by
replacing the negr of Si3Ny by the refractive index of SiO,. We present in Figure 1V.27, the FP
cavity’s theoretical AA as a function of the SiO, waveguide’s length. We list a comparison
between the FP cavity’s lengths corresponding to the observed oscillation step-size in the

transmission spectra in Table IV-5.
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Figure 1V.27: FP2 cavity’s oscillation step-size as a function of cavity’s length for the propagative mode

with a constant group index of 1.44.

Table IV-5: Comparison between the measured sample’s lengths by microscope and the theoretically

deduced FP cavity’s lengths for two waveguides effectives indexes.

Samples 500 600 700 800 900
Leue (m) 470+30 570430 670430 770430 87030

AL (nm) 0.32 0.26 0.26 0.25 03
Lepi" (um) 317 390 390 405 338
Lpz (um) 440 540 540 564 473

As shown in Table IV-5, firstly the reduction of the sample’s length measured under an
optical microscope is due to the dicing saw’s cutting. In fact, the width of the cutting blade is
about 30 um and thus a potential error of 30 um during the cutting operation could be
considered. Secondly, the observed FP cavities corresponding to different-sample transmission
spectra have a comparable theoretical length even in different length waveguide samples, i.e.:
for the samples of 600, 700 and 800. It should be reasonable to suspect that this FP cavity is
due to the presence of the main-field stitching with a certain interval of EBL’s main-field size

(i.e.: 500 um) along the straight waveguides.

15 pp1: corresponding to the 250 nm x 250 nm SiO, cladded Si3N4 straight waveguides; FP2: corresponding
to the SiO; slab waveguides.
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In fact, as a result of combined guiding effect in both the Si0; slab waveguide and SizNy4
rectangular waveguide propagating within a main-field section of 500 um, we could probably
find an FP oscillation in the transmission spectral with a step-size of 0.25-0.26 nm. However,
for the sample 500 and 900, we suppose that there should be a discontinuity point along the
waveguide, by which the straight waveguide could be split into 2 sections, and one of them
corresponds to the calculated analogue FP cavity’s length. Finally the comparison of LFP1,
LFP2 and main-field section of 500um may reveal that the effective index of the guided mode
is intermediate between the silica waveguide and the targeted Si3N4 waveguide. One possible

reason is that the realized waveguides are smaller (and less confined) than expected.

IV.2.3 Discussion, conclusion and perspectives of fabrication

In conclusion, for theses first measurement results of straight waveguide samples, we obtained
a linear attenuation coefficient estimated at 10.4 dB/mm and a 2-facet optical coupling loss of
15 dB due to the coupling between the lensed fibers and the unpolished sample. An
interpretation of the high linear attenuation coefficient measured in the fabricated waveguide
can be given as follows:

* Firstly, RIE-etched waveguide’s sidewall has an optically unacceptable roughness
as shown in Figure IV.6. As a result, the scattering due to the undulation along the
waveguide’s sidewalls causes enormous optical losses.

* Secondly, in our case, the measured width of the fabricated waveguide is about 260
nm and the SisN4 waveguide is totally under the single mode condition to only
support the fundamental transverse mode as TEy. Comparing with a wider
waveguide, the effective index of the guided TE( mode is abruptly decreased as
shown in Figure.Ill.12, as well as its confinement coefficient as shown in
Figure.ll1.13. The FP oscillation measurements also suggest that the confinement
of the fabricated waveguides could be lower than expected. Now, as shown in
Figure I1.12, the attenuation coefficient is expected to “exponentially” increase
with the decrease of waveguide’s width to very small values.

* Thirdly, inner FP oscillations caused by a main-field stitching have also been
observed in the measured transmission spectra.

Based on our analysis, we have planned to further optimize the EBL based fabrication

process, in order to eliminate the unfavorable e-beam writing field stitching effect and also to
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improve the sidewall roughness along the waveguides. By the way, we are intended to enlarge
the width of fabricated waveguide in order to decrease the linear propagation attenuation.
Considering the single mode condition at 633 nm, the expected width of etched waveguide can
arise 350 nm.

Then we would continue optimizing the dicing saw based cutting technique, for the
purposes of improving the cut side’s roughness and further increasing the optical coupling
efficiency with the lensed fibers. In fact, we are currently testing the dicing saw system with
different types of blades and also different operational parameters. The idea is to execute a 2-
step cutting by two different blades with two different precisions of roughness. Meanwhile, a
fine polishing process has also been considered to make further progress in the sample’s
cutting quality. Moreover, we also plan to fully characterize the other designed PIC devices,

such as the bent waveguides (shown Figure IV.28) and the MMI coupler based beam splitters.

Figure IV.28: View of the input (left) and output (right) coupling between the lensed fiber and a curved

waveguide combined by 2 anti-symmetric quart circles (R =400 pm).
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IV.3 CONCLUSION

Chapter IV was dedicated to the experimental part of this work. The realization of single-

mode optical waveguides, and more generally integrated circuits, for visible light operation

remains today a real challenge in terms of fabrication and performance for several reasons:

core and cladding materials must be of optical quality (low intrinsic losses and roughness),

they must be patterned without additional roughness or defaults and with challenging

dimensions (waveguides of typically 300 nm width on several mm length).

The main obtained results are as follows:

Fabrication of straight and bend Si;N4 waveguides buried in SiO, with estimated
width of 300 nm and thickness of 260 nm: in addition to usual technological
process optimization, this includes work on the e-beam lithography (new) setup
control to reduce some beam writing effects (lateral pattern roughness due to vector
scan mode, stitching errors, pattern widening due to electronic charge). Solutions
have been proposed and applied, like mark alignment use, writing step size control
and additional conductive layers.

Preparation of sample for test: dicing saw cutting has been chosen.

Optical test: despite technological defaults, straight waveguide losses have been
estimated at 10.4 dB/mm. This very first result is in accordance with literature
results, taking into account the dimensions of the waveguide and the material and

etching quality.

In this context we have also tried to show here the extreme rigor required to obtain

acceptable performances and to improve this first result: the PECVD technique of dielectric

layers should be accompanied by thermal post-treatment for better material quality; the

alignment procedure in e-beam lithography must be rigorously applied to avoid stitching and

misalignment; the device cleavage and preparation for test must be improved by combining

saw cutting and facet polishing.
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CHAPTER V: COUPLING BETWEEN MNP CHAIN AND SI3;N,
WAVEGUIDE

As explained in the first chapter of this manuscript, the visible silicon nitride PIC we are
developing includes sections dedicated to light radiation from the device surface toward a
specific direction. This directional radiation can be obtained with structures like gratings or
nano-antennas. We have chosen the latter type of structures, especially nano-antennas made of
metallic nanostructures supporting localized surface plasmons, because of expected better
(mono-) directionality control.

In this chapter, we will firstly review some representative research work on the hybridized
photonic-plasmonic modes generated in a metallic nanoparticle (MNP) chain, which is
deposited on the top of a dielectric waveguide. We will especially focus on the cases with a
visible resonant wavelength. Then, we will present the state-of-the-art optical antennas, which
are based on the MNP chains. Secondly, we will theoretically study the coupled photonic-
plasmonic modes between SisNy rectangular waveguides and gold and silver MNP chains. An
analytic method of MNP’s resonance calculation will be introduced in the first step. Then we
will use the FDTD method to simulate the hybridized waveguide. Finally, based on the
analysis of the simulation results, we will propose a value’s range of the MNP’s dimensions,
which can be used to effectively couple the TE fundamental mode of the beneath SisNy4

waveguide into the 5-element MNP chain at a visible resonant frequency.

V.1 BASIC KNOWLEDGE AND STATE OF THE ART

V.1.1 Surface plasmonic modes in a metallic nanoparticle (MNP) chain

The surface plasmon (SP) at the interface between a metal and dielectric materials has been
deeply investigated in theory since the pioneering work of Ritchie [RITCHS57]. The plasmons
can be considered as elements of a plasma wave, which is analogous to the metal’s electron
gas’s oscillation induced by an electromagnetic (EM) field. Metal’s permittivity is thus
strongly involved in the SP mode and determines the plasmon resonance wavelength. So we

will introduce some basic notions and knowledge on surface plasmon.

145



a. Basics of the surface plasmon
Most of noble metals have a complex permittivity and its real part is negative. The Drude
model is the common analytic method to describe the permittivity and further the refractive

index of metals as follow:

2

e V-1
w(w + iy) -

em(w) =1— @
where o, is the plasma pulsation and y is the relaxation time of the metal’s electrons. Due to
the presence of the imaginary part of the permittivity, the attenuation of the SP mode in the
metal would gradually grow when the oscillation frequency is inferior to the plasma frequency
of metal. However, in a high frequency domain, the imaginary part can be negligible. As a
result, we can thus define a critical wavelength below which the metal is transparent:

27c
A =— -
c w, (V-2)

where c is the light velocity in vacuum. For the bulk plasmon, once the incident EM wave has
a wavelength smaller than A, metal allows for the propagation of EM wave. For the surface
plasmon confined to the interface of the dielectric and the metal, the strong coupling with the
EM field of the light forms a surface plasmon polariton (SPP). This SP mode has a momentum

of hoy/c. The principle of the excitation of the SP mode is presented in Figure V.1.

\
Dielectr \ :
|ielecinc ’
/) l 5. 7
v

1

1) | | | | 11 | i\
L N NIVE T T N e x e K, Ksp k,

Metal /T

Figure V.1: Configuration of the surface plasmon at the interface between a metal and a dielectric material

(taken from [BARNEO03]).

As shown in Figure V.1, due to the combination influences affected by both the z-direction
component of the electric field and the y-direction magnetic field of the light wave’s

transverse mode, the SP mode has a state of polarization TM and the surface charges enhance
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E, at the interface. However, the optical power will be partly localized at the surface in the
inner part of both materials performing an evanescent wave. E, has thus an exponential decay
in both sides of the interface and is characterized by the metal’s skin depth o, and the
dielectric penetration length 4, respectively. Consequently, the SP mode’s momentum will
exceed the light cone at a photonic frequency. The dispersion relation of the SP modes can be

found by solving Maxwell equations with boundary conditions and presented as [RAETHSS]:

(V-3)

where ®¢ is the pulsation of propagative light in air, ¢4 and &, are the permittivity of the
dielectric and metal, respectively. In fact, 4= nd2 for a non-absorption dielectric and &, = am’ +
iem for noble metals according to ( V-1 ). A summary of the SP’s w-k dispersion curves into
three different cases is presented in Figure V.2.

Moreover, once the feature dimension of the metallic structure is decreased by one or two
orders of magnitude comparing with the wavelength, we can excite the localized surface
plasmon (LSP). This LSP mode can’t propagate but can be considered as a “resonator”. The

resonant Eigen modes depend strongly on the shape and material of the metallic structure.
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Figure V.2: Summary of the SP dispersion relation (taken from [LUCHT]).
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b. Plasmonic waveguide made of a metallic nanoparticle chain
As one representative plasmonic waveguide, the LSP mode based MNP chain has been deeply
investigated for the last decade. As mentioned before, since the MNP’s dimensions are
probably far smaller than the wavelength, we can treat each sphere or ellipse MNP as a
punctual dipole. Based on this hypothesis, Quinten et al theoretically studied the dipolar
model within the silver nanoparticle chain based on the generalized Mie theory, since silver
has the lowest material losses within the visible wavelength range and the SP propagation
length is typically several tens of um. According to [QUINT9S], there are two propagation
modes, the 1* one is longitudinal, in which the oscillation field is in parallel with the MNP
chain as shown in Figure V.3.(a) and (c). The other one is transverse, where the oscillation
field is perpendicular to the MNP chain as shown in Figure V.3.(b) and (d). The best guiding
condition with a 1/e attenuation length of 900 nm can be achieved in that case when the
spacing distance between two neighboring MNPs is 25 nm, which is comparable with the

NP’s dimensions (the diameter of the Ag NP is 50 nm).

(a) (b) (c) (d)
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Figure V.3: E-field intensity distribution along a chain of Ag NP (25 nm-radius sphere) for (a) and (c)
horizontal polarization direction, and (b) and (d) vertical polarization direction in a 50 Ag NP chain and a

5 Ag NP chain, respectively (taken from [QUINT98]).

With the development of the cleanroom fabrication and high-resolution microscopic
techniques, the samples of MNP chains could be prepared and then observed. Krenn et al
presented the experimental observation of near-field optical effects close to Au MNP using a
photon scanning tunneling microscope (PSTM) [KRENN99]. The measured optical near-field

intensity distribution had an agreement with the predicted theoretical computation as shown in
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Figure V 4. By the way, the bright spots shown in Figure V.4.(b) are not on top of the MNP
but localized in the space between neighboring MNP, and correspond to the SP Eigen mode of

the chain.
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Figure V.4: Comparison between the intensity distribution above the central 10 Au NP (100 x 100 x 40
nm®) chain deposited on an ITO substrate (a) detected by photon scanning tunneling microscope (PSTM)

and (b) simulated by mode-calculation numerical method.

Maier et al also experimentally demonstrated an Ag NP chain plasmonic waveguide by
using a near-field optical microscope’s tip to excite the 1% silver nanoparticle, and inserting a
dye fluorescent nano-sphere in the center of the MNP chain in order to detect the electro-
magnetic energy transport in far-field. They have observed the plasmonic guiding along 500
nm from the localized source to the localized detector and estimated the losses coefficient of
the plasmonic waveguide about 30 dB/um [MAIERO3].

Brongersma et al introduced the punctual dipole coupling theory with an approximate
condition of quasi-static response to analytically model the MNP chain’s LSP modes

[BRONGOO]. However, the quasi-static approximation didn’t consider a r etardation effect due

to the inter-particle coupling. Other researchers have confirmed the presence of this delay
effect by theoretical and experimental study.
Weber and Ford calculated the dispersion relation by solving the full Maxwell equations

for the propagation modes in a finite Ag NP (with a very small ratio of particle’s radius over
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the spacing i.e. < 1/3) chain [WEBERO04]. Differently from the observed SP mode in the
quasi-static approximation, they found a strong interaction between the transverse modes and
the light line and a larger bandgap developed by the longitudinal modes as shown in Figure

V.5. Indeed only photons with a transverse mode can propagate along the MNP chain.
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Figure V.5: Dispersion curves for transverse and longitudinal excited SP modes in a finite 20-Ag sphere

chain (taken from [WEBERO04]).

Moreover, Femius and Polman theoretically studied an infinite MNP chain by considering
all the influences involved in ohmic damping, radiation damping, and retardation
[KOENDO06]. They have observed split anti-crossing branches in the transverse modes
dispersion relation curve, while the retardation losses occur above the light line. They noted
also for any resonant linear dipole arrays, such as any chain of dipole MNP, this retardation
should not be ignored. An experimental evidence for these dynamic effects is then presented
in [KOEND 07].

Crozier et al have pushed forward the coupling mode’s study by including the influence of
the beneath substrate. They have experimentally observed [CROZIO7] and theoretically
formulated [SIMSEI10] two orthogonal transverse modes into the computation of dispersion
relation. The 1% one is named as T1, which is parallel with the chain and the 2" one with a
name of T2, which is perpendicular to the chain as shown in Figure V.6. It can be seen that T1
and L modes occur within the frequency range between the theoretical dispersion curves

corresponding to the cases where the NP are in air or in glass.
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modes in an Au NP chain. Theoretical simulation is based on fully-retardation model for 2 different

environments: in air and in homogeneous glass (taken from [CROZI07]).
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V.1.2 Coupling between plasmonic waveguides and 2D dielectric waveguides

Once the substrate on which the MNP chain is deposited supports also the propagation of the
light frequency wave, the mentioned fully-retardation model of MNP based dipole arrays
should thus be reconsidered and updated by adding the coupling effect between the guided
photonic modes and the MNP’s SP modes. In this context, some more powerful computing
methods should be applied to simulate the hybrid waveguide structure because it’s no longer

easy to find an analytic solution to calculate the dispersion relation of the SP modes.

a. Slab and ridge metal/dielectric plasmonic waveguides

Weeber et al experimentally demonstrated by using the PSTM the SPP modes sustained by a
limit width (i.e: 1 um to 3.5 um) Ag stripes deposited on a glass substrate [WEEBEO1]. At
first, they launched SPP modes by a focused beam on a homogeneous slab metal/glass area.
Then they characterized the coupling effects between the incident SPP modes and the excited
stripes guided SPP modes at visible frequencies as a function of the width of the Ag stripes.
Finally they observed a direct excitation of the SPP modes by the incident focused beam for a
3.5 um Ag stripe. Hochberg et al introduced the coupling effect of hybrid waveguide’s
between the guided photonic modes and the metallic SP modes by studying the silicon-on-
insulator (SOI) waveguide and a silver slab (film) waveguide. Thanks to the coupling effect
operating at 1.55 um, they fabricated a plasmonic PIC device to realize a 90° turning of
propagative TE modes with a measured EL of 1.2 dB/um [HOCHBO04]. Goykhman et al
optimized this hybrid plasmonic waveguide to increase the propagation length by 2 orders of
magnitude and also the coupling efficiency up to 80% [GOYKH10].

2D ridge metallic waveguide combined with a Si based waveguide has been investigated
in order to localize propagative light wave’s energy along the hybrid waveguide with a high
coupling efficiency. This realizes densily-integrated plasmonic devices which are totally
compatible with the traditional Si based PIC platform. Wu et al presented a conductor-gap-
silicon plasmonic waveguide along compact S-bend curved propagation path and Y-junction
beam splitters. The theoretical and experimental investigation shows a sub-wavelength
confinement of light along a long propagation length [WU10]. Zhu et al developed a series of
Cu-Si0,-Si3Ny4-Si10,-Cu-based plasmonic waveguides and other passive devices such as tapers,
couplers, power splitters, bent waveguides and ring resonators [ZHU13]. The measured
propagation loss is 0.37 dB/um and coupling efficiency is of 52%. In a word, the hybridization

between the structured metal and dielectric waveguides opens the way to make more compact
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PIC devices and realize some specific functions which are not easy to achieve based on the

traditional Si based waveguide platform.

b. MNP chain/dielectric plasmonic waveguides
Combining a 2D dielectric photonic waveguide and the MNP chains, the excited SP mode’s
EM field would interact strongly with the guided mode’s field. Fevrier et al theoretically and
experimentally studied SOI/Au NP chain supported LSP resonances. The LSP mode allows a
sub-wavelength confinement of light frequency EM wave within a short length. The giant
coupling effect from the guided optical mode to the stationary LSP mode at an IR resonance
wavelength has been observed by using the near-field characteristic technique as shown in
Figure V.7 [FEVRII2]. This giant coupling results from waveguide coupling mechanism
between the dielectric and the chain waveguide. The other closely-related result is the
demonstration of highly efficient excitation of such LSP collective mode, from a waveguide.
This work provides a potential solution to realize an ultra-compact hybridized PIC component,

used as optical tweezers and sensors.
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Figure V.7: TraNSOM observed giant coupling effect between MNP chain and SOI waveguide.

V.1.3 Applications based on hybrid dielectric/MNP chain waveguides

a. Nanoparticle(s) based localized surface plasmon resonances
Since the plasmon resonance frequency is also strongly dependent on the size and shape of the
nanostructure, the plasmonic scientific community is also interested in the topic of different

shape of single or chained nanoparticles. A variety of shape of nanoparticles could be prepared
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and realized by a series of wet chemical synthesis methods or cleanroom fabrication process.
Besides the traditional sphere or ellipse nanoparticles mentioned before, some other
geometries of MNP have also been introduced i.e.: triangles, prisms, rods and cubes.
However, for non-spherical particle, the electron oscillation is non-isotropic and localized
along the principle axis or at the edge or corners or even both of the nanoparticles.

Lal et al presented qualitatively the dependence of LSP energy and corresponding
wavelength function of the structured nanoparticle’s shape [LALO7]. As shown in Figure V.8,
by varying the shape of the fabricated nanoparticles, the excited plasmon resonances can cover
the whole visible range and up to the mid IR range of the electromagnetic spectrum. It is of
great interest for the whole scientific community to develop new lab-on-a-chip application,
1.e.: sensing, manipulation and guiding of light. However, there is still challenge to realize the

controlled assembly and integration of nanoparticles in order to match the expected demands

of design.
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Figure V.8: Excited plasmon’s resonance as a function of the particle’s morphologies (taken from

[LALO03]).

b. Plasmonic antennas
Following the demonstration of a high-efficiency coupling effect that transfer the dielectric
guided photonic modes into a MNP chain transverse LSP mode [FEVRI12], researchers were
encouraged to vary each elementary MNP’s shape and dimensions, in order to develop some
new functional devices. The optical antennas are one of the most representative applications

[KOSAK10, CURTO10, NOVOTI11].
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Curto and Taminiau presented the design of plasmonic antenna inspired by the common
radio-frequency Yagi-Uda antenna based on MNP chain as shown in Figure V.9 [CURTOI10,
TAMINOS8]. The objective is to transfer the functions of high-directionality and efficiency
receiving and sending of propagative EM wave from the RF domain to the light frequency
domain. Therefore, the classic 5-elements design remained in the prototype of the optical
Yagi-Uda antenna. However, comparing to the microwave application, optical antennas have

to present dimensions reduced by 5 to 6 order of magnitude to be used in the visible and IR

range.
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Figure V.9: Optical 5-element Yagi-Uda antennas driven by quantum dots. (A). Scanning electron
microscopy image; (B). Angular radiation pattern; (C). Luminescence spectra of QDs coupled to the

reference and Yagi-Uda antennas shown in (A) (taken from [CURTO10]).

As shown in Figure V.9, the fabricated 5-elements Yagi-Uda antenna is made of a reflector,
a feed and a series of directors. It can be driven by quantum dots (QD) placed besides the top
of the feed. The unidirectional emission of the QD coupled to the optical antenna makes it
resonant at a certain frequency and bandwidth. The angular radiation spectra in the polar angle
(0) show a frontward emission and backward emission in both sides of the interface. Due to
the index contrast, the radiation lobe emerged in the SiO; could be dominant and with a
preferred direction. The intensity ratio between the point with maximum emitted power and
the point diametrically opposite is called front-to-back (F/B) ratio. This ratio is used to
evaluate the directional performance. Meanwhile, this antenna has a redshift detuned from the
QD’s emission as shown in the luminescence spectra, and the operation wavelength is about
820 nm. Finally the experimental results are in agreement with the theoretical predictions and
calculations, which can be found in [TAMINOS].

Moreover, most of the recent advances in the study of unidirectional optical nanoantennas
and relative applications have been summarized in [MAKSY 12]. In fact, the metallic nano-rod

or nanoparticle based optical or plasmonic antennas have shown their potentials to realize
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more compact emitters or sensors which can be effectively embedded in a functional PIC
device. Meanwhile, the application of nanoantenna can cover most fields of active
nanoparticle circuits, i.e.: quantum information technology, high-density data storage, biologic
sensing and imaging, photovoltaic and photodetection system.

Instead of a homogeneous environment, Arango et al. reported their Yagi-Uda like
plasmonic antennas, which are composed of 5 Au nano-rods with different widths and also
different spacings. Si3Ny4 rectangular waveguide is used to support the conventional 5-element
Yagi-Uda like MNP chain. A natural idea of operation is to address a hot spot at a visible
wavelength from the cleaved cross-section of the Si3N4 waveguide based on the conventional
end-fire fiber-coupled techniques, in order to study the coupling and radiation effect within the
zone where we can find the MNP chain. The SisN4 waveguide has a width of 1 um and
thickness of 600 nm, quite larger than the multimode cut-off condition. According to our EIM
calculation, this waveguide can support several high order TE/TM modes.

Coupling the guided light wave from the dielectric waveguide into the MNP chain can
drive the antenna’s radiation effect. Arango et al compared a single-element antenna and
multi-element antenna. An approximate analytic method was introduced to calculate the
polarizability with a dynamical correction based on a static model of a prolate spheroid. On
one hand, for the single MNP, only the one-dipole scatterer needs to be considered: there, the
extinction power is proportional to the imaginary part of the product of the incident E-field’s
conjugate and the dipole’s polarization. On the other hand, for the multi-MNP case, two-step
analysis should be executed. In the 1* step, the induced dipole moments in N particles will
take influence of not only the incident E-field, but also the summation of the product of the
quantified dipolar interaction’s Green function and the polarization of the neighboring dipole.
The 2™ step is to coherently superpose the E-fields for each dipole-like MNP by calculating
the summation of the product of the n™ dipole’s Green function with its own polarization.

Finally, a scattering radiation spectra for the re-emitted SP modes by the nanoantenna has
been shown in Figure V.10.(a). This Yagi-Uda antenna shows a resonance at a wavelength of
830 nm. Comparing with single MNP’s resonance, this multi-element LSP resonance is red-
shifted due to the 2 facts that the fabricated nano-rods have a length slightly larger than the
designed value (i.e.: 100 nm) and the predicted Yagi-Uda antenna’s response is red-shifted by
plasmon hybridization. Meanwhile, by scanning the confocal microscopy with different
frequencies over the sample plane of the scattering and by focusing at different positions in the

same plane as shown in Figure V.10.(b), the scattering spectra show a dependence of
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wavelength. This effect shows that the Yagi-Uda antenna plays a role of phased array in the

light frequency spectral range and can be driven coherently by the beneath waveguide mode.
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Figure V.10: Measurements of the scattering of the guided mode to free space modes carried out on a 5-
element Yagi—-Uda antenna on top of a 1000 nm-width Si;N, waveguide. (a). Normalized spectrum of the
scattering into the free space; (b). Confocal scans over the sample plane of the scattering due to the
antenna; (c). Fourier images of the Yagi—-Uda antenna for the scattered light coming from the guided

modes (taken from [ARANG12])).

Recently, Arango et al. presented a cathodoluminescence experiments to study the
robustness of the mentioned SisNs waveguide supporting 5-Au MNP nano-antenna. The
realized 5000 nano-antenna samples are supposed to have the same designed geometry and
fabrication conditions, but in reality, the fabricated and tested nano-antennas show a
disordered distribution in geometry. By applying the local density of states (LDOS) analysis
method, they presented experimental results for directivity of all 5000 size-predetermined

Yagi-Uda nano-antennas [ARANG15]. As shown in Figure V.11, all antennas show their
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maximum forward emission in the red part (A, = 810 nm and span = 40 nm). On the opposite,
the backward beaming with maximum presents a backward directivity at blue-shift
wavelength (A = 675 nm and span = 25 nm). However, the obtained directivities'® for the
backward beams vary a lot in values from 2.4 to 4.0, as well as for the forward beams, which
are from 2.5 to 5.0.

In conclusion, although the fabricated nanoantennas suffered from disorder of size, the
obtained directivity of radiation in both backward and forward direction is robust for a given
dimension. However, a more precise geometry control during the fabrication of MNP should

be asked in order to achieve a reasonable control of radiation directivity.
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Figure V.11: (a). Angular radiation pattern for an ideal Yagi-Uda antenna in free space driven at 800 nm;
(b). Distribution of wavelengths at which the directivity is maximum for forward and backward
directions; (c¢). Distributions of maximum directivity for backward and forward radiation, respectively

(taken from [ARANGO15]).

16 Directivity: synonym for directive gain, which can be defined as the radiation intensity of an antenna at a
particular solid angle U (0, ¢) divided by the radiation intensity of the analogous isotropic antenna which radiates
average power all over all directions but has the same amount of total power [DIREC].
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V.2 MODELLING OF MNP CHAIN INTEGRATED ON A Si3N4; WAVEGUIDE

In this part, we will introduce our theoretical and simulation work on the finite MNP chain
deposited on top of the rectangular SisN4 waveguide, which is then embedded into a SiO,
environment. The main objective here is to optimize the dimension of the structures, which
will allow efficient excitation of the nano-antennas by the silicon nitride guided mode, at
resonance. The typical geometry of the full structure is represented in Figure V.12. Firstly, we
will introduce the basic analytic method in order to study the MNP SP resonance in a
homogenous environment. In this case, we suppose there is no beneath dielectric waveguide
interacting with the excited SP modes. We are intended to find a logical tendency by varying
the geometric dimensions of the MNPs, and compare with different metals, i.e.: Au and Ag.
Secondly, we will present the FDTD simulation work on the expected hybrid MNP
chain/dielectric waveguides. The 2D geometry (the radii of MNP on the horizontal plan)-
dependent SP resonance will be studied for both Au and Ag MNP chains with 5 identical

elements. In the end, we will discuss on the transmission spectra of these hybrid waveguides.

V.2.1 Punctual dipole model

For small particles with a feature size far smaller than the wavelength, it’s possible to limit its
excited LSPR’s behavior to the polarization of the punctual dipole [VANS1, WEBERO04]. The

momentum for the single MNP can thus be presented as follows:

-

Dn = 4TEyE A (a))ﬁloc (V-4)

with oy the polarizability of the nanoparticle which includes the quasi-static response and
corrective terms. The quasi-static polarizability oy, has been proposed by [BOHREOS]:

Em — &a
“z 3eq — 3Lu(gm - gd)

as,(w) = aza, (V-5)

where &y 1s the metal permittivity, ax, ay and a,are the ellipsoid’s radius along the x, y and z
axis, and L, is the form factor in each direction (u=x, y ou z):
_ ayay,a, J @ dq

- 0

L,
2 (@2 + O[m=ryz(@m? + Q]

1/2 (V-6)

with:
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z L,=1 (V1)

u=x,y,z
As presented in §V.1, the quasi-static approximation is not relevant to take into account the
interaction with electromagnetic wave. The full polarizability expression also includes

radiation and dynamic depolarization effects [KELLY0S8]:

1 203 w2 \7!
as(w) = < - l - 2)

as, 3V auv

(V-8)

where v is the phase velocity and w the wave pulsation. We present in Figure V.12 (left) an
illustration of the single MNP nano-ellipsoid whose resonance is modeled by (V-8). In Figure
V.12 (right) is represented the 5-elements MNP chain deposited on top of the rectangular
Si3N4 waveguide, which is the FDTD simulation modeling structure. Such a structure cannot
be modeled by analytical approach (cylindrical MNP, inhomogeneous medium). The main
behavior of the chain itself could be known thanks to the Coupled Dipole Approximation
(CDA) method. The CDA considers that in the case of an assembly of resonant
nanostructures, each one is a punctual dipole which is placed in an electric field made of
radiation of all the other dipoles and of the applied external field (incident electromagnetic

wave). The response of each MNP results from all these interactions.

Figure V.12: Schematic illustration of the MNP chain’s modeling in the theoretical calculation.

Meanwhile, the localized E-field applied to the n™ MNP consists of 2 parts:

-

Eioc = Eext + Edip (V-9)
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with the dipole excited E-field Eqg;p and the applied macroscopic field Ecy. If we consider the
collectively excited E-field by all the other punctual dipoles, the total Eg;, for the n™ MNP can

be written as follow:

| Z @ B = (BrmR)R
dlp Ame Cln—-m|ld

m#¥n

(V-10)
(1o iwln —m|d\ 3(BmR)R — B pioln=mid
v (In —m|d)3
with
C
v=-— (V-11)
ne

where n. is the MNP environment refractive index. Considering the relations (V-4), (V-9) and
(V-10), we can admit that the collective response of a chain made of identical nanostructures
is significantly driven by the polarizability of each nanostructure, in an homogeneous medium.
The dipolar (near to far field) interactions (V-10) between the different nanostructures of the
chain will then add a correction to the resonant wavelength. In the real structure including the
silicon nitride waveguide (Figure V.12) the polarizability will be much more strongly affected
by the inhomogeneous medium. Anyway the consideration of the polarizability of a stand-
alone ellipsoidal nanostructure in a homogeneous medium is sufficient to determine the
“rough” dimensions of nano-cylinders resonant at the visible wavelength (~633 nm), as a

starting point for FDTD simulations of the full structure. This will be done in § V.2.3.

V.2.2 Optical properties of the metals

Since the noble metals have a complex permittivity, as well as their refractive index, the
Drude model is used to link the optical and electric properties for a metal as shown in ( V-1).
In reality, by using the ellipsometry techniques, we can measure the spectra of refractive
indexes for the fabricated metals. A comparison of the refractive index between the fabricated
Au or Ag samples and the FDTD software recommended Palik model is presented in Figure
V.13. As shown the fitted model for FDTD is quite similar to Palik data [PALIK], especially
at the shortest wavelengths (the most interesting here). Even if the cleanroom-deposited gold
index real part is significantly different from Palik data, we have considered the fitted model

of FDTD even for analytical calculation in order to ease further comparisons.
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Figure V.13: Comparison of the refractive index between the cleanroom (CTU) fabricated Au or Ag

samples and the FDTD software recommended Palik model.
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V.2.3 Computed single MNP resonance

We applied the punctual dipole model to calculate the excited SP mode’s polarizability of one
single MNP. We will concentrate on the expected visible wavelength range, especially the red
part. The objective is to determine the geometry of the single Au or Ag nano-ellipsoid, in
order to adapt its resonance to an interested wavelength range, i.e.: 600 nm - 800 nm. The
permittivity of Au or Ag is referred to the LUMERICAL fitted Palik material database
[PALIK].

a. Polarizability in a full-retardation corrective mode
We present in Figure V.14 and Figure V.15, the computation results of the imaginary part of
the single Au or Ag nano-ellipsoid’s polarizability in considering the full-retardation losses,

for two different thicknesses t = 2a,.

a.1 Palik Au nano-ellipsoid
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Figure V.14: Single ellipsoid-like Au nanoparticle’s polarizability (imaginary part) as a function of its

geometry (a,, a,, t=2a,).
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a.2 Palik Ag nano-ellipsoid
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Figure V.15: Single ellipsoid-like Ag nanoparticle’s polarizability (imaginary part) as a function of its

geometry (a,, a,, t=2a,).

a.3 Discussions

In both cases with two different thicknesses of Au or Ag ellipsoid, the polarizability will have
a strong red-shift when the radius ay is slightly increased. In the thinner case (t = 17 nm), the
average ratio of the polarizability’s red-shift over the increasing of ay is about 30 nm / 5 nm
for Au and 40 nm / 5 nm for Ag, and in the thicker case (t = 37 nm), this ratio is decreased to
20 nm / 5 nm for Au and 30 nm / 5 nm for Ag. It can be interpreted by the dominance of the
transverse mode in the excited SP resonance. Once we change the MNP’s y-axis size, the
boundary conditions of the transverse SP mode will be straightforwardly changed and thus
influence the SP resonant frequency. On the opposite, by increasing the other radius ay, the
polarizability resonance will reversely shift towards blue, although this blueshift is relatively
much slower than the red-shift with the increasing of a,. Meanwhile, the same tendency of

blueshift occurs while increasing the thickness of the MNP.
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b. Resonance calculation

We determine numerically the resonant wavelength by seeking the maximum value of the

polarizability’s imaginary part. In order to determine the Au or Ag nano-ellipsoid dimensions

to obtain a resonance at 633 nm, we present in Figure V.16 and Figure V.17 this geometry-

dependent Au or Ag (respectively) NP resonance for the two thicknesses 17 and 37 nm.

b.1 Palik Au nano-ellipsoid
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Figure V.16: Cartography of Au nano-ellipsoid resonance within the range 600-800 nm for a fixed

thickness of 17 nm and 37 nm.

As shown in Figure V.16, a certain number of geometric solutions (ax, ay, a,) can be

determined to achieve an expected 633 nm resonance in the 17 nm-thick Au nano-ellipsoid.

The corresponding radius a, and ay can be varied from 30 to 60 nm and from 23 nm to 27 nm,

respectively. However, for a thicker Au nano-ellipsoid, the expected resonance requires a

relatively large a, (35-37nm) and a comparable a,. In other word, by increasing the thickness

of Au nano-ellipsoid, the resonance wavelength will be straightforwardly blue-shifted.
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b.2 Palik Ag nano-ellipsoid
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Figure V.17: Cartography of Ag nano-ellipsoid resonance within the range 600-800 nm for a fixed

thickness of 17 nm and 37 nm.

As shown in Figure V.17, the same tendencies of the geometry-dependent resonance
wavelength’s evolution have been observed as in the Au nano-ellipsoid case. But comparing
with Au NP, Ag nano-ellipsoid has a smaller resonance wavelength. Therefore, to achieve a
resonance of 633 nm, the expected Ag’s dimensions could be larger than Au. For instance, for
a thinner Ag nano-ellipsoid (t = 17 nm), the expected resonance requires an ay around 35 nm
and for the thinner case (t = 37 nm), a, can be increased up to 50 nm.

By the way, all of these geometric solutions are compatible with the current cleanroom
fabrication techniques based on the high-precision e-beam lithography, but very good control
is required for the a, dimension. Based on our analysis, the use of Ag instead of Au to
fabricate our MNP seems to be a better choice in order to decrease the influence due to the
fabrication errors, because the expected resonance can be achieved with a larger Ag nano-
ellipsoid, especially with comparable a, and a, of magnitude of 50 nm and a thickness of 37

nm.

166



V.2.4 FDTD simulation

We have used the LUMERICAL FDTD software to study the coupling effect between the
MNP chain and the Si3N4 waveguide, in the full structure. The objective is to assess the
coupling efficiency between the waveguide and the chain as well as the resonance of the
chain. The principle of the study is to evaluate the transmission of a guided mode through the
waveguide decorated by the MNP chain. The transmission spectrum, defined as the ratio
between the output power and the input power versus the input wavelength, will reveal the
coupling efficiency and the plasmonic resonance which both induce losses during the full
transmission.

The dimensions of the SisN4 waveguide are referred to the predetermined design, which
has a rectangular cross-section of 250 nm x 300 nm under the TE single-mode condition.
The simulated Au and Ag have optical properties based on the Palik model, which is included
in LUMERICAL’s material database. The simulation zone is covered by a large number of
stairs-step like mesh. The minimum meshgrid is set to 3 nm for both direction along x-axis
and y-axis, and 5 nm along the z-axis. As shown in Figure V.12, we put the simulated MNP
into a 2D+z structure, which means its cross-section on the x-y plan is a standard ellipse with
two varied radii a, and ay, and is unchanged along the z-axis.

In the FDTD calculation, the light source has a normalized field distribution within a
wavelength range from 600 nm to 800 nm. Therefore, the transmission spectra of the hybrid
waveguide are supposed to be independent to the light source. The transmission spectra will
be directly linked with the SP mode’s resonance excited near the MNP chain and dielectric
waveguide’s interface. We will present the dependent relation between the 5-element MNP’s
geometry and the resonant wavelength. At the same time, the transmission spectra curves will
be fitted by a Lorentzian mathematical model in order to calculate the factor of quality Q for
each chain with different dimensions. The quality factor includes information on coupling
efficiency and resonance depth, together. At first, we have studied the dependence of the
transmission spectra as a function of the MNP’s spacing. We present in Figure V.18 an

example for the 5 Au MNP with a geometry of 50 nm x 35 nm % 37 nm.
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Figure V.18: FDTD simulated 5-element Au NP chain/Si;N; waveguide resonance spectra as a function of

MNP’s spacing.

As shown in Figure V.18, by increasing the MNP’s spacing, the transmission would be
decreased and also slightly blue-shifted. We suppose in these situations that the excited MNP
chain’s SP mode is always out of Bragg resonance’s control, because the studied inter-NP’s
spacing are always inferior to the featured Bragg resonant period, which can be approximately
estimated to a third of the resonant wavelength. Therefore, we will fix the inter-NP’s space to
130 nm for the following simulation.

In the following we will present successively the transmission spectra, the resonant
wavelengths and the quality factors versus the dimensions of NP, for 5-element Au NP
chain/Si3N4 waveguide (§ a.1 and a.2), and for 5-element Ag NP chain/Si;N4 waveguide (§ b.1

and b.2), followed by a discussion on the results (§c).
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a. S-elements Au NP (t =37 nm) Chain

a.1 Dependence of transmission spectra to the geometry of Au nanoparticle

a = 35nm for 5 Au chain a = 40nm for 5 Au chain a = 45nm for 5 Au chain

600 650 700 750 800 600 650 700 750 800 600 650 700 750 800

a = 50nm for 5 Au chain a = 55nm for 5 Au chain

____FDTD a = 35nm
« Fit a = 35nm
FDTD ay =38nm
Fit a = 38nm
____FDTD a = 40nm
x Fit a = 40nm
____FDTD a = 43nm
. Fit a = 43nm
____FDTD a = 45nm
. Fita =45nm

600 650 700 750 800 600 650 700 750 800

Figure V.19: Transmission spectra of FDTD simulated 5-element Au NP chain/Siz;N4 waveguide.

a.2 Dependence of resonance to the geometry of Au nanoparticle
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Figure V.20: Cartographies of the FDTD simulated resonance and the Lorentzian fitted factor of quality
for the S Au NP/SizN, waveguide.
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b. 5-element Ag NP (t =37 nm) Chain

b.1 Dependence of transmission spectra to the geometry of Ag nanoparticle
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Figure V.21: FDTD simulated 5-element Ag NP chain/Si3N4 waveguide resonance spectra.

b.2 Dependence of resonance on the geometry of Ag nanoparticle
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Figure V.22: Lorentz fitted factor of quality for the 5 Ag NP/SizN, waveguide.
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c¢. Discussions

c.1 Observation of the transmission spectra

In all of the transmission spectra of both Au and Ag NP chains, there are the same geometry-
dependent evolution tendencies for the peak wavelength as shown in the computed
polarizability’s imaginary part of a single Au nano-ellipsoid. In other words, by decreasing a,
or increasing ay, the transmission peak wavelength will shift towards blue. Although the
FDTD simulated transmission spectra show a disorder (not a Lorentzian shape) for the small
size MNP chain, i.e.: a, = 35 nm, we can estimate that with a larger a, and a smaller a,, the
expected 633 nm resonance could be obtained with a transmission near 50%. Interestingly,
this corresponds to a MNP shape with higher axes in the propagation direction than in the
transverse polarization direction. We present in Figure V.23, one of this giant coupling effect
at 664 nm for the Ag NP with dimensions of a, = 50 nm, a, = 40 nm and t = 37 nm. In fact, the

first 4 MNPs have accomplished the localization for most of coupled energy.
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Figure V.23: FDTD simulated optical intensity distribution along the hybrid waveguide. Ag NP has

dimensions of a, = 50 nm, a, = 40 nm and t = 37 nm. The resonant wavelength is 663 nm.

c.2 Fitting the transmission spectral curves to a Lorentzian model

Most of the transmission spectra have a similar shape as the standard Lorentzian model. We
have studied the ratio between the resonant wavelength and the full width at half maximum
(FWHM) in such a Lorentzian transmission spectrum. If we suppose the localized surface
plasmon along the chain is analogous to a photonic cavity, the mentioned ratio can be defined
as the factor of quality Q for the conventional cavity-like photon localization and oscillation
system. Once the photon is coupled from a propagative guided mode to a localized surface

plasmonic mode, the light energy remains confined at the interface of metal and dielectric
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along the chain. The more this Q factor is, the more the energy stored within such a plasmonic
waveguide is. Furthermore, it is also related to the coupling efficiency.

As shown in Figure V.20 and Figure V.22, the cartographies show the geometry-
dependent factor of quality in the 5-element MNP chain, which is combined with the beneath
Si3N4 rectangular waveguide. For the Au MNP chain, decreasing both radii ax and a, could
increase the Q factor. It is anyway very low. A different evolution tendency has been observed
in the Ag MNP chain. ay plays a dominant role in this Q factor characteristic curve and shows
a parabolic relation, in which the maximum of Q factor is situated at 40 nm. At the same time,
ay has a relatively low influence on the Q factor’s variation. One possible reason of the
different tendencies of Q for Au and Ag is the very different behavior of the permittivity of the
both metal in the spectral range 600-800nm (Figure V.13). This must be anyway further

investigated for better understanding of the resonance and the coupling efficiency.

V.3 CONCLUSION

In this chapter, we firstly reviewed the basic notions of surface plasmon and some state-of-
the-art theoretical and experimental research work in this domain. We focused on the MNP
chain based LSP resonance and the hybrid photonic-plasmonic waveguide formed by a
combination of a MNP chain with a dielectric waveguide. It’s of great interest for us to design
and fabricate the optical nano-antennas based on this hybrid waveguide structure, for the
purpose of realizing directional coherent emission. In the second part, we theoretically
investigated the MNP’s resonance and the hybrid waveguide’s transmission by both analytic
method and FDTD solutions. We proposed a geometric value range of the Ag nano-ellipsoids
in order to obtain a resonance at 633 nm in such a single MNP based coupling dipole system,
which is compatible with fabrication technology: typically comparable a, and a, values, of
magnitude of 50 nm, and a thickness of 37 nm. Finally, we analyzed the geometry dependence
of the hybrid waveguide’s resonant wavelength and the coupling efficiency between the
dielectric guided modes and the Au or Ag MNP formed LSP modes, notably by comparing
Lorentzian Q factor. This parameter can be relevant for the optimization of integrated metallic
chains on waveguides but has to be further evaluated, as well as its dependence with the metal
permittivity properties. Future work on this PIC’s element will be concerned with the

application of such a chain to the function of re-emitters, i.e. its behavior as nano-antennas.
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CONCLUSION AND PERSPECTIVES

The long-term objective of the research work presented in this manuscript is to develop a
compact auto-embedded holographic illumination system, within a collaboration framework
between PSA Peugeot Citroén and Institut d’Electronique Fondamentale.

The application background is described by a holographic signalling system patented by
PSA [FR2949725(A1)] which aims at alerting following car drivers of too reduced security
distance. However, the prototype of this system is composed of a series of bulky optical lens
and mirrors and has a total length close to 1 m. Obviously, it’s not compact enough to be
installed easily in a passenger car. In this context, inspired by the rapid development of
integrated optics and corresponding nanotechnologies, we proposed an alternative solution to
replace all of these optical components by an ultra-compact visible photonic integrated circuit
(PIC). The global design of this PIC has been patented in [WO2014106584(A1)].

The targeted device can be divided into 3 relatively independent subsystems: 1). 633 nm
single-mode SisN4 waveguides array, 2). metallic nanoparticle (MNP) chain based optical
nano-antennas and 3). organic amplifiers. The 2 first subsystems have been studied and
developed in a first-phase during this PhD. Meanwhile, the 3™ subsystem has been assigned to
our project partner in the WNLO (China). In this manuscript, we have sequentially presented
the 1% subsystem in Chapter IL, III and IV and the 2™ subsystems in Chapter V.

More precisely the targeted PIC should guide and split the optical power of one single
laser source at 633nm into 16 waveguides, occupying the whole PIC surface on a ~square
surface which has to match a holographic plate (first subsystem). Each of the 16 waveguides
supports at least 1 (nano-antenna) emitter (second subsystem), precisely positioned in order to
re-emit equal-power and in-phase guided light in a precise direction of 56°.

For the 1% subsystem, we firstly reviewed the evolution of design, fabrication and
characterization of the visible light waveguides since last few decades and introduced some
state-of-the-art visible rectangular waveguides, in order to show the feasibility of our expected
633 nm single-mode rectangular waveguide on Si3N4 (in Chapter II). Then we theoretically
studied and designed the rectangular Si;N4 waveguides array (in Chapter III). The effective
index method (EIM) has been used to optimize cross-section dimensions of waveguide. At the
same time, we applied vectorial mode analysis software to study the modal profiles of the
Si0; cladded Si3Ns waveguides. Finally, we found that the strict multimode cut-off

dimensions should be close to 250 nm x 300 nm, with a guided TE(, confinement coefficient
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of about 85%. Based on these expected dimensions of Siz;Ns waveguide’s cross-section, we
designed also some other passive integrated devices as 1 x 16 beam splitters and bent
waveguides for the purpose of realize an uniform repartition of 633 nm light on a square
surface. Finally, we proposed a 4-stage cascaded 1 x 2 MMI couplers based solution aiming at
achieving a low-loss and high-uniformity beam splitter. At the end of Chapter III, we
compared the theoretical bend losses of the lemniscate-like and S-Function curved waveguides
and consequently presented an accurate combination of both types of bend, in order to ensure
a low-loss connection between the inputs and outputs of different beam splitting stages.

We fabricated the designed SiO; cladded SisN4 waveguide in the CTU cleanroom at the
IEF. In fact, the realization of single-mode optical waveguides, and more generally integrated
circuits, for visible light operation remains still a real challenge in terms of fabrication and
performance. Based on the EBL techniques, we realized a series of different-length straight
waveguide samples, in which the optimization has also been taken into account, especially for
the EBL writing process. The fabricated waveguide samples have an estimated width of 300
nm and a thickness of 260 nm. Finally, we measured their propagation attenuation coefficient
by setting up a 635 nm optical characterization platform. Despite technological defaults,
straight waveguide losses have been estimated at 10.4 dB/mm. This very first result is in
accordance with literature results, taking into account the dimensions of the waveguide and
the material and etching quality. However, we are intending to continue optimizing the
fabrication process, including introducing a thermal post-treatment of PECVD, reducing
EBL’s stitching errors and roughness of etched sidewalls, and improving the dicing saw based
facet cutting quality. These experimental works are presented and discussed in Chapter IV.

We presented in the last Chapter (Chapter V) our theoretical research work on the
mentioned 2™ subsystem, which is intended to realize the propagative optical energy’s
coupling (from the Si3N4 waveguide) and re-emitting outward the plane. We firstly reviewed
the basic notions of surface plasmon and some state-of-the-art research work of the hybrid
photonic-plasmonic waveguide made by the MNP (Metal Nanoparticle) chain and a dielectric
waveguide. It’s of great interest for us to take advantage of Au or Ag nanoparticle chains to
form an optical nano-antenna for the purpose of realizing directional coherent emission. In this
context, we theoretically investigated the MNP’s resonance and the hybrid waveguide’s
transmission by using both analytic method and FDTD simulation software. Finally, we
compared different metal (Au and Ag) and different MNP’s geometry (radii, thickness and
spacing distance) in order to obtain a resonance at 633 nm and a suitable coupling efficiency

between the dielectric guided modes and the MNP formed LSP modes. This investigation was
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helpful to finally propose a geometric value range of the metal nano-ellipsoids chain for our
on-a-chip application within the visible wavelength range. Typical nanostructures should be
ellipsoid Ag nano-rods with comparable a and a, values (i.e. 50 nm) and a thickness of 37
nm. The next step will be then the study of the far-field radiation from these nano-antennas,
which could be controlled by the change of the elementary MNP’s geometry. Arango et al.
have already reported their experimental and theoretical investigation on this type of MNP
chain based 5-elementary Yagi-Uda like nano-antennas [ARANG12, ARANGI15]. However,
there is still a lot of research work to improve the nano-antenna’s directivity in order to
precisely control the radiation angle.

The first perspective of this work will be the improvement of the technological fabrication
in order to be able to lean on a reliable silicon nitride platform for visible PICs. Then the
design of emitters has to be completed for directionality control. Immediately after will come
the demonstration of the integrated device with the arrayed waveguides and splitters, and the
directional nano-emitters. In parallel the insertion of amplifying sections, combined or not
with the plasmonic structures should allow compensating losses. All these steps are already
planned within a new PhD program, which will lean on the basis established in the present
pioneer work.

In a longer term, the availability of such building blocks for visible PICs will be of great
interest for several additional applications, like directional lighting, possibly with several

colors, or integrated biological plasmonic sensors.
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ANNEXE I: EFFECTIVE INDEX METHOD FOR 1D DIELECTRIC
WAVEGUIDE

The effective index method (EIM) is a fast calculation method for the analysis of 1D layered
and 2D rectangular waveguides [YARIV2006]. We can deduce from the equations of the
transverse electromagnetic fields in the dielectric waveguides the propagative modes, which

can be qualified by their effective index and their confinement ratio.

i.1 1D approximation of EIM

The very first step of approximation is to split the layered dielectric structures into 3 planar

zones differed in refractive index and thickness (see Figure i.1).

X A zZ
i
ts
E!
tz ’/ n2
’_> Z
0 Y
ny
_t1

Figure i.1: Schematic of the layered 1D waveguide structures.

The propagation modes should be confined within the waveguide layer which has the
highest refractive index and usually a thickness of the same order of magnitude as the
wavelength. We consider here the general case of the refractive index distribution of each

layer as following:

ny, —t; <x<0
n(x) = {n,, 0<x<t, (i-1)
ns, t,<x<t3

where we suppose that n; <n; <n,, and t; and t, “infinite”, i.e. large with respect to the
wavelength. We can describe the monochromatic light wave propagating along the z-direction

in the green layer by Maxwell equations:
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{V X H = iwgyn®E )
(i-2)

VXE=—iwuH
We consider each layer as a homogenous medium to carrier the electromagnetic waves, so the
solutions of (i-2 ) can be presented as following:

E(x,t) = Ep,(x)e {(@t=F2) _
{H(x, £) = Hpy(x)ei@t=2) (=)
where £ is the z-component of the wave vector, is also considered as the propagation constant
decided by wave equation, and E,, (x) and H,,(x) are electric- and magnetic- wave functions
of the guiding modes, which can be decomposed by several plane waves of different order m.
We deduce (i-3 ) to obtain the wave equation represented by the electric-component:

92 9 ,
<ﬁ+0_yz> E(x,y) + [ko n? — BZ]E(X, y) =0 (i-4)

where k) = w/cy is the wave number in vacuum. Considering the continuities of the wave
functions at the upper and lower interface of the waveguide layer, TE modes consist of Ey, Hy
and H, components and can be calculated by ( i-4 ) in anywhere of the layered structure. Here
we analyse qualitatively the TE modes in such a layered waveguide structure by solving the (

i-4 ). The wave function E,,,(x) can be presented as follows:
C (cos(h(x —t))) - %sin(h(x — tz))) eP*, —t; <x <0

Em(x) = C (cos(h(x —t)) - %sin(h(x - tz))) ,0<x<t, (i-5)
Ce 91—t t, < x < t,
where C is a normalized constant, and h, p and q can be written as:

,
p= B —m’k’

3 h= nzzkoz—ﬁz (1-6)

i

\q = B* — n32k02

i.2 Analysis of E-field distribution

As shown in Figure 1.2, we consider the dependence of the solution to the (i-4 ) on different
value intervals of the propagation constant dependent on the light wavelength. When n3ky <
<n,k,, the E-field decays exponentially in the zone of x > t, and displays a modulated
sinusoidal distribution in the zone x < t,. So most of energy can be penetrated into the bottom-

clad layer, we call this radiation mode shown in Figure i.1.(a).
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When n  ky < f <n,k,, in the cladding layer, the E-field decays exponentially but in the
waveguide layer, it follows a sinusoidal distribution. We name these analytic TE modes by
adding the subscript m corresponding to the number of solutions of the wave function. For
example, in Figure 1.2.(b) there are two possible TE modes that are the fundamental mode TE,
and the first-order mode TE;. Once we solve the propagation equation, we can totally describe
this E-field distribution along the x-axis. So a confinement coefficient of each TE mode can be
used to evaluate its efficiency of wave’s guiding capacity, which is represented by the

confinement coefficient. The definition of the 1D confinement coefficient is:

fotz En(x) dx
[5 En(x) dx

where we suppose that t, is largely smaller than t; and t; in order to match the real physical

N (t2) = (i-7)

model of such a core-cladding layered waveguide, and t, is the only one variable involved in
the analysis of 1D TE modes.

In the last situation shown in Figure 1.2.(c), when § > n,k,, E(x) displays in the whole
space exponential distribution, that means at x = +oo the E-field decays to 0 and at x = -co the
energy is supposed to be infinite. So this case doesn’t correspond to any meaningful physical

wave.

nsKq n4ko n,yK,
0 ? B
XAE E i E\ EA i E\
= = >\

i < | S
T N N

(a) (b) (c)

Figure i.2: Schematic of the electric field distributions in the x-z plan corresponding to different
propagation constant: (a). radiation mode of cladding layer; (b). waveguide mode TE0 and TE1; (c). no

physical meaning corresponding to an existed wave mode.
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Considering the Ey and H,’s continuities at the interface of x = 0 and x = t, as well as the
partial derivatives of 1* degree of Ey, the Eigenvalue equations can be presented as follows:
p+q

tan(ht,) = ———7— i-8
R(1=P1/,2) ()

According to this mode condition, we can obtain a finite number of propagative TE modes in

such a layered waveguide. So the 1D effective index can be expressed by:

Nesr(t2) = B(E2)/ko (i-9)
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RESUME EN LANGUE FRANCAISE

Le contexte industriel de cette these CIFRE est I’étude d’une structure d’éclairage surfacique a
géométrie planaire qui, associée a un systeme holographique 3D embarqué dans un véhicule,
peut réaliser la fonction d’alarme de proximité. Le développement de cette structure
d’éclairage surfacique répondra aux exigences de la reconstitution des images holographique
en 3D, qui nécessite une illumination par un faisceau cohérent, directionnel et uniforme. Ce
type de systeme a été jusque-la réalisé par PSA Peugeot Citroén a base de composants
optiques classiques comme des lentilles et des miroirs [FR2949725(A1)]. Le but de cette these
est donc de proposer une solution plus compacte grace a I’utilisation des (nano-) technologies
d’intégration pour réaliser une émission cohérente, directionnelle et uniforme sur une grande
surface a 633 nm en remplagant les composants optiques volumineux par un circuit intégré
photonique.

La thése est divisée en 3 principales parties. Dans un premier temps, nous introduisons les
applications des composants optiques et photoniques dans le domaine de 1’automobile et
décrivons la structure planaire intégrée pour éclairer le systéme holographique visé. La
deuxiéme partie porte sur les circuits intégrés photoniques a base des guides d’onde de nitrure
de silicium. D’abord, nous introduisons les méthodes théoriques pour analyser les modes
guidés et montrons les résultats de calcul des indices des modes 1D et 2D pour dimensionner
un guide rectangulaire monomode (Chapitre I1). Ensuite, nous détaillons les études théoriques
et les travaux de simulation pour définir certains composants intégrés du circuit visé, comme
le diviseur 1 x N de faisceau et les guides d’onde courbes (Chapitre III). Enfin, nous
présentons les travaux de fabrication en salle blanche des guides d’onde SizN4encapsulés dans
le Si0,, précédemment congus, et qui présentent une dimension autour de 250 nm % 300 nm,
suivis de leur caractérisation a 1’aide d’un banc d’optique guidée (Chapitre IV). La derniére
partie est dédiée a 1’étude théorique du couplage d’un mode photonique guidé a un mode
plasmonique, qui est supporté par une chaine de nanoparticules métalliques en Au ou en Ag

déposée sur le guide d’onde SizNy4 (Chapitre V).
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CHAPITRE | : INTRODUCTION GENERALE AU CONTEXTE ET A
L’OBJECTIF DE LA RECHERCHE

.1 Technologies optiques et photoniques dans I’automobile

Les composants optiques et photoniques ont été introduits dans le domaine de 1’automobile
des 1880. Les phares se sont trouvés en avant de la voiture du fait de leurs fonctions
d’illumination et de signalisation sur la route. Par la suite, beaucoup de travaux de
développement des projecteurs de lumiere ont été faits au niveau des matériaux et structures
(i.e.: Halogene, Xénon, DEL et Laser) ainsi que leurs fonctionnalités (i.e.: lumicres a
I’extérieur, lumieres a 1’intérieur et systémes d'assistance au conducteur avancées). Jusqu’a
présent, les chercheurs et ingénieurs ont développé de nombreux composants optiques et
photoniques avancés, qui peuvent étre installés au sein d’un véhicule pour assister a la
conduite sur la route et aussi pour rajouter de la valeur esthétique afin d’attirer les regards des
consommateurs.

Par contre, il n’y a presque plus de place disponible pour rajouter des nouveaux systémes
optiques et photoniques a base de composants optiques classiques comme des lentilles et des
miroirs a cause de leurs caractéristiques volumiques. Dans ce contexte, les technologies nano-
photoniques permettent de nous amener de plus en plus d’opportunités pour que les circuits
intégrés photoniques puissent étre intégrés dans le design, les fonctionnalités et la fabrication
des futures voitures. En effet les applications photoniques avancées seront le facteur le plus
important pour la révolution technologique automobile qui compte trois priorités d’innovation:
’attractivité, les technologies propres et le véhicule autonome et connecté [BARAT]. Selon un
rapport d'analyse de l'industrie, les systémes d'assistance au conducteur avancés (ADAS) vont
occuper environ un quart du marché des produits photoniques automobiles en 2018 et avoir
une croissance la plus rapide par rapport aux autres applications [COCHA15]. Il y aura alors
une énorme opportunité pour les technologies optiques et photoniques qui peuvent étre

utilisées au sein des systemes ADAS.

.2 Contexte de recherche de la these

1.2.1 Systeme holographique 3D embarqué

PSA Peugeot Citroén a développé un nouveau systeme holographique 3D, qui est installé dans

le coffre arriere d’une voiture [FR2949725(A1)]. L’objectif de ce systeme d’alarme de
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proximité est de générer des images holographiques prédéterminées, qui peuvent étre donc
visualisées par le chauffeur de la voiture suivante quand les deux voitures sont trop proches.
Le principe de ce systéme est présenté dans la Fig.1. La reconstitution des images
holographiques est réalisée par I’illumination d’une plaque holographique de maniére

cohérente, directionnelle et uniforme.

=« Safety

=« Stop

Fig.1: Schéma de principe du systéme de signalisation holographique développé par PSA Peugeot Citroén:
(a). mode de sécurité: pas d’image holographique observée; (b). mode de danger: une image

holographique « STOP » observée.

1.2.2 Reconstitution des images holographiques 3D

Le systeme d’illumination pour reconstituer les images holographiques se compose de
composants optiques a base de verre, comme des lentilles cylindriques et miroirs. Comme la
plaque holographique occupe une surface de 40 cm X 16 cm, le systéme total mesure environ
80 cm en raison de I’exigence d’expansion du faisceau d’une source ponctuelle a un large
faisceau d’illumination qui peut couvrir toute la plaque holographique. Nous présentons un
schéma du principe de la génération des faisceaux de reconstitution des images
holographiques 3D dans la Fig.2.

Dans ce contexte, Gongalves et al. ont proposé des solutions alternatives pour que le
chemin d’optique du faisceau de reconstitution soit pli¢é plusieurs fois en compressant le
volume du systéme a I’aide de miroirs supplémentaires [FR3005011]. La longueur latérale du
systeme est alors réduite effectivement jusqu’a une dizaine de centimétres. En revanche, nous
visons a remplacer tous les composants optiques classiques (i.e.: miroirs et lentilles) par les

circuits intégrés photoniques pour que tout le systeme d’illumination a géométrie surfacique
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soit comprimé sur une puce planaire avec une épaisseur inférieur a 1 cm. Autrement dit, le but
de cette these est d’étudier ce systeme d’illumination a géométrie surfacique ultra-compact a

base de circuits intégrés photoniques.
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Fig.2: Schéma du systéme de reconstitution des images holographiques 3D réalisé par des composants

optiques conventionnels.

.3 Objectif et plan de recherche

Notre projet de recherche peut se diviser en 3 parties principales. Nous présentons dans la
Fig.3 un schéma du systtme d’illumination vis¢ et brevet¢ [W0O2014106584 (Al)].
Premiérement, le circuit intégré photonique est basé sur un réseau de 16 guides d’onde
diélectriques, constitué¢ par des diviseurs de faisceau (voir Fig.3.(a)). Deuxiémement, la
lumicre guidée dans le guide d’onde diélectrique est redirigée vers la surface par des émetteurs
sous un angle précis (56° dans notre cas) et de maniére cohérent et uniforme afin d’illuminer
la plaquette holographique (voir Fig.3.(b)). Troisiétmement, des amplificateurs organiques
situés entre les guides d’onde droits servent a compenser les pertes de propagation optiques
dans les guides d’onde (voir Fig.3.(c)). Du fait des conditions de I’enregistrement des images
holographiques 3D dans la plaque holographique, I’angle d’illumination est fixée a 56° (a
632.8 nm). D’autre part I’intensité optique pour la reconstitution holographique requise est de

16 W/m? en considérant la réglementation photométrique sur les feux STOP.
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Fig.3: (a). Schéma du diviseur 1 x N de faisceau et des émetteurs qui se trouvent au-dessus des guides
d’onde. (b). Schéma du principe de la reconstitution des images holographiques 3D réalisé par

Pillumination sur la plaquette holographique de maniére cohérente, directionnelle et uniforme. (c)

Schéma du systéme global d’illumination & géométrie surfacique visé.

CHAPITRE Il : INTRODUCTION AUX GUIDES D’ONDE DE
NITRURE DE SILICIUM

II.1 Contexte de la photonique silicium
Les circuits intégrés photoniques (PIC) a base de silicium ont fait I’objet de nombreuses
recherches au cours de la derniére décennie. En effet, ces structures, transparentes aux
longueurs d’onde de la gamme 1,3 um-1,6 um sont particulierement adaptées aux réseaux de
télécommunications a base de fibre optique, et permettent d’intégrer des guides d’ondes a
faibles pertes, des coupleurs et diviseurs du faisceau, des lignes a retard, déphaseurs, cavités a
haut facteur de qualité etc. En revanche, I’oxyde (dioxyde) de silicium et le nitrure de silicium
attirent de plus en plus ’attention d’aujourd’hui du fait de leurs propriétés optiques dans le
visible, comme la transparence et la faible non-linéarité. Par exemple, le guide d’onde en
nitrure de silicium encapsulé dans la silice permet de propager de manicre efficace les ondes
optiques dans la gamme du visible et du proche infrarouge. Dans un contexte de 1’application

automobile autour de la longueur d’onde de 633 nm, nous avons choisi le SisN4 comme

matériau pour fabriquer des guides d’onde et aussi des composants intégrés passifs.
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1.2 Applications des PICs dans le visible

Le développement des PICs pour I’application du visible est beaucoup moins avancé que celui
du domaine des télécoms. D’abord, la résolution de fabrication des composants intégrés en
salle blanche a base de la lithographie optique conventionnelle est limitée a 1’échelle au-dessus
du micron [KLEIN70]. Il est donc nécessaire de recourir a la lithographie ¢électronique pour
les PICs visibles. D’autre part, il n’y a pas eu, jusqu’a présent, autant de demandes
industrielles de réalisation de PICs dans le domaine visible que dans le domaine de proche

infrarouge (de 1,3 um a 1,6 um) qui s’adapte particuliecrement aux systémes de fibre optique.

11.2.1 Guides d’onde 1D en Si;N,

Les premiers guides d’onde en nitrure de silicium encapsulé dans la silice proposés dans la
littérature étaient 1D. Le dépot des couches di¢lectriques peut €tre réalisé par des techniques

matures, comme la PECVD et la LPCVD [IRENE77, STUTI77, SRIRAS83].

11.2.2 Guides d’onde 2D en Si;N,

Grace au développement des techniques de gravure, des guides d’onde 2D ont été ensuite
réalisés et caractérisés [HENRY87, DALDOO04b]. Les pertes de propagation mesurées a la
longueur d’onde visible dépendent fortement des tailles du profil des guides ainsi que des
techniques de gravure. L’encapsulation dans un autre matériau homogeéne comme la silice et
I’optimisation de la rugosité des parois latérales ont ét¢ recommandées pour diminuer I’effet
da aux diffusions de Rayleigh. En particulier, le guide d’onde 2D du type de Canal gravé par
plasma présente la meilleure performance de propagation. Les modes TE ont des pertes de
propagation linéaires toujours plus faibles que les modes TM. D’ailleurs, quand 1’ordre du
mode guidé¢ est ¢élevé, le mode est moins confiné dans le guide. Par conséquent, le coefficient
des pertes de propagation est plus grand. Autrement dit, la rugosité latérale devient un facteur
trés important quand les dimensions du profil des guides d’onde 2D sont plus petites que la

longueur d’onde d’opération.

1.3 Etat de I’art sur les guides d’onde monomode en SizN,

Subramanian et al. ont réussi a fabriquer les guides d’onde rectangulaires en Si3N4 avec une
épaisseur fixée de 200 nm et des largeurs variées de 300 nm a 1 um a I’aide de la photo-

lithographique a 193 nm et la gravure ICP-RIE [SUBRA13]. Les pertes de propagation ont été
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mesurées par la technique cutback dans les domaines visible et proche infrarouge (532 nm,
780 nm et 900 nm) sur les échantillons encapsulés et exposés dans 1’air. En fait, le process de
la planarisation par la silice va améliorer la performance de propagation. En méme temps, les
pertes de propagation linéaires peuvent augmenter rapidement quand la largueur du guide
d’onde diminue progressivement (voir Fig.4). En outre, la largeur de coupure du mode
fondamental dépend fortement de la longueur d’onde d’opération. Finalement, ces guides
d’onde monomodes en SisNy présentent des pertes de propagation linéaires de 1’ordre de 1.5
dB/cm avec une dimension de 200 nm x 300 nm. En réalité, la mesure du type cut-back n’est
pas assez précise, puisque les barres des erreurs restent trés variées. En conclusion, ces
résultats expérimentaux permettent de montrer la faisabilit¢ de fabrication des guides d’onde

2D monomode a la longueur d’onde visible avec des faibles pertes.
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Fig.4: Pertes de propagation linéaires a 532 nm et 900 nm mesurées dans un guide d’onde 2D en Si;N,

capsulé dans la silice en fonction de la largeur du guide.

CHAPITRE 11l : CONCEPTION ET SIMULATION DES GUIDES
D’ONDE DE NITRURE DE SILICIUM

lll.1 Dimensionnement du profil de guides d’onde

D’abord, nous évaluons les modes transversaux TE et TM d’un guide d’onde rectangulaire en
Si3N4 encapsulé dans du SiO,. L’objectif est de dimensionner le profil du guide d’onde Si3N4
en respectant la condition monomode a 633 nm ainsi que maximisant le confinement du mode
fondamental TE. Dans notre cas, le mode TEq est préféré a TMy pour qu’il puisse favoriser

le couplage au mode plasmonique dans la chaine de nanoparticules métalliques (voir chapitre
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V). En méme temps, le dimensionnement du guide d’onde doit étre optimisé en considérant la
capacité de fabrication en salle blanche.

La méthode la plus efficace pour évaluer approximativement des modes transversaux dans
un guide d’onde di¢lectrique lamellaire est a base du calcul de I’indice effectif [YARIV06]. La
valeur de I’indice effectif nous permet aussi d’étudier quantitativement la propagation du
mode guidé en fonction de dimensions géométriques du guide d’onde. Selon la méthode de
I’indice effectif (EIM), nous pouvons analyser pratiquement les modes guidés dans un guide
d’onde rectangulaire. D’abord, nous divisons horizontalement et puis verticalement la
structure du guide d’onde en plusieurs zones d’indice optique. Le schéma du guide d’onde en
Si3N4 encapsulé dans SiO; est présenté¢ dans la Fig.5.(a). Dans un premier temps, 1’indice
effectif de la structure lamellaire negp peut étre calculé en fonction de son épaisseur t;, en
déduisant 1’équation de valeur propre de modes guidés TE et TM confinés par les deux
couches de SiO; au-dessus et au-dessous de SizNy. En suite, la répartition de zones d’indice est
effectuée latéralement en supposant que les deux zones a coté du guide d’onde de SisNy ont le
méme indice (n3 = n;= nsjoz) et celle au milieu a I’indice effectif prédéterminé (ny= nesrip).
Etant donnée que seule la composante électrique avec une direction de polarisation paralléle &
I’axe y est non-nulle, nous présentons en Fig.5.(b) la distribution du champ E, du mode TE
dans un guide d’onde de 250 nm x 300 nm calculé par un logiciel de simulation utilisant un

algorithme vectoriel.
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Fig.5 :(a). Schéma du principe de la méthode de I’indice effectif appliquée sur un guide d’onde en SizN,
encapsulé dans SiO,; (b). Profil du composant Ey du mode TE(, dans un guide d’onde de 250 nm x 300

nm.
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Nous comparons le résultat de I’indice effectif des modes guidés aux dimensions du profil
des guides d’onde calculé par PEIM (présenté par trait plein et en ligne pointillée) et ceux
obtenu par le logiciel de simulation vectorielle (présenté par rond et carré) sur la Fig.6. En fait,
nous devons limiter 1’épaisseur t, inférieur a 250 nm et la largeur w inférieur a 300 nm pour
que le guide d’onde rectangulaire reste monomode. En suite, nous avons calculé le coefficient
de confinement par I’EIM, qui permet de présenter quantitativement le confinement des modes
guidés dans le Si3Ny. Il est défini en fonction de I’épaisseur t; et de la largeur w par la formule

suivante:

Jo" Em ) dx [ En() dy

15 B dx [2 E,() dy

avec m l’ordre du mode transversal confiné verticalement et n 1’ordre du mode confiné

(1)

Nmn (tZI W)

horizontalement. Dans le cas préféré (avec un profil de 250 nm x 300 nm), le confinement du
mode TEq est environs 80%. Par contre, nous pouvons encore agrandir w jusqu’a par exemple

400 nm, car les modes parasites a 1’ordre plus élevés ne sont pas confinés de manicre efficace.
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Fig.6 : Résultats du
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calcul EIM des indices effectifs des guides d’onde avec différentes largeurs et
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1.2 Design des diviseurs de faisceau et guides d’onde courbés

Afin de répartir la lumiére visible (a 633 nm) en plusieurs guides d’onde de manicre uniforme
en amplitude et en phase, nous avons ¢tudié¢ des coupleurs d’interférence multimode (MMI).
Nous présentons dans la Fig.7 le cas le plus simple, c’est-a dire un coupleur MMI avec une
seule entrée et deux sorties identiques. Nous calculons d’abord les valeurs initiales de ce type
de coupleur MMI, surtout la longueur de MMI L, en fonction de sa largeur W, a I’aide des
formules du dimensionnement de coupleur MMI symétrique proposé par Soldano et al.

[SOLDAYS].

Fig.7 : Dimensionnement d’un diviseur 1% 2 a base d’un coupleur MMI avec des tapers.

Ensuite, nous utilisons un logiciel de simulation du type 2D+z pour évaluer les
performances de propagation en considérant les pertes excessives et la non-uniformité définis

par les expressions suivantes :

N T
pertes excessives (EL) = —1010g10< 11-1 l> (2)
in
I
non uniformité (NU) = 101log,, ( max) (3)
Imin

avec I; Dintensité¢ optique du faisceau dans le jéme guide d’onde divisé, et Inin et Inax
respectivement 1’intensit¢é minimale et maximale parmi tous les guides d’onde divisés.
L’objectif de la conception assistée par la simulation FIMMPROP est d’optimiser le
dimensionnement de diviseurs congus a base de coupleur MMI en diminuant ces deux

parameétres de simulation le plus possible.

190



111.2.1 Diviseur de faisceau 1 x 2

Nous arrivons a diminuer les pertes du diviseur de faisceau jusqu’a 0,11 dB en ajustant les
dimensions du MMI et des tapers (voir Fig.7). La configuration optimale du design de ce
diviseur ¢lémentaire est présentée au Tab.1. D’autres types de diviseur 1 % 2 sont aussi étudiés
dans la thése, comme le MMI parabolique [LEVY98, WEIO1], la Y-branche [WANGO02] et le
coupleur en étoile [KOSTEO04, RASIG10]. Finalement, la conception comme présentée dans la

Fig.7 devrait faciliter la fabrication et aussi rendre le composant plus stable.

Tab.1 : Configuration du diviseur de faisceau 1 x 2 a base du coupleur MMI et des tapers correspondant a

la Fig.7.

Wi L P, W, W, L EL
Initial 4 um 6.51 pym 0.54 pm 0.3 um - -- 1.39 dB
Optimal 4 um 6.2 um 0.5 um 0.4 um 2.11 pm 6.51 um 0.11dB

111.2.2 Diviseur de faisceau 1 x 4

Nous proposons ensuite deux solutions indépendantes pour réaliser un diviseur avec un
nombre de sorties] x 2N, par exemple N = 2. La premiére conception est a base du montage en
cascade présenté dans la Fig.8.(a). Il y a 3 coupleurs MMI 1 % 2 au total et deux sections des
guides d’onde courbés. Les pertes excessives optimales égalent donc 3 x 0,11 dB plus les
pertes de courbure. D’un autre c6té, nous présentons un MMI coupleur 1 x 4 direct avec des
tapers. Dans ce cas optimal, les pertes en exces sont d’environ 0,51 dB et la non-uniformité est
0,33 dB. Suite a ces résultats de simulation, nous pensons que le design en cascade a des
avantages. D’abord, il y a plus de flexibilité pour la disposition globale des composants. En
outre, la non-uniformité peut étre completement négligée grace a la symétrie par rapport a la

ligne centrale.

Fig.8 : Schéma des diviseurs de faisceau 1 x 4 : (a). Design en cascade ; (b). MMI coupleur 1 x 4.
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111.2.3 Design des guides d’onde courbés

Comme nous choisissons le design en cascade pour réaliser un diviseur de faisceau 1 x 16, la
conception et 1I’évaluation des pertes de radiations liées aux guides d’onde courbés sont tres
importantes pour optimiser le design global au niveau de la taille de dispositif et de la
performance de propagation optique. Nous étudions d’abord un type de courbes progressives
usuel, la fonction S dont le rayon de courbure varie progressivement en fonction de sa
coordonnée cartésienne horizontale. Nous présentons dans la Fig.9 une illustration

schématique de la propagation de lumicre guidée dans ce genre du guide d’onde courbé.

Fig.9 : Propagation de lumiére guidée dans un guide d’onde courbé a base de fonction S.

Nous étudions un autre type de courbe progressive, la lemniscate qui a été décrite par
Bernoulli en 1694. Une paire de lemniscates fractionnelles peut constituer un guide d’onde
courbé complet, avec point d’inflexion. Nous présentons un exemple de guide courbé a base

de lemniscate en Fig.10.

150/

L, T out
180

210\

270

Fig.10 : Schéma de courbes progressives a base d’une lemniscate fractionnelle du type sinusoidal.
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En fait, la lemniscate ne peut s’exprimer qu’en coordonnées polaires ou par des équations
paramétriques. Dans notre cas, nous préférons étudier 1’évolution de la trajectoire et du rayon
de courbure de la lemniscate a 1’aide des équations paramétriques. De toutes fagons, nous
pouvons analyser quantitativement les deux types de courbes progressives, y compris leurs
trajectoires et rayons de courbures qui détermineront alors la taille et les pertes de courbure
des guides d’onde. Nous pouvons donc étudier la transmission de propagation dans la section
courbée, qui est dédiée au calcul de pertes de courbures. Par exemple, nous avons 1’expression

de la transmission liée a la courbe du type fonction S :

z ds
T = M —e 1 “C(z)(ﬁ)dz (4)

in
avec un parametre curvilinéaire s et un coefficient de pertes de courbure o, qui évolue aussi
en fonction de son déplacement sur le trajectoire courbé. Par conséquent, les pertes
accumulées dues au guide d’onde courbé peuvent étre calculées dés que nous sommes capable

de formaliser ce coefficient o..

111.2.4 Evaluation des guides d’onde courbés

Nous utilisons la théorie de Marcatili pour modéliser approximativement une section des
guides d’onde courbés avec un profil rectangulaire dont la taille est constante. Cette méthode
est basé sur 1’analyse modal TE ou TM dans un guide d’onde diélectrique 2D [MARCAG69Db].

Le principe d’analyse du mode TE est présenté dans la Fig.11.

Fig.11 : Schéma de I’analyse modal 2D a base de la théorie de Marcatilli pour évaluer les pertes de

courbure du guide d’onde rectangulaire 2D.
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D’apres Marcatilli, le coefficient de pertes de propagation du guide d’onde courbé

s’exprime en fonction du rayon de courbure dans I’expression suivante:
a(R;) = Crexp (—C2(RR.) (3)

avec deux constantes C; et C, qui dépendent fortement des dimensions et des indices du guide
d’onde. En particuliere, C, évolue aussi en fonction du rayon de courbure et donc
progressivement sur la trajectoire. Nous considérons ici un guide d’onde monomode en Si3Ny4
encapsulé dans la SiO,. Par ailleurs, on suppose que le rayon de courbure est beaucoup plus
grand que la distance de pénétration & and n.

Nous comparons les deux types des guides d’onde courbés. En fait, nous fixons le point au
départ et le point final avec un décalage vertical de 50 um. Et méme temps, nous varions
I’angle tangente (6. = 60°, 90° et 180°) au point d’inflexion dans le cas des lemniscates pour
générer trois trajectoires avec différents longueurs. En suite, nous tracons aussi trois courbes
du type de fonction S qui ont les mémes points de départ et d’arrivée que les lemniscates. Les

trajectoires de différentes courbes mentionnées sont présentées dans la Fig. 12.

60
Lemniscate
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40
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Fig.12 : Trajectoire des courbes lemniscate et du type fonction S.

Pour simplifier I’évaluation des pertes de courbure accumulées dans les guides d’onde
courbés, nous ne calculons que les pertes accumulées sur la premiere moiti¢ de trajectoire
compléte en supposant que la valeur soit doublée pour toute la section courbée. Les résultats
du calcul sont présentés dans la Fig.13. En conclusion, plus I’angle tangent au point

d’inflexion est grand, plus le guide d’onde courbé est compact, plus les pertes de courbure
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sont accumulées. C’est a dire que I’évolution des rayons de courbure minimaux influe
beaucoup sur le coefficient de pertes de courbure. Par conséquent, les pertes de propagation
accumulées deviennent trés importantes si le rayon est assez petit. Par contre, une différence
apparait sur 1I’évolution de pertes accumulées entre la lemniscate et la fonction S. Comme la
fonction S a toujours son rayon minimal au début de trajectoire, les pertes de courbure
augmentent rapidement et atteint une value saturée lorsque la propagation atteint environ un
tiers de la demi-trajectoire. Au contraire, les pertes dues aux courbes des lemniscates
augmentent rapidement seulement dans le dernier tiers de propagation. Finalement, nous
proposons la conception d’une courbe combinant le premier tiers de la lemniscate et le dernier
tiers de la fonction S qui permet de profiter des avantages des deux courbes au niveau de

I’évolution des rayons de courbure et donc des pertes accumulées.
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Fig.13 : Evolution des trajectoires, des rayons de courbure et des pertes de propagation accumulées dues

aux différentes courbes sur la premiere moitié des guides d’onde courbés.
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CHAPITRE IV : FABRICATION ET CARACTERISATION DES
GUIDES D’ONDE DE SI;N,

IV.1 Procédé de fabrication en salle blanche

La fabrication des échantillons de guides d’onde est effectuée en salle blanche a la Centrale de
Technologie Universitaire (CTU) IEF-MINERVE. Le schéma du procédé de fabrication est
présenté Fig.14.

Photoresist
SisN, 0.25 um L Si;N,0.25 um

Silicon dioxide 2.0 um Si0, 2.0 um

‘ Si0, 2.0 um

!
- B - I -~

PECVD PECVD l7
.20 7 kl)l pattern . pattern
Si;N, ' SiN, Si;N,0.25 um ' Si;N,0.25 um
$i0,2.0 ym $i0, 2.0 um $i0,2.0 ym - S0,20um
PECVD RIE etching EBL

Fig.14: Schéma du procédé de fabrication des guides d’onde en Si;N, encapsulés dans du SiO,.

IV.1.1 Dépot des diélectriques

Le dépdt des couches minces diélectriques est réalis¢ en PECVD a basse fréquence sur un
substrat du silicium de 4 pouces. Pour la formation des couches de nitrure dioxyde de 2 pm,
nous utilisons des gaz de SiHs et N,O. En revanche, ce processus peut introduire des
impuretés parasites d’hydrogéne provenant du silane précurseur. Ensuite, nous générons la
couche de nitrure de silicium de 250 nm par SiH4 et NHs. Pendant cette réaction chimique, la
composition des éléments Si et N n’est pas aussi précise que les indices de SisN4. En méme
temps, les échantillons déposés peuvent aussi contenir des impuretés d’hydrogene. Dans ce
cas, un recuit supplémentaire a haute température est recommandé pour enlever une partie des

gaz piégés [GONDAI10].
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IV.1.2 Lithographie

La lithographie a faisceau d’¢électrons (ou lithographie e-beam) est une étape importante
dans le processus de fabrication car elle détermine la résolution des dimensions géométriques
des guides d’onde et des composants intégrés visés. D’abord, un processus de nettoyage des
échantillons de SisNy doit étre fait a 1’aide de plasma d’oxygene et de solutions d’acétone et
d’alcool isopropylique. Nous enrésinons par la suite avec une couche de la résine négative
MaN-2403 pour faire la lithographie. En fait, pour renforcer la force d’adhésion entre la
surface de SizNy et la résine organique, nous rajoutons une couche de promoteur HMDS Prime
au-dessous. En suite, pour éviter I’effet de charge a I’intérieur de la résine, nous enrésinons
une couche de E-spacer 300Z au-dessus. Nous présentons d’ici la problématique due a la
lithographie e-beam effectuée par la machine de Nanobeam NB4. Au début de notre test de
dose de la lithographie e-beam, des décalages et discontinuités (voir la Fig.15) au long du
guide d’onde visé ont ét€¢ observés au microscope ¢€lectronique a balayage (MEB) apres la

révélation de la résine lithographique et le dépot d’une couche mince d’or.

Lateral shift | discontinuity

AccV Magn WD
150 kV 25000x 54

AccV SpotMagn Det WD j——————| 500nm
150kV 30 50000x SE 5.

(a) (b)

Fig.15 : Problématique de la fabrication des échantillons des guides d’onde due a la lithographie.

En outre, des ondulations le long des bords de la résine sont aussi observées au MEB.
Autrement dit, la rugosité latérale due au procédé d’écriture par défaut du systéme NB4 doit
aussi étre pris en compte pour diminuer I’effet de diffusion de Rayleigh. Finalement, une série
de processus d’optimisation li€s a la lithographie e-beam est effectuée, portant sur les tests de
résine déposée en spin-coating, les doses d’exposition d’e-beam, et le « step-size » d’écriture
du « sub-field ». Nous présentons des photos MEB des profils de résine des guides d’onde
rectangulaires avec une épaisseur fixée a environs 250 nm. Typiquement, le meilleur cas
correspond a une dose d’exposition autour de 4-5 C/m”. Plus le « step-size » du « sub-field »

d’écriture est petit, plus le profil de résine est en mesure d’avoir les bonnes verticalité et

rugosité latérale.
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Fig.16 : Photos du MEB des profiles de résines révélées a base de la lithographie des guides d’onde droits
avec un « step-size » s = 5 nm et une dose d’exposition D = 4.5 C/m’ en variant la largeur du motif de

guides d’onde.

IV.1.3 Gravure

La gravure assistée par ions réactifs (ou RIE abréviation pour Reactive ion etching) est utilisée
dans notre cas pour transférer le motif de guides d’onde rectangulaires en résine dans le SizNy.
L’avantage de la RIE est de générer un environnement de gaz de gravure isotrope. Donc la
gravure se produit grace aux réactions chimiques et attaques physiques entre les gaz de
gravure CF4 et CHF; et la couche de Si3N4. Nous présentons dans la Fig.17 des photos MEB
des profils de guides d’onde gravés par la RIE optimisée. En fait, nous pouvons contrdler
pratiquement la largeur des guides d’onde en modifiant les dimensions des motifs car la

gravure RIE optimisée consomme quasiment la méme quantité de SizNy.

——=2160m

‘}—V— 300nm

¢

b
:|V :

0 2550m
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Fig.17 : Photos MEB des profils des guides d’onde gravés par RIE (échantillons présentés dans la Fig.16).

IV.2 Caractérisation d’échantillons a I’aide du banc optique

IV.2.1 Banc de caractérisation

Comme nous nous intéressons plutdt au mode transversal TE( en raison du couplage efficace

avec la chaine de nanoparticule plasmonique, nous initialisons 1’état de polarisation du banc
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de caractérisation optique au mode TE a I’aide des polariseurs avant de tester la performance
de propagation optiques des guides d’onde. Nous mettons en place aussi une série des
dispositifs optiques pour aligner et puis calibrer le chemin d’optique a tester des échantillons
fabriqués. La source lumicre utilisée est basée sur une diode laser a 635 nm qui fonctionne a la
température ambiante (25°C) et est polarisée par un courant de 80 mA. En revanche, le
spectre de sortie de cette diode laser n’est pas tres stable et étroit.

Nous utilisons une paire de fibres optiques micro-lentillées avec 1’état de polarisation
maintenu pour coupler la lumiére TEy) a 635 nm dans les échantillons de guides d’onde. Nous
faisons la mesure des spectres optiques de transmissions fibre-a-fibre pour déterminer les
pertes de propagation linéaires liées aux guides d’onde droits fabriqués. Un schéma du banc de
mesure optique est présenté dans la Fig.18. Un support optique peut étre bougé manuellement
sur les trois axes avec une précision submicronique pour aligner le chemin d’optique guidé

dans le guide d’onde rectangulaire de Si3N4 recouvert par SiO,.

u-lensed PMFs camera powermeter

1/99 BS polarizer

diode laser |s'm)lr R
635 nm e T
10/90 BS
1
Waveguide
sample
ref sig
OSA

Fig.18 : Schéma du banc de caractérisation optique pour mesure les spectre de transmission fibre-a-fibre

des guides d’onde fabriqués.

IV.2.2 Mesure des spectres de transmission fibre-a-fibre

Nous mesurons au moins de 3 fois des spectres de transmission fibre-a-fibre pour chaque
¢chantillon de guides d’onde droits avec différentes longueurs en variant de 500 um a 900 pm.

Les résultats des spectres moyens sont présentés dans la Fig.19.
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Fig.19 : Spectres optiques de transmission fibre-a-fibre en fonction de la longueur de guides d’onde droits.

En fait, le spectre de sortie de la source s’étend sur une plage de longueur d’onde d’environ
0,9 nm. Par conséquent, nous ne mesurons que les spectres de transmission sur cette plage de
longueurs d’onde. Nous observons qu’il y a toujours des périodes d’oscillations d’environs 0,3
nm sur la Fig.19 pour différentes longueurs de guides d’onde. Donc la méthode de Fabry-
Pérot ne peut pas s’appliquer dans ce cas. Nous pensons que ce phénomene est di a la
présence des raccords de champs de la lithographie e-beam qui génére des retours optiques le
long des guides. Nous estimons alors le coefficient de pertes linéaires par une mesure du type
de end-fire. Nous fixons une longueur d’onde d’opération, par exemple a 635,7 nm et puis
comparons les puissances de créte en supposant que 1’atténuation linéaire due a la propagation
dans un guide d’onde droit soit constante. Nous pouvons calculer le coefficient des pertes

linéaires a en utilisant la formule suivante:
Trer(dB) = 4,343(—al + ¢) (4)

avec L la longueur des guides d’onde droit et C une constante liée aux atténuations parasites.
Nous prenons aussi en compte 1’effet de diviseurs de faisceau 1:99 et 10:90 dans cette
formule. Les résultats expérimentaux de transmissions fibre-a-fibre en fonction de la longueur

des échantillons des guides d’onde droits sont présentés dans la Fig.20.
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Fig.20 : Relation entre la transmission fibre-a-fibre a 635,7 nm et la longueur des guides d’onde fabriqués.

En conclusion, nous trouvons une pente de 10,4 dB/mm, qui représente le coefficient de
pertes linéaires avec une barre d’erreur de 0,9 dB/mm. L’atténuation parasite due a la facette
clivée par la scie est d’environ 7,2+/-0,3 dB/facette. En comparant avec la littérature, nous
pensons que cette atténuation linéaire trés €levée est surtout causée par le faible confinement
du mode TEyy dans un guide d’onde rectangulaire trés étroit qui favorise les diffusions dues
aux rugosités latérales, ainsi que les raccords de champ des « sub-field ». Il faudra donc
améliorer la fabrication, et choisir des guides plus larges pour atténuer ces effets. En outre,

nous visons aussi une autre mesure par la méthode top-view dans le futur.

CHAPITRE V : COUPLAGE PLASMONIQUE DU GUIDE D’'ONDE
DE SIsN, A LA CHAINE DE NANOPARTICULES METALLIQUES

V.1 Rappels sur les plasmons de surface et état de I’art

Les modes de plasmons de surface localisés (LSP) supportés par une chaine de nanoparticules
métalliques ont été profondément étudiés en théorie et en pratique depuis une dizaine
d’années. Comme les dimensions géométriques de ce genre de nanoparticules métalliques sont

inférieures a la longueur d’onde d’opération dans la gamme du visible et de ’infrarouge, ce
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nouveau domaine appartient a celui de la nano-photonique. Au début de la recherche dans le
domaine de la plasmonique, la théorie de Mie et le modele dipolaire ont été largement
appliqués pour expliquer analytiquement les modes plasmoniques propagatifs a base d’une
chaine de nanoparticules d’argent [QUINTO9S8]. L’effet optique dans le champ proche a été
aussi observé sur une chaine d’or ou d’argent, qui est en accord avec la prédiction théorique
[KRENN99, MAIERO3]. Ensuite, la théorie du couplage dipolaire ponctuel et la méthode
numérique basée sur les équations de Maxwell pour calculer la relation de dispersion de la
chaine infinie et finie de nanoparticules métalliques ont été¢ aussi développées et puis
confirmées expérimentalement [BRONG00, WEBERO04]. Les effets telles d’ « amortissement
ohmique », de « rayonnement amorti » et de retard ont aussi €té pris en compte dans le modele
analytique corrig¢ [KOENDO06, KOENDO07]. L’influence du substrat diélectrique a été
considérée dans la théorie la plus avancée [CROZI07, SIMSE10].

V.1.1 Guides d’onde plasmoniques a base de la chaine de nanoparticules

métalliques

Dans un mode¢le physique de la chaine de nanoparticules d’or déposé au-dessus d’un substrat
SOI, un couplage géant entre un mode photonique guidé a une longueur d’onde de télécom et
un mode plasmonique de surface (SP) localisé a été observé expérimentalement par Février et
al. (voir Fig.21). L’excitation efficace de ce mode SP du guide d’onde rectangulaire de SOI
peut étre utilisé pour fabriquer des composants intégrés photoniques pour piéger ou détecter la

lumiére de I’infrarouge [FEVRI12].

Silicon
waveguide
Gold nanorods g Gold nanorods
SOARRNNTIC0AR0N
Injected beam Fh— g
560 nm

Side view (calculation) Top view (experiment)

2
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Fig.21 : L’effet du couplage géant entre la chaine nanoparticules d’or et le guide d’onde SOI observée par

TraNSOM.
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V.1.2 Antennes plasmoniques du type Yagi-Uda

Suite a la démonstration du couplage efficace en transférant 1’énergie optique a la résonance
plasmonique localisée dans la chaine de nanoparticules métalliques, des travaux de recherche
sur le développement des nano-antennes plasmoniques ont ¢té¢ généralisés dans la gamme de
longueur d’onde infrarouge et méme visible [KOSAK10, NOVOTI11]. Une des conceptions
d’antennes plasmoniques les plus populaires est du type Yagi-Uda [TAMINOS, CURTOI10].
Arango et al. ont présenté des études sur I’antenne plasmonique Yagi-Uda a base d’une chaine
de nanoparticules d’or et un guide d’onde monomode de SizN4 visée pour la détection et
I’émission directionnelle a la longueur d’onde autour de 850 nm. Ces composants intégrés ont
toujours une taille compacte et une caractéristique de fonctionnalit¢ d’émission et/ou de

détection efficace et directionnelle [ARANGI12, ARANG15].

V.2 Etudes sur la structure guidée a base d’une chaine de

nanoparticules métalliques et d’un guide d’onde de SizN,4

V.2.1 Approximation du dipéle ponctuel

Nous ¢étudions d’abord la polarisabilit¢ d’une seule nano-ellipsoide d’or et d’argent dans un
environnement homogene a 1’aide de la méthode d’approximation du dipole couplé (CDA).
Nous cherchons la tendance de la variation de la longueur d’onde résonante en fonction des
dimensions géométriques de nanoparticules. Un schéma du dimensionnement d’une seule
nanoparticule métallique est présenté dans la Fig.22 (a gauche). Nous nous intéressons ici a la
plage de longueur d’onde entre 600 nm et 800 nm. Les permittivités des métaux sont issues de

la base de donnée du type de Palik du logiciel de simulation FDTD LUMERICAL.

Fig.22 : Schéma du dimensionnement des nanoparticules métalliques pour le calcul CDA (a gauche) et

pour la simulation FDTD (a droite).

203



Nous présentons dans la Fig.23 la polarisabilité (partie imaginaire) calculée par la méthode
de CDA corrective d’une seule nano-ellipsoide d’or et d’argent en fonction de ses rayons sur

I’axe x et I’axe y.

___a=20nm
y

7 a=2%mm
y

— a =30nm
800 v
N ay=35nm

Imag (polarizibility) (nm?)

7ay=40nm
a =45nm
y
__a =50nm
y
_.a =55nm
y
___a =60nm
- y

—— __ a =65nm
y

Wavelength (nm) Wavelength (nm)

Fig.23 : Polarisabilités (partie imaginaire) d’une seule nano-ellipsoide d’or (a gauche) et d’argent (a droite)

en fonction de ses dimensions géométriques calculées par la CDA corrective.

En général, le spectre de la polarisabilité est décalé vers le rouge quand a, augmente. Au
contraire, il y a un peu de décalage ver le bleu quand a; augmente. En méme temps, le spectre

de la polarisabilité¢ bouge vers le bleu si nous remplagons 1’or par ’argent.

V.2.2 Simulation par le logiciel FDTD
Nous utilisons un logiciel de simulation FDTD LUMERICAL pour étudier 1’effet du couplage

entre la structure guidée du mode plasmonique a base de la chaine de nanoparticules
métalliques déposée sur le guide d’onde de SizN4 et recouverte par le SiO,. L’objectif est
d’évaluer le coefficient du couplage entre le guide d’onde de SisN4 et la chaine de
nanoparticules métalliques ainsi que la résonance plasmonique indiquée sur le spectre de

transmission. D’ailleurs, les permittivités d’or et d’argent dans la simulation FDTD sont issues
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de la base de donnée Palik. La taille du guide d’onde rectangulaire de Si3Ny4 est référée a la

conception, c’est a dire que la taille de profil du guide d’onde concerné est fixée a 250 nm X

300 nm pour un guide TE monomode a 633 nm. Les spectres de transmission en fonction des

dimensions des nanoparticules d’or et d’argent sont présentés dans la Fig.24.
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Fig.24 : Spectres de transmission en fonction des dimensions géométriques dans la structure guidée

hybride avec des nanoparticules d’or et d’argent (t=37 nm, d=130 nm).

Selon les résultats de simulation FDTD, nous observons la méme tendance d’évolution de

la résonance en fonction des ay et ay, de ces 5 nanoparticules identiques en chaine que celle

observée dans le cas d’une seule nano-ellipsoide sous la CDA corrective. Donc plus ax est

grand ou ay est petit, plus le spectre de transmission bouge vers le bleu. Pour le cas avec des
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grandes nanoparticules, le spectre de transmission ressemble beaucoup a une courbe
Lorentzienne. Dans ce cas, nous étudions le ratio entre la résonance et la largeur spectrale a
mi-hauteur (FWHM) en fonction des dimensions de nanoparticules en supposant que le
plasmon de surface localisé est analogue a une cavité photonique dont le ratio mentionné

représente le facteur de qualité Q.

Par contre, pour les petites nanoparticules, le spectre de transmission simulé est perturbé.
Au niveau du pic de résonance, la dépendance des dimensions géométriques nous permet de
prévoir une résonance visée a 633 nm avec une transmission de pres de 60% excitée par la
chaine des nanoparticules d’argent dont a, = 50 nm, a, = 35 nm et t = 37 nm. Enfin, nous
présentons dans la Fig.25 le profil du champ E, résonant a 664 nm dans la chaine d’argent
simulé par LUMERICAL pour des dimensions a; = 50 nm, a, = 40 nm and t = 37 nm. En fait,
le transfert d’énergie est déja complétement terminé dans les premicres 4 nanoparticules
d’argent. Le plasmon de surface est bien localis¢ au-dessus du guide d’onde de SizN4 et
I’énergie optique non-couplée peut €tre guidée et continuer de se propager dans le guide
d’onde de Si;N4. L’étape suivante de notre recherche est donc d’étudier des émetteurs

plasmoniques pour extraire la radiation directionnelle de la chaine.

25
2
E
2
N 15
1
0.5

201 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

X(um)

Fig.25 : Couplage du mode photonique dans le guide d’onde de Si;N4 a la chaine de 5 nanoparticules

d’argent avec des dimensions 50 nm x 40 nm x 37 nm résonné a 664 nm.
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CONCLUSIONS ET PERSPECTIVES

Pendant ces trois ans de travaux de recherche dans la cadre d’une thése CIFRE, nous avins
visé a développer un systéme d’éclairage a géométrie surfacique ultracompact, qui est capable
d’étre embarqué facilement dans une voiture de passager a 1’aide des circuits intégrés
photoniques et des émetteurs plasmoniques. Nous avons d’abord dimensionné le guide d’onde
de Si3N4 encapsulé dans la SiO, pour un fonctionnement monomode TE & 633 nm. Ensuite,
nous avons proposé pour le diviseur de faisceau une structure en cascade a base de coupleurs
MMI 1 x 2. Les dimensions géométriques de ce coupleur MMI ont été optimisées par un
logiciel de simulation. En méme temps, nous avons développé des guides d’onde courbés en
combinant deux types de courbes, la Fonction S et la lemniscate de Bernoulli. Nous avons
aussi implémenté les processus de fabrication des guides d’onde rectangulaire de 250 x 300
nm en salle blanche. Par la suite, les échantillons fabriqués ont été caractérisés par la méthode
de cut-back et le coefficient des pertes de propagation lin€aires mesurées est d’environ 10
dB/mm. Enfin, nous avons ¢étudié¢ I’effet du couplage du mode photonique dans le guide
d’onde de SizN4 au mode plasmonique localis€ dans la chaine de nanoparticules d’or et

d’argent dans le but de réaliser une résonance efficace autour de 633 nm.

Nous visons de continuer d’améliorer le dimensionnement et aussi la fabrication des
échantillons de guides d’onde pour que les pertes lin€aires mesurées puissent étre réduites a un
niveau acceptable dans un futur proche. Par ailleurs, nous allons finaliser la conception des
guides d’onde courbés a faible perte et aussi le développement d’un outil numérique pour
générer automatiquement des courbes progressives optimales. En parall¢le, nous allons étudier
la radiation directionnelle et efficace a base de chaines de nanoparticules d’argent du type de
I’antenne Yagi-Uda pour répondre a 1’exigence de I’illumination cohérente et puissante a
géométrie planaire. En outre, grace a une collaboration internationale et interdisciplinaire, les
perspectives a long terme consistent a développer des composants intégrés a base d’OLED
pour compenser les pertes de propagation dues aux guides d’onde monomode de SizN4. Du
coté de ’objectif industriel, nous visons aussi a généraliser le prototype de ce systéme intégré

sur puce de I’ordre du mm a une grande surface de I’ordre du dm.
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Résumé : la réalisation d’un systéme holographique 3D embarqué dans un véhicule nécessite le développement
d’une structure d’éclairage surfacique a géométrie planaire pour générer un faisceau cohérent, directionnel et
uniforme. Ce type de systéme a été jusque la réalisé a base de composants optiques classiques comme des
lentilles et des miroirs. L’objectif de cette thése est de proposer une solution plus compacte grace a 1’utilisation
des (nano-) technologies d’intégration pour réaliser une émission cohérente, directionnelle et uniforme sur une
grande surface a 633 nm en remplacant les composants optiques volumineux par un circuit intégré photonique.
Nous présentons d’abord de maniére générale les applications des composants optiques et photoniques dans le
domaine automobile, puis la structure planaire intégrée que nous visons pour 1’éclairage du systéme
holographique. Nous montrons ensuite 1’intérét du développement de circuits photoniques & base de guides de
nitrure de silicium pour le fonctionnement dans le domaine du visible, comme requis pour la présente
application. Les travaux réalisés sur les guides d’onde en Si;N4 pour la propagation de la lumiére a 633 nm sont
alors détaillés. Dans un premier temps, nous introduisons les méthodes théoriques pour analyser les modes
guidés et montrons les résultats de calcul des indices des modes 1D et 2D pour dimensionner un guide
rectangulaire monomode. Enfin, nous détaillons 1’étude théorique et de simulation pour définir certains
composants intégrés du circuit visé, comme le diviseur 1 x N de faisceau et les guides d’onde courbes. Nous
présentons alors les travaux de fabrication des guides d’ondes Si;N4 encapsulés dans la silice, précédemment
congus, et qui présentent une dimension autour de 250 nm x 300 nm. Nous montrons les principales étapes de
fabrication en salle blanche, comprenant le dépdt des diélectriques a 1’aide de la PECVD, Ia lithographie assistée
par faisceau d’électron (EBL) et la gravure ionique réactive (RIE). Les résultats de fabrication sont évalués et
analysés afin d’optimiser le procédé de fabrication. Finalement, nous présentons le banc de caractérisation des
guides d’onde et les résultats des pertes optiques mesurées. Le dernier chapitre est dédié a 1’étude du couplage
d’un mode photonique guidé a un mode plasmonique dans un systéme de guides d’onde, qui consiste en une
chaine de nanoparticules métalliques en Au ou en Ag déposée sur le guide d’onde rectangulaire Si;Ny. L’état de
I’art et 1’étude théorique sont d’abord présentés, puis nous montrons les résultats de simulation numérique de
I’efficacité de couplage en fonction des tailles des nanoparticules et de la longueur d’onde dans ce systéme de
guides d’onde couplés.

mots clés: dispositifs intégrés photoniques ; guides d’onde plasmonique ; fabrication en salle blanche

Abstract: An auto-embedded 3D holographic system requires the development of a surface lighting integrated
device to generate a coherent, directional and uniform lighting beam. Up to now, the realization of this type of
system is based on the conventional optical components such as lenses and mirrors. The objective of this thesis is
to propose an ultra-compact solution by using the nanotechnologies, in order to realize coherent, directional and
uniform light emitting at 633 nm on a large surface in replacing the bulky optical components by a photonic
integrated circuit (PIC). In the beginning of the thesis, we present the automotive applications of optics and
photonics, and then introduce to the integrated planar structure, which is expected to illuminate the holographic
system. We present then our interest of developing silicon nitride waveguides-based PICs, which can be operated
in the visible range, as required for the mentioned application. The realized research work on the Si;Ny
waveguides for the light propagation at 633 nm are then detailed. At first, we introduce the theoretical methods
for the analysis of the guided modes and present the calculated indexes of the 1D and 2D modes, which are used
to design the single-mode rectangular waveguide. At last, we present exhaustively our theoretical study and
simulation work to define some targeted PICs, as the 1 x N beam splitter and the bent waveguides. Then we
introduce the fabrication of the predetermined SiO, cladded Si;N, waveguide samples, which have a cross-
section size about 250 nm x 300 nm. We present main processes of the fabrication in cleanroom, including the
deposition of the dielectric layers by using PECVD, the electron beam lithography (EBL) and the reactive ionic
etching (RIE). The fabrication of waveguides has been evaluated and analyzed, in order to optimize the
fabrication process. Finally, we present the waveguide’s characterization set-up and the measurement results of
the optical losses. The last chapter of the thesis is dedicated to the study of the coupling effect from a guided
photonic mode to a plasmonic mode supported by a guiding structure, which consists of a metallic nanoparticle
(Au or Ag) chain deposited on top of the Si;Ny rectangular waveguide. The state of the art and the theoretical
study are firstly introduced. Then we present the numerical simulation results of the coupling efficiency as a
function of nanoparticle’s sizes and operation wavelength in this photonic-plasmonic coupled waveguide system.

keywords: photonic integrated device; plasmonic waveguide; cleanroom fabrication



