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–Summary in Dutch–

Optische draadloze verbindingen worden momenteel meer en meer belangrijk.

Om aan de groeiende vraag naar meer bandbreedte te kunnen voldoen moeten

nieuwe technologieën onderzocht worden. Uit voorspellingen blijkt immers dat

de huidige draadloze technologie, die gebaseerd is op radiogolven, niet in staat

zal zijn om de vereiste bandbreedte te leveren, niet enkel door technologische

beperkingen, maar ook voor een groot deel door de heel stricte reglementerin-

gen in de radio wereld. Voor lange-afstandscommunicatie is men reeds overge-

schakeld van elektrische signalen die langs koperkabels verstuurd worden, naar

optische signalen die door een optische vezel verstuurd worden. Deze optische

signalen hebben immers een immens grote bandbreedte. Eenzelfde tendens

kan men nu doortrekken naar draadloze toepassingen. Ook voor heel korte af-

standen kunnen deze optische draadloze verbindingen een belangrijke rol ver-

vullen. De snelheid van de huidige geïntegreerde circuits (ICs) is immers voor

een groot deel beperkt door de koper verbindingen, die verschillende delen van

eenzelfde IC verbinden of verschillende ICs met elkaar moeten verbinden. Op-

tische interconnects is dan ook een belangrijk domein waar veel onderzoek naar

verricht wordt en waar optische draadloze verbindingen een meerwaarde kun-

nen bieden.

De toepassingen van draadloze optische links reiken echter verder dan en-

kel communicatie. Optische detectie van materialen of gassen, opmeten van

concentratie van gassen, meten van windsnelheden en opstellen van windpro-

fielen. Het zijn enkele van de toepassingen waar men ook een draadloze opti-

sche link opstelt: licht wordt verzonden naar het te detecteren materiaal en het

gereflecteerde licht wordt geanalyseerd. Dit gebeurt met een zogenaamde licht

radar of LIDAR (Light Detection And Ranging). Deze wordt ook gebruikt bij het

opstellen van topografie kaarten. Voor al deze toepassingen is het belangrijk om

licht in verschillende richtingen efficiënt te kunnen uitsturen.
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Optische Fasegestuurde Roosters

De meest voor de hand liggende manier om een lichtstraal te sturen is door bij-

voorbeeld een spiegel mechanisch te bewegen. Wanneer men dit echter heel

nauwkeurig wil doen, zijn de compontenten typisch zwaar, hetgeen nodig is

voor de stabiliteit. Dit beperkt echter hun snelheid. Zulke structuren zijn bo-

vendien ook gevoelig aan versnelling. Daarom hebben we in dit werk een ma-

nier gebruikt om een straal te sturen zonder enige mechanische beweging.

Hiervoor gebruiken we een Optisch Fasegestuurd Rooster (Engels: Optical

Phased Array, OPA). Een OPA bestaat uit een rooster van elementen die licht

uitsturen en waarvan men de fase van het licht dat elk element uitstuurt actief

kan aanpassen. Op deze manier kan men een willekeurig fasefront van licht

creëren. Hierdoor reiken de toepassingen van OPAs verder dan enkel sturing

van het licht. We kunnen ook de vorm van de lichtstraal beïnvloeden om bij-

voorbeeld licht te focussen. OPAs spelen ook een belangrijke rol in de zoge-

naamde adaptieve optica. Hier probeert men bijvoorbeeld het fasefront van

licht te reconstrueren na propagatie door de atmosfeer. Dit wordt gebruikt in

de astronomische beeldvorming of bij lange-afstand optische draadloze links

door de atmosfeer. Ook in de medische beeldvorming kan men adaptieve op-

tica gebruiken om drie-dimensionale beelden te creëren van weefsel.

De fabricage van OPAs is technologisch zeer uitdagend. Wanneer men een

continue sturing over een groot bereik wenst, moeten de individuele elementen

dichter bij elkaar staan dan een halve golflengte. Het is echter zeer moeilijk

om aan deze voorwaarde te voldoen omwille van de zeer kleine golflengte van

licht. Wanneer men bovendien een heel gerichte lichtstraal wil hebben, moet de

totale apertuur groot zijn. Beide voorwaarden betekenen echter dat er een groot

aantal elementen nodig is. Adressering van al deze elementen wordt dan ook

problematisch. Aan beide voorwaarden wordt dan typisch ook niet voldaan.

Om een groot sturingsbereik te verkrijgen gebruikt men meestal een cascade

van stapsgewijze sturing over een groot bereik en nadien continue sturing over

een klein bereik.

De meeste OPAs worden typisch gemaakt met vloeibare kristallen. Deze

hebben echter een beperkte snelheid en een beperkt bereik. In dit werk werd

het geïntegreerd silicium fotonica platform onderzocht om OPAs te fabriceren.

Silicium Fotonica

Momenteel wordt er zeer veel onderzoek verricht naar fotonische integratie.

Het doel van deze integratie is om complexe functionaliteit te verkrijgen:

geïntegreerde detectoren leveren ons hogere data snelheden, integratie be-
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tekent miniaturisatie en dus een lager vermogensverbruik, meer nauwkeurige

detectie wordt mogelijk. Dit alles is bovendien mogelijk tegen een lage kost-

prijs indien men in staat is om op grote schaal te produceren. Er is echter een

veelvoud aan fotonische integratieplatformen: GaAs, InP, glas- of polymeer-

gebaseerd, Si. De keuze in dit onderzoekswerk is gevallen op het silicium foto-

nica platform.

Er is een sterke rationale om te kiezen voor silicium als integratieplatform.

Eerst en vooral is silicium transparant in het telecom gebied. Ten tweede heeft

silicium-op-isolator (Engels: silicon-on-insulator, SOI) een hoog brekingsindex

contrast, hetgeen zeer compacte integratie toelaat. Ten derde heeft men lage

golfgeleider verliezen reeds aangetoond en geïntegreerde detectoren kunnen

worden gemaakt door germanium te integreren. Het enige ontbrekende ele-

ment om een optische link te kunnen opstellen is de generatie van licht. De

indirecte energiekloof van silicium laat niet toe om op efficiënte wijze licht te

genereren. Men kan echter wel overschakelen naar hybride integratie van III-V

halfgeleiders, waarin het wel mogelijk is om efficiënt licht te genereren. Door si-

licium te gebruiken kan men bovendien de complexe en uiterst verfijnde fabri-

cagetechnieken, ontwikkeld door de CMOS (Complementary Metal Oxide Se-

miconductor) industrie, aanwenden voor de ontwikkeling van fotonische struc-

turen op nanometer schaal.

(a) (b)

Figuur 1: Rasterelektronenmicroscoop foto’s van geïntegreerde componen-

ten op silicium-op-isolator: (a) sterkoppelaar , (b) rooster van rooster-

koppelaars.

Het silicium fotonica platform levert ons al de functionaliteit die nodig is

om OPAs te maken: licht kan tussen verschillende elementen verdeeld worden

door bijvoorbeeld een sterkoppelaar te gebruiken (Figuur 1(a)), het kan uit het

vlak van de chip gestuurd worden door roosterkoppelaars (Figuur 1(b)) en de

fase kan aangepast worden door middel van geïntegreerde fase tuners. Deze
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aanpassing van de fase is een zeer belangrijk element van een OPA en werd in

meer detail onderzocht.

Bij de eerste experimentele OPAs werden thermo-optische fase tuners ge-

bruikt. Wanneer men een golfgeleider opwarmt, verandert diens brekingsin-

dex en dus ook de fase van het licht in deze golfgeleider. Daarnaast hebben we

ook een nieuwe soort fase tuner voorgesteld en aangetoond op basis van NEMS

(Nano-Electro-Mechanische Systemen) technologie. Door een voltage aan te

leggen over een ondergeëtste slot van een slotgolfgeleider, zal de slot samen-

trekken waardoor de effective index ervan wijzigt.

Figuur 2: Eén-dimensionale OPA met 16 thermo-optische fase tuners waar-

mee een random fasefront kan gecreëerd worden.

Experimentele resultaten

In dit werk werden één-dimensionale OPAs op SOI gefabriceerd en gekarakte-

riseerd zoals geschetst in Figuur 2. Met deze structuur werd een continue stu-

ring van licht over een bereik van ±18◦ aangetoond, waarbij thermo-optische

fase tuners gebruikt werden. Figuur 3 toont het één-dimensionale verre-veld

patroon voor sturing van het licht naar 0◦, 6◦, 12◦ of 18◦. Vermits we volle-

dige controle hebben over het één-dimensionale fase front, komen ook verschil-

lende andere toepassingen aan bod. Wanneer het fasefront zo geprogrammeerd



SUMMARY IN DUTCH xxvii

wordt dat het een lens nabootst, kunnen we het licht focussen boven de chip.

Dit is vooral van belang bij optische detectietechnieken.

Figuur 3: Opgemeten verre-veld patroon in de θy -richting waarbij thermo-

optisch gebaseerde sturing werd gebruikt. Het licht wordt naar een

hoek van 0◦, 6◦, 12◦ of 18◦ gestuurd. De streepjeslijn duidt de omhul-

lende van het verre-veld patroon aan.

Wanneer deze OPA als ontvanger gebruikt wordt, kan men het inkomende

fase front onderzoeken door middel van de fase tuners. Dit werd gebruikt om

te onderzoeken uit welke richting een lichtbundel invalt op de OPA (Engels:

direction-of-arrival). Dit is nodig om een optische link aan hoge datasnelheden

op te stellen, waarbij verzender en ontvanger nauwkeurig gealigneerd moeten

worden. Daarnaast werden ook de mogelijkheden van deze OPA onderzocht om

verstrooid licht coherent samen te voegen in een singlemode golfgeleider. Door

de juiste fases te kiezen werd het opgevangen optisch vermogen met 10 dB ver-

hoogd voor een OPA met 16 elementen. Dit heeft onder meer toepassingen in

biologische spectroscopie.

Door de roosterkoppelaars in een twee-dimensionaal rooster te plaatsen,

verkrijgt men een twee-dimensionale OPA. Zulke OPAs hebben echter typisch

een grote spatiëring van de elementen en een lage vulfactor omwille van de

adressering. De sturingsefficiëntie is dan ook sterk gelimiteerd en verschillende

hogere orde lobes zijn zichtbaar. Figuur 4 toont een typische verre-veld patroon

van zo een 2D OPA.

Waneer we een gelijkaardige structuur gebruiken als in Figuur 2, waarbij nu

een vast lengteverschil geïntroduceerd wordt tussen de verschillende golfgelei-

ders in het fase tuner gebied, verkrijgt men een twee-dimensionale dispersieve

structuur, waarbij het licht over een twee-dimensionale ruimte gestuurd wordt

wanneer men de golflengte wijzigt. Door het vaste lengteverschil creëert men

een gefaseerd golfgeleider rooster (Engels: arrayed waveguide grating, AWG),

hetgeen typisch een rooster is van hoge orde. De roosterkoppelaar is daaren-



Figuur 4: Opgemeten verre-veld patroon van een 2×2 OPA op SOI.

tegen een rooster van lage orde. Deze twee roosters zullen het licht nu in de

twee-dimensionale ruimte sturen in functie van de golflengte: het ene rooster

stuurt het licht vlug in de ene dimensie (hoog orde rooster), terwijl het andere

het licht traag in de andere dimensie stuurt (laag orde rooster). Een totaal bereik

van 15◦×50◦ werd opgemeten voor een golflengtebereik van 100 nm.

Als laatste werd ook een retroreflectieve structuur gefabriceerd op SOI. Deze

vinden onder andere toepassing als optische markers. Een retroreflectief bereik

van 4◦×57◦ werd opgemeten. Al deze componenten tonen duidelijk het poten-

tieel aan van silicium fotonica voor draadloze optische toepassingen.



English summary

Optical wireless links are rapidly gaining importance. To satisfy the growing de-

mand for bandwidth, different technologies will need to be explored and devel-

oped. In the wireless communication world, a bandwidth bottleneck is foreseen

in the coming years due to the strict regulations and technological limitations.

In the wired world, people have shifted from copper cables to optical fibers to

satisfy these increasing bandwidth needs. The same can now be done in the

wireless world. Also short to very-short range links can greatly benefit from a

wireless optical implementation. Optical interconnects, for example, is a fast

growing domain to solve the problem of high-speed interconnects between dif-

ferent parts of an electronic chip as the current speed of electronic chips is at

the limits of what copper interconnects are able to handle. The use of free-space

optical links can help to tackle this problem.

The applications of optical wireless are, however, not limited to communica-

tion but also reach to sensing and spectroscopy applications: monitoring pollu-

tion, gas concentrations, measuring air speed, wind profiling. In these applica-

tions, an optical radar (LIDAR) is typically used. This is a wireless beam steering

component sending out light and analyzing the reflected light. This technique

is also used to create high-definition topography maps. All these applications

need efficient beam steering.

Optical Phased Arrays

The most straightforward beam steering approach is to use mechanical motion

(a movable mirror for example). For very accurate pointing, heavy masses are

needed, making this a bulky approach. It furthermore limits the effect in speed

and is sensitive to acceleration. Therefore, we have looked into the fabrication

of a beam steering component using no mechanical motion.

We have used the Optical Phased Array (OPA) principle. Such an OPA con-

sists of an array of light emitting apertures of which the phase can be tuned.

Any desired phase front can then be programmed resulting in not only beam

steering applications, but also optical beam shaping. OPAs also play a key role
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in adaptive optics applications, i.e., reconstructing the phase front of light trav-

eling through the atmosphere for astronomic imaging or long-haul wireless op-

tical links. Also in biomedical imaging adaptive optics can be used to generate

3D images of biological media.

There are some technological challenges when fabricating OPAs. For large

range continuous steering, the element spacing should be smaller than half a

wavelength. This condition is very difficult to meet due to the small wave-

length of light. Furthermore, large apertures are needed for directive beams.

This means we need a large number of elements. Routing issues then also come

into play. Therefore, there is usually not a one-type-fit-all solution. To get a large

steering range, a cascade of large-angle step steering and small-angle continu-

ous steering is typically used.

Mainstream OPAs are fabricated using liquid crystal (LC) technology. The

steering speed and range is, however, limited. In this work, we have investigated

the silicon photonics platform to fabricate OPAs.

Silicon Photonics

Photonic integration is currently heavily being researched. Using integration

allows us to obtain complex functionality: higher data rates of integrated de-

tectors, lower power consumption, improved sensing, all-optical functionality

and reduced cost if mass-production is possible. While there is a multitude of

platforms for photonic integration (GaAs, InP, glass or polymer based, Si), the

platform of our choice is the silicon photonics platform.

There is a strong rationale behind the silicon photonics platform. Silicon is

transparent at the wavelengths heavily used in present-day optical communica-

tion systems (1310 nm and 1550 nm), silicon-on-insulator (SOI) has a high in-

dex contrast allowing dense integration, low-loss waveguiding has been shown,

integration of Ge allows to fabricate integrated detectors. The only missing el-

ement is light generation in silicon. The indirect bandgap does not allow ef-

ficient light generation. Hybrid integration of other III-V semiconductors can

then for example be used. When using silicon, the immense technology devel-

opment that has happened through the CMOS (Complementary Metal Oxide

Semiconductor) industry can be brought to use to fabricate nanoscale photonic

structures.

The silicon photonics platform offers us all the needed functionality to fab-

ricate OPAs. Light can be split using, for example, a star coupler (Figure 1(a)),

it can be sent off-chip using grating couplers (Figure 1(b)) and its phase can be

tuned using integrated phase tuners. As the phase tuning is of key importance

for an OPA, this has been investigated in more detail.
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(a) (b)

Figure 1: Scanning electron microscope pictures of integrated components

on silicon-on-insulator: (a) star coupler, (b) grating coupler array.

The proof-of-principle components were fabricated using thermo-optic

phase tuners, i.e., by heating a waveguide its refractive index changes and thus

the phase of the light inside the waveguide is tuned. We have also proposed

and demonstrated a novel phase tuning technique using NEMS (Nano-Electro-

Mechanical Systems) technology. By applying a voltage over a free-standing slot

waveguide, the slot beams are attracted and its effective index changes.

Experimental results

We have successfully fabricated and characterized one-dimensional OPAs on

SOI as shown in Figure 2. Using this structure, full continuous steering over

±18◦ was shown using thermo-optic phase tuners. Figure 3 shows the one-

dimensional beam profile being steered to an angle of 0◦, 6◦, 12◦ or 18◦. As

we have full control over the one-dimensional phase front, several other appli-

cations were investigated. By programming all the phases to mimic a lens, the

beam can be focused above the chip. This is especially useful in sensing appli-

cations.

When the OPA acts as a receiver, the incoming phase front can be inves-

tigated using the integrated phase tuners. Direction-of-arrival measurements

were performed allowing us to investigate the direction of incidence of a light

beam. This is needed in high-speed wireless link setup, where a beam needs to

be pointed to its receiver. We have furthermore looked into the application of

coherent combining of scattered light in a single mode waveguide. By applying

the right phase to each element, we are able to improve the collection into a sin-

gle mode waveguide by 10 dB for a 16 element array. This is useful in biological

spectroscopy applications.
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Figure 2: One-dimensional OPA with 16 addressing electrodes: the heaters

can be tuned to impose a random phase front.

By placing grating couplers in a two-dimensional configuration, we get a 2D

OPA. These OPAs however suffer from large element spacing and low fill-factor

due to the needed routing and therefore only have a limited steering efficiency

and a lot of higher order lobes. A typical far-field pattern can be found in Fig-

ure 4.

When we use a similar layout as shown in Figure 2, but a fixed delay length

difference is introduced in the delay lines (instead of the phase tuner region of

Figure 2), a two-dimensional dispersive beam steerer is obtained. The delay

length difference creates an Arrayed Waveguide Grating (AWG), which typically

is a high-order grating, while the out-coupling grating is a low-order grating.

These two gratings will shift the beam in the 2D angular space, when the wave-

length is changed: the high-order grating quickly steers the light in one dimen-

sion, while the low-order grating slowly steers the light in the other dimension.

A total coverage range of 15◦×50◦ is obtained for a 100 nm wavelength shift.

We have also designed and fabricated an optical retroreflector using the sil-

icon photonics platform. Such retroreflectors find applications in for example

optical marker applications. Retroreflectivity over a coverage range of 4◦×57◦

was observed. These structures clearly show the potential of the silicon photon-

ics platform in beam steering and shaping applications.
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Figure 3: Measured far-field in the θy -direction using thermo-optic steering

at 1550 nm. The beam is steered to the angles 0◦, 6◦, 12◦ and 18◦. The

dashed line shows the envelope of the far-field pattern.

Figure 4: Measured far-field pattern of a 2×2 OPA on SOI.





1
Introduction

Bandwidth. It is one of the most important aspects of today’s communication
systems. People want more, and they want it faster. HD (High-Definition) tele-
vision, video conferencing, online streaming, Internet file sharing are several of
the applications that consume large amounts of bandwidth. The large band-
width that is needed for all these services today is given to us by the optical
communication systems using optical fibers. A large shift to the optical domain
has been seen over the last decades for the long haul networks. At the end-user
side, however, one typically still uses a copper cable connection to the network.
This last mile copper cable technology prevents the network to provide Gbps
connections to end users, but as the demand for higher data rates is increas-
ing, network providers will have no other choice in the future than to deliver
fiber-to-the-home (FTTH) services.

Now suppose a fiber-optic Gbps connection is reaching your home. There
is still the issue to distribute this connection speed across your home. People
nowadays are very keen of wireless systems as only a small setup cost is typically
needed and large coverage range and mobility is reached. Just think about the
popularity of the current WiFi networks. While this technology can deliver great
services up to several hundred Mbps, they will prove to be inadequate for Gbps
connections. Optical wireless links on the other hands have proven to be able to
provide the needed bandwidth. Several technological issues, however, still limit
the widespread use of these optical links.
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This research work deals with this technological issue to fabricate compo-
nents capable to setup wireless optical links with beam steering functionality to
provide a large coverage range. For this, the integrated silicon photonics tech-
nology is investigated that allows us to fabricate nanometer scale structures
with advanced functionality that furthermore have the possibility to be inte-
grated in the same platform as your electronic chip. Such an integrated optics
approach is the same evolution one has seen in electronics: from very bulky
transistor devices with limited functionality to ultra small electronic chips with
advanced functionality.

The applications of optical beam steering are not limited to medium or long
range data communication links. It can also be used at the very short range,
e.g., interconnecting different parts of an electronic integrated circuit at high
speed. It furthermore also offers a multitude of applications in several sensing
domains. Optical spectroscopy can identify unknown substances, gases, liquids
or molecules based on their absorption spectrum. Using optical scanners, a
high resolution topography map can be made or three dimensional images of a
room can be created. Optical bio-imaging allows us to create biological images
using non-invasive and non-harmful radiation. The components used nowa-
days are typically very bulky and/or expensive. The structures investigated in
this work also provide a relevant functionality in some or several of these do-
mains showing the potential of this platform.

Figure 1.1 shows a schematic view of a photonic-electronic chip using off-
chip beam steering for interconnecting, sensing, scanning or data communi-
cation. Generation, detection, filtering can all happen on-chip using the in-
tegrated photonics platform, while electronics can offer the drivers and post-
processing functionality. This research work deals with the elements coupling
light off-chip with beam steering and/or shaping functionality.

1.1 Rationale and Goal

The rationale of this work can be summarized as investigating the use of the
silicon photonics platform in optical wireless and beam steering applications.
What can silicon photonics offer us here? While this is a very broad description
of the work, it will become clear that the focus lies on certain aspects, mainly
beam steering.

The goal of this work is not basic component research where one optimizes
e.g., waveguide losses, design of splitting components, interfacing between op-
tical fibers and photonic integrated circuits. Here, we take it one step further.
The research and know-how from the last years on component design, fabrica-
tion and integration is put to use to fabricate more complex functionality. Basic
building blocks are used such as waveguides, splitters, star couplers and grating



INTRODUCTION 3

Figure 1.1: Schematic view of a photonic-electronic integrated chip with off-

chip beam steering functionality.

couplers. While the structures still remain relatively simple, it clearly shows the
importance of design tools, libraries of standard building blocks and the possi-
bilities of silicon photonics in the integration of many components. Using this
approach, we are able to demonstrate complex functionality on a complex tech-
nology platform using a relatively straightforward approach.

Apart from the (passive) basic building blocks, phase tuning is an essential
active function needed for the beam steering approach. Therefore we need to
investigate phase tuning techniques in silicon photonics. Firstly, in-house tech-
nology is used and optimized to achieve this functionality, namely integration
of thermo-optic phase tuners. While the thermo-optic effect has been stud-
ied for several years in our research group to tune a ring for example, we will
take this one step further by fabricating a multitude of phase tuners that can
be driven simultaneously. A dedicated electrical probing setup is therefore de-
veloped. We also look into another novel type of phase tuning based on Nano-
Electro-Mechanical Systems (NEMS).

Finally, both the passive building blocks and active functionality are brought
together to fabricate the beam steering elements as shown schematically in Fig-
ure 1.2. These beam steering structures will split a light beam into multiple
beams. The different beams will then go through active phase control drivers
so the phase can be controlled between all the elements. After this phase con-
trol section, light is sent off-chip using grating couplers. In this way, the phase
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front of the light beam which is coupled off-chip can be controlled and can thus
be steered in any wanted direction. This is a so-called optical phased array. The
phase can also be indirectly controlled by introducing delay lines in the phase
control section and using the wavelength to steer the beam. The components
can furthermore act as a receiver where the off-chip coupling section will then
couple light on-chip and the phase controllers will make sure all the contribu-
tions will add up in the splitting section (which then acts as a combiner) into
the input waveguide, which then of course acts as an output waveguide. A ded-
icated measurement setup is also built to characterize this type of components.

Figure 1.2: Schematic view of the beam steering elements.

1.2 Outline

The next chapter deals with wireless optical communication, one of the main
drivers that started this work. As the goal is to fabricate components using the
silicon photonics platform that are able to setup wireless links, one must look
into the advantages and disadvantages of wireless optical versus radio links.
Chapter 2 deals with this in some detail giving a comparison between the opti-
cal and radio links, the different possibilities to setup optical wireless links and
some of the latest results in wireless optical communication links.

Chapter 3 deals with Optical Phased Arrays (OPAs). These are the main
components under investigation to allow optical beam steering using a non-
mechanical approach. First, the theory of phased arrays is reviewed. Then we
look into some technological implementations, where we also briefly go over
some other steering approaches. Finally some of the main applications of these
OPA-based beam steering components are given.

In Chapter 4, a brief summary of the silicon photonics platform is given.
This is the platform of our choice and is used for the fabrication of our com-
ponents. The chapter is only meant as a short introduction to the technology
platform and the different components that have been used.
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Optical phase tuning is presented in Chapter 5. OPA technology needs two
main components: radiating elements and phase tuners. While the radiating el-
ements fabricated on the silicon photonics platform are discussed in Chapter 4,
Chapter 5 discusses the possibilities to fabricate phase tuners. A very straight-
forward approach using the thermo-optic effect in silicon is first investigated.
Afterward a novel type of phase modulation based on Nano-Electro-Mechanical
systems (NEMS) is presented. The chapter concludes with a small summary of
some other common phase tuning or modulation techniques in silicon.

After introducing the key ingredients of OPA technology in Chapters 3, 4
and 5, the fabricated structures are presented in Chapter 6. It starts with an
overview of the measurement setup and then deals with the different beam
steering structures that have been fabricated: one- and two-dimensional OPAs,
dispersive beam scanners and also a retroreflector design.

Chapter 7 finally deals with the main conclusions and future perspectives.

1.3 Own Contributions

The work presented here depends heavily on the research knowledge of the
Photonics Research Group where this work was done. The basic building blocks
of the silicon photonics platform discussed in Chapter 4 were already devel-
oped and ready to use for this research under the form of basic building block
libraries.

The thermo-optic phase tuners discussed in Chapter 5 were developed by
dr. Katarzyna Komorowska. During this research, this technology was further
developed by the author in collaboration with dr. Katarzyna Komorowska to
suit the needs of OPA technology. Resistivity and efficiency characterizations
were done to correctly design the heaters used in the OPA designs. The NEMS
phase tuners were designed and fabricated by dr. ir. Joris Roels, a former PhD
student. In this work, the under-etch process for these NEMS phase tuners was
developed and the characterization measurements were performed.

The first proof-of-principle one-dimensional OPA discussed in Section 6.2.1
was designed by prof. Wim Bogaerts and characterized with the help of prof.
Nicolas Le Thomas from l’École Polytechnique Fédérale de Lausanne, Switzer-
land where the author has spent a two week exchange. Afterward, a simpli-
fied version of this Fourier imaging setup was built by the author for the char-
acterization of future OPA structures. This setup was then further extended
with motorized movement and electrical probing functionality by the author.
The author also played a large role in developing a software measurement plat-
form based on the Python scripting language to write the custom measurement
scripts needed for the experiments.
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The next OPA structures (1D OPA with multiple electrode, 2D OPAs, disper-
sive beam scanners and retroreflectors) were all designed, post-processed and
characterized by the author. The design made use of the basic building blocks
which were integrated in a more complex design with the Python based design
software developed by prof. Wim Bogaerts. The retroreflectors were designed in
collaboration with the group of prof. Dominic O’Brien from Oxford University.
The fabrication and measurements were, however, done by the author.

The main contribution of the author thus consisted in bringing together and
optimizing the different basic building blocks to fabricate more complex OPA
structures to allow beam steering using an integrated platform and developing
the needed hardware and software for the characterization of these structures.
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Optical Wireless Communication

“In the future, equipping rooms with ‘optical wireless hotspots’ that enable fast
free-space data transmission to laptops or mobile phones by means of light
beams rather than radio waves, could dramatically boost the speed of wireless
communication.” (Dominic O’Brien et. al. [1]).

Wireless communication is becoming increasingly important in our current
society. One can think of the exponential growth of wireless devices reaching
from mobile phones to the emergence of WiFi networks in almost every living
room. These networks are currently stretched to their limits to allow the ever
increasing data rates. It is predicted that by 2017 wireless radio communica-
tion will no longer suffice for this increasing bandwidth need [2]. In the wired
world, the problem has been solved by moving from copper cable to the optical
fiber because of the extremely large bandwidth available in the optical domain.
While at first only long haul links were replaced, this trend continues with fiber-
to-the-cabinet (FTTC) and eventually fiber-to-the-home (FTTH) to allow high
data rates to the end user.

To keep up with the increasing speed of the wired connections, one also
needs to boost the speed of wireless connections and a similar trend of going
to the optical domain can be seen. There are many trade-offs that need to be
considered when choosing between an optical or a radio link as will become
clear in this chapter. The chapter is mainly meant to familiarize the reader with
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the growing importance of wireless optical communication. The rest of the re-
search work will focus on the technological component implementation of cer-
tain beam steering components that can have a large influence in the wireless
communication domain, but we do not specifically deal with the communica-
tion aspects of setting up a real link.

In Section 2.1, a comparison of wireless optical versus radio communica-
tion is given where focus lies on the different properties of both communication
channels. Next, the different types of wireless optical links will be discussed in
Section 2.2. Section 2.3 discusses the current state-of-the-art. A conclusion is
formulated in Section 2.4.

2.1 Optical versus Radio Frequency

Optical and RF (Radio Frequency) waves are both electromagnetic (EM) waves.
Due to the huge difference in carrier frequency, several hundreds of THz for
optical compared to kHz to a few tens of GHz for radio signals, they both have
very different characteristics and technological implementations [3].

2.1.1 Bandwidth

The most important difference between optical and radio waves is the available
bandwidth. Not only does bandwidth increase with higher carrier frequency,
the optical domain is furthermore free from FCC (Federal Communications
Commission) regulations, opening up several THz of bandwidth. For radio
waves, the frequency spectrum is strictly regulated.

Most of the current widespread wireless applications such as WiFi and blue-
tooth work in the ISM (Industrial, Scientific and Medical) bands. Although de-
signed to be used in non-communication applications, they are heavily used for
wireless communication as they are unlicensed. The most commonly used ISM
band is the 2.45 GHz ±50 MHz band with 100 MHz bandwidth. Due to the heavy
use this band is getting highly congested.

To keep up with the increasing bandwidth need, complicated modulation
schemes or multiple antennas (MIMO, Multiple-Input Multiple-Output) are
used. Another option is to shift to the 60 GHz ISM band, were 5-7 GHz of un-
licensed bandwidth is available worldwide. This band is mainly intended for
short range, high speed communication such as HD video [4, 5].

Light on the other hand has a huge unlicensed bandwidth. For wired optical
links, this bandwidth is being exploited heavily. There are two main factors that
need to be taken into account when looking at a present-day wireless optical
link, especially at the receiver side:
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• The noise power depends linearly on the bandwidth and a high band-
width will therefore require a high received power.

• The bandwidth is limited by the area of the photodiode. Large area photo-
diodes have a high capacitance resulting in a large RC constant and thus
a limited bandwidth.

The noise power limitation is discussed in Section 2.1.6. For a photodiode
the bandwidth is limited by the RC constant of the receiver and the transit time
of the carriers. The maximum bandwidth is given by

∆ f = 1

2π(τtr +τRC )
, (2.1)

with τtr the transit time of carriers, which is equal to the depletion width of
the photo detector (Wd ∼ 5µm) divided by the drift velocity of the carrier (vd ∼
105m/s). The capacitance is simply modeled as

C = ε APD

Wd
, (2.2)

with ε the dielectric constant and APD the area of the photodiode. When the
area of the photodiode is known, its capacitance can be calculated by (2.2) and
the maximal resistance for a certain bandwidth follows from (2.1). A large pho-
todiode will thus result in a large received power which is needed for high speed
links, but at the same time, the bandwidth is limited due to the diode capaci-
tance. The problem can be solved by using concentrators although these limit
the field-of-view (FOV) as discussed below. The capacitance seen by the circuit
can be decreased by using a so-called bootstrapped transimpedance amplifier,
which reduces the effective capacitance seen by the electrical circuit [6].

2.1.2 Field-of-view and antenna size

For an RF antenna, the FOV is determined by the antenna size. As a rule of
thumb, the FOV of an antenna can be approximated by [7]:

FOV ∝ λ

D
, (2.3)

with λ the wavelength and D the size of the antenna. This is true for any type of
EM radiation and the same rule of thumb holds for the optical case. This shows
the advantage of using optics for directive links: the ‘antennas’ can be kept small
to get directive links due to the small wavelength of light.

When using optical concentrators, the FOV is reduced while the effective
detection area is increased. The maximum concentration ratio C (ratio of the
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power collected with concentrator to the power collected without concentrator)
is given by [6]:

C = 0.82

(
n

sinφ

)2

, (2.4)

with n the refractive index of the concentrator and φ the acceptance half-angle
(where φ < 65◦). A small FOV thus allows a very large concentration ratio. Dif-
ferent types of concentrators exist with a trade-off between concentration ra-
tio and FOV [3]. Another method of increasing the FOV is by using an imaging
receiver. In this type of concentrator, every direction of incidence is focused
onto a different spot in a detector array. This system has been demonstrated
using an integrated CMOS detector array in [8], which is discussed further in
Sections 2.2.5 and 2.3.

2.1.3 Security and Interference

RF signals, at the lower frequency range (up to several GHz), can easily penetrate
walls. This has spurred their widespread use in WiFi applications. Due to their
penetration, it is, however, a less secure medium as an eavesdropper can easily
pick up the signal. Light on the other hand does not penetrate through walls
and is therefore a secure alternative. When one tries to pick in on the optical
signal of a directive link, the receiver will immediately notice a large decrease in
transmission. When using an RF link with a high carrier frequency such as the
60 GHz band, the link also starts to have optical characteristics such as being
directive and unable to efficiently penetrate objects or walls.

Furthermore, optical links do not suffer from EM interference and can be
used in areas where extra EM radiation is not desired such as in hospitals or
airplanes.

2.1.4 Generation, Modulation and Detection

A large difference between both technologies are the elements used to emit or
receive the signals. For RF signals, metal antennas are typically used for gener-
ation and detection of the signals. These antennas directly measure the electric
field which is then down-converted to measure the data signal imposed on the
carrier. As the measured power depends linearly on the EM power, this is a very
sensitive approach. The limitation is mainly due to other users or devices work-
ing in the same frequency band. This technique allows complicated modulation
formats such as OFDM (Orthogonal Frequency Division Multiplexing), where
the data is modulated onto several subcarriers using BPSK (Binary Phase Shift
Keying), QPSK (Quadrature Phase Shift Keying) or QAM (Quadrature Amplitude
Modulation) to reach high spectral efficiency.
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Optical signals are typically generated and received by two different com-
ponents. Light generation happens with LEDs (Light Emitting Diodes) or lasers
while a photodiode typically receives the light. The latter is a quantum detector:
it measures the photons impinging on the receiver. Such a quantum detector is
a quadratic detector, i.e., not electric field but field intensity is measured: the
photodiode converts an impinging optical power to an electrical current, which
are related by the photodiode responsivity. The photodiode is also typically sev-
eral hundreds of wavelengths in extent. This results in the fact that optical links
do not suffer from fading (destructive interference of multiple reflections of the
same signal). The quadratic detection has an interesting implication. When the
path losses increase with 3 dB, the SNR (Signal-to-Noise Ratio) will degrade by
6 dB, meaning that high path losses can not be tolerated. However, the same
holds for the transmit power: increasing the power by 3 dB will improve the
SNR by 6 dB. This means that a degradation of the SNR by 3 dB only needs to be
compensated by a 1.5 dB increase of transmit power. Practical limitations such
as noise and limited transmit power put a limit on this effect [9].

As intensity is measured, a typical optical link uses IM/DD (Intensity Mod-
ulation / Direct Detection), using either simple OOK (On-Off Keying) or PPM
(Pulse Position Modulation). More complicated modulation such as using dif-
ferent subcarriers imposed on the optical signal (optical OFDM) can be used,
but these are typically not much more power efficient [3]. For high data rates,
however, optical OFDM can be used to combat inter-symbol-interference [10].
Multi-wavelength modulation is another option when using optical links, i.e.,
using different wavelengths for different signals. This is the same as Wavelength
Division Multiplexing (WDM) [11].

2.1.5 Power limitations

Not only the frequency bands but also the allowed power transmission in the
radio spectrum is regulated by the FCC and/or national law, mainly to reduce
interference and because of possible health risks. The limit is given in EIRP
(Equivalent Isotropically Radiated Power) but also depends on the maximum
antenna gain (how much the antenna radiates in a certain direction compared
to an isotropic radiator) that is allowed. For antennas with less than 6 dB direc-
tivity, the allowed EIRP for wireless LANs (Local Area Networks) is 1 W.

In the optical case, there are certain eye and skin safety limitations which
need to be taken into account and limit the maximum emitted power that is
allowed. Lasers are divided into four different classes:

• Class I: no hazard at any wavelength or exposure time.

• Class II: blink response of the eye (≈0.25 s) can protect the eye from dam-
age. This class is only valid for visible wavelengths. When the natural
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protection mechanism of the eye fails, damage to the eye can occur.

• Class III: not hazardous to the skin, but dangerous for the eye; damage
can occur in less than the blink time of the eye.

• Class IV: hazardous to the eye and skin, specular reflection can also cause
damage.

Table 2.1 gives the ANSI (American National Standards Institute) standards clas-
sification for the four different classes of continuous-wave lasers. Note that the
use of the 1550 nm wavelength allows a much higher laser power to be emitted,
as the cornea is not transparent anymore in this region.

Wavelength

Range (nm) Class I Class II Class III Class IV

200-400 <0.8×10−9 W N/A <0.5 W >0.5 W

<8×10−6 W wav. depend.

wav. depend.

400-550 <0.4×10−6 W <1×10−3W <0.5 W >0.5 W

500-1060 <0.4×10−6 W N/A <0.5 W >0.5 W

<200×10−6 W wav. depend.

wav. depend.

1060-1400 <200×10−6 W <0.5 W >0.5 W

>1400 <0.8×10−3 W <0.5 W >0.5 W

Table 2.1: Classification of eye-safety power limits for continuous-wave lasers

[12].

These limitations are very restrictive since it is assumed that the laser light
can shine directly on the retina. When taking into account the actual size of
the source, the so-called Accessible Emission Limit (AEL) can be given which
is a function of viewing time, wavelength and size of the optical source. Using
the IEC (International Electrotechnical Commission) standard, a maximum al-
lowed transmit power for a point source emitter of 8.8 mW and 10 mW is given
at a wavelength of 1310 nm and 1550 nm, respectively. [6, 13].

2.1.6 Noise

In a radio link, the noise power Pn can be calculated using an equivalent tem-
perature Teq as:

Pn = kTeq∆ f F, (2.5)

with kB Boltzmann’s constant, ∆ f the bandwidth and F the noise figure. For
widespread wireless LANs in the ISM bands, the main noise is, however, com-
ing from interference of other users or devices. For a 60 GHz link, which works
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directive and short range, this interference of other users is limited and the noise
power becomes less than -70 dBm [14].

In a wireless optical link, the receiver converts an impinging optical power
into a photocurrent (and not into an electrical power as for the RF case). There
are two main noise contributions on this photocurrent: shot noise and thermal
noise. Shot noise due to ambient light has been recognized as the limiting factor
for low data rate links, while in the absence of ambient light or at higher data
rates (>Gbps) the thermal noise of the preamplifier becomes more important
[15, 16].

Thermal noise

Thermal noise depends on the effective noise bandwidth∆ f and load resistance
RL . The thermal noise variance is given by

σ2
th =< i 2

th >= 4kB T

RL
∆ f , (2.6)

with kB Boltzmann’s constant and T the noise temperature. The noise is de-
pendent on the load resistance. While this resistance should be high to get low
thermal noise, a high RL will result in a large RC constant and thus a low usable
bandwidth.

Shot noise

The shot noise variance is given by

σ2
s =< i 2

s >= 2q(Is + Id + Ia)∆ f , (2.7)

with q the elementary charge, Is the signal current, Id the dark current and Ia

the ambient light current. The ambient light is considered to be sunlight. For
example, the light irradiated by the sun in the 1000 nm–1700 nm range is equal
to P AL=285 W/m2 [17]. The ambient light power P AL is usually the limiting noise
factor giving:

σ2
s = 2qRP AL Acapt∆ f , (2.8)

with Acapt the effective area that captures the light and R the responsivity of the
photodetector. The influence of different ambient light source on optical links
is discussed in [18]. By using a filter that blocks all the light apart from the signal
band, the shot noise can be greatly reduced.

2.1.7 Optical and RF

From the discussion above, it is clear that neither optical nor RF can suit all
our needs. Optics can work very directive but only limited power can be emit-
ted compared to RF links at 2.45 GHz (mW-range for optical, W-range for RF).
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The inherent difference between RF antennas and photodiodes results in the
fact the receiver sensitivity of RF receivers is few order of magnitude better than
for the optical case (µW-level for optical, nW-level for RF). Therefore, the main
added value of optical links lies in very directive, high bandwidth links. When
the links are not directive, the path loss quickly becomes too high to allow large
data rates. An example of such a typical link budget using our fabricated com-
ponents is given in Section 6.2.3.

The future vision of a Home Area Network (HAN) lies in the combination of
both technologies. RF technology can be used to ensure connectivity in the net-
work, while optical links can be setup for high speed data rates when needed. If
the link is blocked, there will be the back-up RF network. This vision is dis-
played schematically in Figure 2.1. The next generation of 4G networks will
probably use both optical and RF technologies to keep up with the increasing
data rates [16].

Figure 2.1: Future vision of a Home Area Network [15].

2.2 Optical link schemes

There exist different optical link schemes for both transmitter and receiver.
They can be classified in directive and non-directive links, diffuse or line-of-
sight (LOS) links or hybrid links. The most important types are discussed below.

2.2.1 Directive versus non-directive

First of all, a distinction needs to be made between directive or non-directive
links. In a directive link, there is a narrow FOV at both the transmitter and re-
ceiver side. Therefore, there is a high need for beam steering. A non-directive
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link has a wide FOV at both transmitter and receiver. These links requires no
or limited steering but suffer from inter-symbol-interference due to multipath
propagation. In a hybrid link, one of the transceivers is directive, while the other
remains non-directive so only steering at one side is needed.

2.2.2 Diffuse link

In a diffuse optical link, there is no need for a direct path between transmit-
ter and receiver. The link relies on diffusely reflected light. The probability of
blocking is very low, but the path loss is high. Furthermore, due to multipath
propagation, i.e., different reflections of the same signal, the speed is typically
limited to 10 Mbps. Equalization techniques are required to improve the data
rates.

2.2.3 LOS link

These links can achieve very high data rates, especially in the directive case. One
can think of wireless optical telescopic links (for example between buildings)
that are used as last-mile high speed connections. Directive links are prone to
blocking as there is only one single path between transmitter and receiver. To
ensure connectivity multiple directive links are needed. Short blocking of the
signal might not be detrimental as very high data rates can be sent when the
link is not blocked. A backup network is then useful (like an RF network) to
ensure connectivity.

2.2.4 Multispot diffuse link

A multispot diffuse link tries to combine the advantages of diffuse and LOS
links. To combat the multipath propagation, light is sent across several direc-
tive beams to either directly hit the receiver or to diffusely reflect on for exam-
ple the ceiling before reaching the receiver. This also increases user mobility
while keeping the probability of complete blocking low. Special angle and power
adaptation algorithms can then be used to improve the SNR from transmitter to
receiver showing feasible links of 2.5 Gbps [19, 20].

2.2.5 Transmitter and receiver configurations

The optical transmitter or receiver has to be carefully designed depending on
the link. A simple transmitter with certain FOV can be used or an array can be
made to transmit light in different directions. Using optics, their FOV can be
changed to the link needs.
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There are also different receiver configurations as shown in Figure 2.2. The
direct receiver is the most simple configuration, but will receive a lot of ambi-
ent light noise. Both the non-imaging and imaging receivers split up the light
coming from different angles to different photodiodes. In this way, a lot of
noise can be canceled and special adaptation algorithms can be used to im-
prove reception. A trade-off needs to be made between bandwidth, sensitivity
and noise [21].

Figure 2.2: Receiver configurations: (a) single receiver, (b) angle diversity re-

ceiver, (c) imaging angle diversity receiver [21].

2.3 State-of-the-art

The first optical link was proposed by Gfeller [22]. A diffuse optical link working
at 125 kbps at a 950 nm wavelength was shown with a feasibility of links up to
1 Mbps. Nowadays, commercial links are available working at 10 Mbps while in
research they reach up to 100 Mbps.

There has been quite some progress in the development of high speed wire-
less links for indoor communication using optical links in the last few years. The
FP7 (European Framework Program 7) project Omega [23] (2008-2010) had the
goal to develop technologies for Gbps indoor wireless links using power-lines,
WiFi, 60 GHz links and also using visible and infrared light communication. All
these technologies of course need special protocols to work together for which
an Inter-MAC (Media Access Control) is needed, which was developed in the
project. In [24], a 230 Mbps link was shown using white (phosphorent) LEDs
used for lighting purposes and an avalanche photodiode (APD). After optimiza-
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tion, a link of 513 Mbps was shown in [25].

In [26] a tracking optical link is demonstrated. The transmitter consists of a
hexagonal array of 7 resonant cavity LEDs (RCLEDs) and an imaging receiver
with 7 photodiodes. The CMOS circuitry is integrated with the photodiodes
making the receiver very compact. 100 Mbps data rates were shown.

In [27], a 1.25 Gbps LOS link was shown using an angle diversity technique.
The transmitter module consisted of an visible 850 nm laser. By using three
lasers and a diffuser to spread out the light, the FOV was 25◦ × 8◦. The re-
ceiver was an APD with collimation optics and ambient light filter. In [28], an
integrated pin photodiode was fabricated using BiCMOS technology capable of
working at 1.25 Gbps for a link of 3.2 m, showing the potential of integrated re-
ceiver modules.

2.4 Conclusions

Optical wireless communication is now being widely recognized as a comple-
mentary technology to RF to offer Gbps indoor wireless links. Diffuse light ra-
diation or an RF backbone network can ensure network connectivity, while di-
rective LOS links can establish Gbps links for fast data transfer when the path is
not blocked. The used link scheme and technological implementation depend
on the specific application in mind. Using CMOS integration compact mod-
ules can be fabricated at relatively low-cost which can assist our need for high
data rates in future home or office networks. One of the key functionalities to
allow these directive links is beam steering, which is dealt with in more detail in
Chapter 3.
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3
Optical Phased Arrays

“Optical phased arrays represent an enabling new technology that makes
possible simple, affordable, lightweight, optical sensors offering very precise
stabilization, random-access pointing, programmable multiple simultaneous
beams, a dynamic focus/defocus capability and moderate to excellent optical
power handling capability.” (Paul F. McManamon et. al. [1]).

Phased array technology has proven to be a versatile way to provide high per-
formance and operational flexibility for microwave systems. By splitting up a
large antenna into multiple small antennas and having phase and/or amplitude
control over these antennas, the advantages of a large antenna (being very di-
rective) and a small antenna (having a large coverage range) can be combined.
This technology is used in the microwave world where large antenna arrays
have been deployed in for example the astronomy world. Also in the MIMO
(Multiple-Input Multiple-Output) domain, the use of antenna arrays increases
the data capacity and reliability of wireless networks [2].

The same principle can be transferred to the optical domain, i.e., splitting a
large aperture into small sub-apertures over which the phase can be controlled.
This results in a so-called Optical Phased Array (OPA). While the principle is the
same, the technological implementation is quite different due to the specific
nature of the optical signal. First of all, due to the small wavelength of light
(nm-µm range) it becomes challenging to overcome the λ/2 spacing constraint
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to avoid higher output orders of the array. Secondly, phase tuning of light has a
different technological implementation than phase tuning of RF signals. As an
ideal OPA allows to create a random phase profile of a light beam, it is not only
useful in beam steering but also beam focusing, shaping and wavefront sensing
or correction applications.

A major advantage of OPAs is the absence of mechanical motion. For optical
beam steering, there is the need for accurate pointing and stabilization due to
the small wavelength of light. A bulk mechanical steering approach is therefore
less preferred as it is sensitive to acceleration, expensive and limited in speed
due to the masses involved. Random pointing and rapid steering then become
difficult and often require a large amount of power. OPAs do not require any me-
chanical motion, making them insensitive to acceleration. The steering speed
is determined by the phase tuning speed. This can happen fast depending on
the technological implementation.

Next, in Section 3.1, the OPA theory will be explained, where we exploit the
analogy with RF phased arrays but also point out some differences. Section 3.2
gives an overview of the technological implementations of OPAs as well as a
short overview of other optical steering techniques. Finally, Section 3.3 deals
with application areas where OPAs show great potential in present-day or future
applications. Section 3.4 presents the conclusions.

3.1 Theory

While there is a large difference in wavelength between microwave phased ar-
rays and optical phased arrays, the main theoretical concepts remain the same
and are found in any standard microwave radar book [3]. In this section, a brief
overview of the main concepts is presented with a focus on the optical domain.
Firstly, diffraction theory is reviewed in Section 3.1.1. Then the link with far-field
radiation pattern terminology is made and specific definitions that will be used
throughout this work are introduced in Section 3.1.2 and 3.1.3.

While we try to exploit the analogy with RF theory, one needs to take care
whether the definitions also have a meaning in the optical domain. Some
conditions or assumptions might not be met anymore due to the very small
wavelength of light compared to typical RF signals. Section 3.1.4 deals with
the physics behind non-mechanical beam steering followed by the phased
array concept in Section 3.1.5. Finally some relevant examples are given in
Section 3.1.6.
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Figure 3.1: Diffraction of light through an aperture.

3.1.1 Diffraction theory

Using scalar diffraction theory, the far-field of a radiating aperture can be calcu-
lated. This theory holds when the aperture is large compared to the wavelength
and when the fields of interest are at a large distance from the aperture. An
in-depth analysis of diffraction theory and Fourier optics can be found in liter-
ature [4]. The main results are summarized below.

The diffraction of an aperture with a scalar field e in the x0 y0-plane to the
x1 y1-plane at a distance z0 (Figure 3.1) can be described by the Fresnel diffrac-
tion integral:

e(x1, y1) = j e− j kz0

λz0
e
− j k

2z0
(x2

1+y2
1 )

+∞Ï
−∞

e(x0, y0)e
− j k

2z0
(x2

0+y2
0 )

e
j 2π
λz0

(x1x0+y1 y0)
dx0dy0.

(3.1)
When the distance z0 is large:

z0 >> k

2
(x2

0 + y2
0 ), (3.2)

the phase term can be neglected and we obtain the Fraunhofer diffraction for-
mula:

e(x1, y1) = j e− j kz0

λz0
e
− j k

2z0
(x2

1+y2
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−∞

e(x0, y0)e
j 2π
λz0

(x1x0+y1 y0)
dx0dy0, (3.3)
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where we can see that the far-field becomes a simple Fourier transform of the
near-field. A few special cases can be solved analytically.

Rectangular aperture

e(x0, y0) = rect(x0/wx )rect(y0/wy ), (3.4)

where the rect-function is defined as:

rect(x) =
{

1 , |x| ≤ 1/2

0 , |x| > 1/2
(3.5)

The radiation pattern at a distance z0 is given by a sinc pattern:

e(x1, y1) = j e− j kz0

λz0
e
− j k

2z0
(x2

1+y2
1 )

wx wy sinc
πwx x1

λz0
sinc

πwy y1

λz0
. (3.6)

Gaussian aperture

e(x0, y0) = e−
x2

0+y2
0

w2 , (3.7)

The radiation pattern at a distance z0 is again a Gaussian, given by:

e(x1, y1) = j e− j kz0

λz0
e
− j k

2z0
(x2

1+y2
1 )

w2e
−( πw

λz0
)2(x2

1+y2
1 )

. (3.8)

3.1.2 Far-field patterns

In microwave theory, the far-field radiation pattern of an antenna is given by:

e(r) = F (θ,φ)
e− j k0R

R
, (3.9)

with F (θ,φ) the radiation vector and R = |r|. The last factor e− j k0R /R is the far-
field pattern of an isotropic radiator. This is only valid in the far-field region,
i.e., when R > 2d 2/λ with d the size of the antenna and λ the wavelength of
radiation. The radiation vector (which is just a scalar quantity in this case) gives
the radiation distribution relative to an isotropic radiator. It only depends on
the direction of emission (θ,φ) which are usually the standard spherical angles.

In the following discussion, a different set of angles θx and θy will be used
as shown in Figure 3.1. These are not the standard spherical angles, but the an-
gles of the radiation pattern when looking at an xz-cut and y z-cut, respectively.
Such a representation allows to more easily describe the far-field pattern in the
different cuts. There is a simple relation between these angles and the standard
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spherical angles θ and φ (with θ the angle with the z-axis and φ the angle be-
tween the projection on the x y-plane and the x-axis):

sinθx = sinθcosφ (3.10)

sinθy = sinθ sinφ (3.11)

Equation (3.3) and (3.9) show a big similarity. The e− j kz0 /z0 represents the
isotropic radiator and the remainder represents the radiation vector which is,
apart from the phase factor, a function of x1/z0 and y1/z0. Noting that in the
derivation of Equation (3.3) it has been approximated that R ≈ z0, we can write:

x1

z0
≈ x1

R
= sinθx (3.12)

y1

z0
≈ y1

R
= sinθy , (3.13)

which shows that the distribution of the radiation vector is, apart from the phase
factor, only dependent on the direction of emission.

3.1.3 Antenna directivity and gain

Antenna directivity D(Ω) is defined as the amount of power radiated in a specific
directionΩ compared to the power radiated by an isotropic radiator:

D(Ω) = 4π
|F (Ω)|2

2Zc Pr ad
, (3.14)

with Ω the solid angle of emission, Zc the characteristic impedance of the
medium and Pr ad the radiated power. The factor |F (Ω)|2/2Zc is equal to the ra-
diated intensity I (Ω). Taking into account the antenna efficiency η, the antenna
gain G(Ω)is defined as:

G(Ω) = ηD(Ω). (3.15)

Both directivity and gain are expressed in dBi which refers to a dB scale com-
pared to an isotropic radiator. One needs to take care when translating this
concept to an optical antenna. All these formulas assume that we are working in
the far-field, such that only one direction of emission reaches the receiver. Due
to the small wavelength of light, this condition is not always met in the optical
case as a light beam can be very directional. A modification to the formulas can
be used to extend the validity of the model [5]:

G(Ω) = 4πη

∫
Ωdi v

|F (Ω)|2dΩdi v

2Zc Pr adΩdi v
, (3.16)

with Ωdi v the divergence solid angle of the optical beam from transmitter to
receiver. Note that the gain will become dependent on the receiver position
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throughΩdi v . For the case where there is a large diffraction of the optical beam,
which is often the case for the small integrated structures considered in this
work, Equation (3.15) works as a good approximation.

Using the above definitions, the optical analog of Friis formula to perform
link budget calculations with optical antennas is given by:

Pr = Pt Gt (
λ

4πd
)2Qr t Gr , (3.17)

with Pr the received power, Gt ,r the transmitter/receiver gain, d the distance
between the antennas and Qr t a polarization mismatch factor. The factor
[λ/(4πd)]2 represents the loss factor of a spherical wave that has propagated
a distance d . This formula is valid when the optical receiver is working as an
antenna (for example an optical fiber that captures the light in an EM mode)
and not just as a photodiode. The formalism is used in Chapter 6 to investigate
the directivity of the fabricated OPAs. Knowing the directivity of the antenna, a
link budget calculation can be done using Equation (3.17).

3.1.4 Non-mechanical beam steering

Figure 3.2: Beam steering using a prism.

Before discussing the principle of phased arrays, the physics behind non-
mechanical beam steering are explained here. The simplest way to look at beam
steering is to look at the effect of a beam incident on a prism as shown in Fig-
ure 3.2. The law of Snellius says that:

ni sinθi = no sinθo , (3.18)

with ni ,o the refractive indices of the two materials and θi ,o the angles with the
normal of the surface. What happens with the phase profile? As glass has a
higher refractive index than air, the wave travels more slowly in the prism. As
soon as the light exits the prism, it will travel faster again. Due to the oblique
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side of the prism, the wavefront is tilted as shown in Figure 3.2 resulting in beam
steering. By dynamically defining a prism, it is possible to steer the beam. The
difficulty arises in the large optical path differences (OPD) that are needed for
large apertures. This can be solved by using 2π phase resets as shown in Fig-
ure 3.3, resulting in a blazed grating. These resets will make the steering effi-
ciency wavelength dependent as for a different wavelength, the resets will not
be correct. Therefore, this approach is only possible in narrowband systems.

While the blazed grating can be programmed as such, the blaze can also be
discretized using a staircase approximation. This latter approach is used in the
integrated OPAs fabricated in this work. The diffraction efficiency of a grating
with a staircase blaze designed to maximize energy in the first order is given by:

η=
( si n(π/q)

π/q

)2
, (3.19)

with q the number of steps in the blaze profile. For q →∞, this efficiency be-
comes 1. To avoid the 2π phase resets, the maximum steering angle θmax will
remain very small and is limited to:

sinθmax = λ

NΛ
, (3.20)

with N the number of elements andΛ the element spacing, NΛ is thus the aper-
ture size. As will become clear from the discussion in Section 3.1.5, discretiza-
tion of the aperture with a spacing larger than half a wavelength also leads to
higher order lobes spaced at a distance, called free spectral range (FSR):

∆θF SR ≈ arcsin
λ

Λ
[≈ λ

Λ
], (3.21)

where the last approximation is valid for small ∆θF SR or when λ/Λ is small.

Figure 3.3: Tilted phase front with corresponding saw-tooth profile and stair-

case approximation.
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Figure 3.4: Schematic representation of an OPA.

3.1.5 Phased arrays

Figure 3.4 shows a schematic representation of a two-dimensional OPA. It con-
sists of an Nx ×Ny array of radiating apertures spaced Λx and Λy , respectively.
Each radiating aperture can be thought of as a single antenna. The total FOV
of the OPA is determined by the FOV of one such aperture as indicated in the
figure.

The (scalar) far-field e at a certain point r in space can be written as the
mathematical sum of all the radiation patterns Fx y (θx ,θy ) with the proper phase
factors:

e(r) =
Nx−1∑
nx=0

Ny−1∑
ny=0

Ax y e jβx y Fx y (θx ,θy )
e− j k0|r−sx y |

|r−sx y |
, (3.22)

where Ax y is the field amplitude and βx y is the relative phase at each element.
Fx y denotes the far-field of each element, referenced to its own phase center
(hence the index x y), k0 is the free-space wave vector and sx y is the position of
the radiating element.

Some further simplifications are possible. In the far-field, the radiation pat-
terns Fx y (θx ,θy ) can to a good approximation be considered to be referenced to
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the same phase center Fx y (θx ,θy ) ≈ F00(θx ,θy ) = F (θx ,θy ). The denominator in
(3.22) can be approximated by |r−sx y | ≈ |r| = R. For the phase factor, a more
accurate approximation is needed as this factor is more sensitive to variations:

|r−sx y | ≈ R −ur ·sx y , (3.23)

with ur the unit vector along the r-direction. This finally results in:

e(r) = F (θx ,θy )
e− j k0R

R︸ ︷︷ ︸
1

Nx−1∑
nx=0

Ny−1∑
ny=0

Ax y e jβx y e− j k·sx y

︸ ︷︷ ︸
2

, (3.24)

The field expression (3.24) consists of two contributions. The first factor is the
far-field of one element (Equation (3.9)), while the second factor is a summation
factor to take into account all the different contributions, this is called the array
factor T (θx ,θy ):

T (θx ,θy ) =
Nx−1∑
nx=0

Ny−1∑
ny=0

Ax y e jβx y e− j k·sx y . (3.25)

Uniform arrays

Assume an equal amplitude Ax y = A and phase βx y =β to each element. When
there is a uniform spacing of the elements, sx y = nxΛx ux+nyΛy uy , withΛx and
Λy the element spacing in the x- and y-direction, respectively, the array factor
can be calculated in closed form:

T (θx ,θy ) = Ae jβ
Nx−1∑
nx=0

Ny−1∑
ny=0

e− j k·sx y

= Ae jβ
Nx−1∑
nx=0

Ny−1∑
ny=0

e− j [nx k0Λx sinθx+ny k0Λy sinθy ]

= Ae jβe jγ sin( Nx
2 k0Λx sinθx )

sin( 1
2 k0Λx sinθx )

sin(
Ny

2 k0Λy sinθy )

sin( 1
2 k0Λy sinθy )

, (3.26)

where γ is a phase factor given by:

γ= Nx −1

2
k0Λx sinθx +

Ny −1

2
k0Λy sinθy . (3.27)

Scanning arrays

To use the OPAs as scanning arrays, there should be a fixed phase difference
∆ϕx,y between the elements:

βx y = nx∆ϕx +ny∆ϕy . (3.28)
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Equation (3.26) can then be written as:

T (θx ,θy ) = A
Nx−1∑
nx=0

Ny−1∑
ny=0

e− j [nx (k0Λx sinθx−∆ϕx )+ny (k0Λy sinθy−∆ϕy )]

= Ae jγ sin[ Nx
2 (k0Λx sinθx −∆ϕx )]

sin[ 1
2 (k0Λx sinθx −∆ϕx )]

sin[
Ny

2 (k0Λy sinθy −∆ϕy )]

sin[ 1
2 (k0Λy sinθy −∆ϕy )]

,

(3.29)

with γ a similar phase factor as defined above:

γ= Nx −1

2
(k0Λx sinθx −∆ϕx )+ Ny −1

2
(k0Λy sinθy −∆ϕy ). (3.30)

The array factor shows a maximum when both numerator and denominator be-
come zero or when:

1

2
(k0Λx sinθx −∆ϕx ) = qπ

sinθx = (q + ∆ϕx

2π
)
λ

Λx
, (3.31)

with q an integer. A similar expression holds for the θy -angle. Different orders
are emitted by the array, indicated by the integer m. Only when the spacing
Λx <λ/2, there will only be one order visible, independent of the beam steering
phase difference ∆ϕx . This λ/2 spacing constraint is well-known in phased ar-
ray technology. The uniform phase difference ∆ϕx results in a linear shift of the
sine of the angle and for a 2π phase difference, we end up at a higher order. The
spacing between the different orders of the array factor is given by:

sinθx,q+1 − sinθx,q = λ

Λx
. (3.32)

When the angles θx are relatively small, this is usually approximated as:

∆θF SR,x ≈ arcsin
λ

Λx
[≈ λ

Λx
], (3.33)

The FWHM (Full Width at Half Maximum) beamwidth ∆θFW H M ,x is approxi-
mately equal to:

∆θFW H M ,x ≈ 0.886
λ

NxΛx cosθx
, (3.34)

where it is dependent on the steered angle θx . For small steering angles this can
further be approximated by the rule of thumb:

∆θFW H M ,x ≈ λ

NxΛx
. (3.35)
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Looking at Equation (3.33) and Equation (3.35), we can see the important result
that the number of resolvable spots scales with the number or elements Nx :

∆θF SR,x

∆θFW H M ,x
≈

λ
Λx

λ
NxΛx

= Nx . (3.36)

While the number of resolvable spots is determined by the number of indepen-
dent elements, the tracking accuracy, i.e., the accuracy with which one can steer
the beam, depends on the phase accuracy between the elements. The better the
different phases can be controlled, the more accurate the beam can be steered.
This accuracy thus depends on the technological implementation of the phase
tuners.

There is another interesting implication of the above formulas. The direc-
tivity of a certain radiating aperture is directly related to its size: very large aper-
tures are very directive. It is noteworthy mentioning that this directivity is inde-
pendent of fill-factor or spacing of the elements. When we divide the aperture
in several subapertures and increase their spacing, extra higher order lobes will
arise due to the increased spacing, but at the same time, the lobes get narrower
following Equation (3.34). On average, both effects cancel out and the directivity
remains constant.

3.1.6 Examples

Some far-field patterns of typical OPAs relevant for this research are explored in
this section. First, the standard example of an array of rectangular apertures is
given. Next, some examples of Gaussian and exponential fields are presented.
The latter is interesting as a grating aperture that couples out light from a silicon
photonics circuit can typically be described by such an aperture. We will limit
the examples to a one-dimensional approach as the two-dimensional fields can
in general be described by two one-dimensional fields.

Rectangular aperture array

For a rectangular aperture, the far-field was given by Equation (3.6), together
with the array factor given by Equation (3.26), the far-field is thus of the form:

I = I0

∣∣∣sin(k0
wx
2 sinθx )

k0
wx
2 sinθx

× sin( Nx
2 k0Λx sinθx )

sin( 1
2 k0Λx sinθx )

∣∣∣2
, (3.37)

with I0 a constant factor, k0 the free-space wave vector, wx the width of the
aperture, Nx the number of apertures and Λx the aperture spacing. It is inter-
esting to look at the influence of the fill-factor of the array. For a uniform fill
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factor wx =Λx , the zeros of the sinc are at:

π
wx

λ
sinθx = qπ (3.38)

sinθx = q
λ

wx
, (3.39)

with q a non-zero integer. This is exactly equal to the spacing of the peaks of the
array factor given by Equation (3.31). For a uniform fill factor, the array actually
acts as one large uniform apertures and thus only one peak is visible. This is,
however, only when the peak is not steered. This is shown in Figure 3.5, where
the far-field of a 10 µm rectangular aperture is shown, as well as the array factor
of 16 of these apertures with a uniform fill-factor. The envelope has a FWHM of
8.0◦. As soon as steering comes into play, two peaks will become visible as the
peaks of the array factor will shift. For a decreasing fill-factor, more peaks will
be visible in the far-field pattern because the spacing of the peaks of the array
factor will decrease. This will become clear in the next examples.
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Figure 3.5: Envelope of a 10µm wide aperture and array factor of 16 apertures

with uniform fill-factor (spacingΛx = wx = 10 µm) at λ= 1550 nm.

Gaussian aperture array

A more practical example is the Gaussian aperture. The fundamental mode of
an integrated photonic waveguide or optical fiber can be approximated with a
Gaussian function which can also be solved analytically. Assume for example a
Gaussian with a full 1/e-width of 7.5 µm. This is approximately the mode-width
of an optical fiber at a wavelength of 1550 nm, and thus also of the standard
grating couplers that are used to couple to such a fiber [6]. Figure 3.6 shows
the far-field of such a Gaussian, as well as the far-field of arrays of these Gaus-
sians spaced 50 µm. The practical relevance of this example will become clear
in Chapter 6. The far-field of one of these Gaussians has an intensity FWHM



OPTICAL PHASED ARRAYS 35

beamwidth ∆θFW H M ,x of:

∆θFW H M ,x ≈ λ

πwx

p
2ln2, (3.40)

with wx the half 1/e-width. This results in ∆θFW H M ,x = 8.9◦. As the number
of elements is increased to N , the lobes get smaller by the same factor N as
indicated by Equation (3.34).

The effect of the element spacing becomes clear when comparing Figure 3.5
and Figure 3.6. As the spacing becomes a factor 5 larger (10 µm → 50 µm), the
peak spacing of the array factor will roughly decrease with a factor 5 resulting
from Equation (3.33).
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Figure 3.6: Far-field of an array of Gaussians with a full 1/e-width of 7.5 µm,

spaced 50 µm, for different number of elements at λ= 1550 nm.

Due to the large element spacing there is a multitude of higher order lobes,
which is unwanted in most applications where we want a single directive beam.
By using narrower waveguides that are spaced closer, the steering becomes
much more directive as the number of higher order lobes decreases. Figure 3.7,
for example, shows the far-field of a Gaussian with a full 1/e-width of 614 nm
(corresponding to the TE (Transverse Electric) fundamental mode width of an
800 nm wide integrated photonic waveguide on SOI (Silicon-On-Insulator), dis-
cussed in Chapter 4) with a 2 µm spacing for different elements. The envelope
beamwidth is now ∆θFW H M ,x = 110.0◦ while the spacing of the output lobes
is 50.8◦ at λ = 1550 nm. For these small apertures and large angles, the scalar
formalism above is, however, not strictly valid anymore, but remains a good
approximation as will become clear in the experimental results.

Exponential aperture

As a final example, the far-field of an exponential decaying field is plotted in
Figure 3.8. The output field of a grating can typically be described by an expo-
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Figure 3.7: Far-field of an array of Gaussians with a full 1/e-width of 0.614µm,

spaced 2 µm, for different number of elements at λ= 1550 nm.

nential decaying field, where the decay strength α is depending on the strength
of the grating (i.e., the refractive index difference):

f (x) =
{

0 , x < 0

exp(−αx) , x ≥ 0.
(3.41)

The Fourier transform can be done analytically and is a Lorentzian shape of the
form:

I = α2I 2
0

α2 +k2
0 sin2θx

(3.42)

A typical decay length for the gratings which are used extensively in this work
is 1/α ≈ 7 µm. It is this type of decaying field that is then coupled into free
space. By tailoring the grating strength, one can increase of decrease this decay
length and thus shape the far-field. These gratings are discussed in more detail
in Chapter 4. The far-field of such an exponential can be found in Figure 3.8.

3.2 Technological Implementations

In this section, some of the different OPA technologies will be reviewed. A more
in-depth review is given in [1, 7].

There are two main classes of OPAs. Passive OPAs do not generate the light
beam themselves, but act on an existing beam as opposed to microwave phased
arrays where the signal is generated at the element level itself. These passive
OPAs only need to perform phase and/or amplitude tuning on an existing light
beam. In active arrays, the different transmitters also generate the light.

The main parameters when looking at OPAs are their speed, power con-
sumption, fill-factor, element spacing, modulation depth and aperture size. Let



OPTICAL PHASED ARRAYS 37

15 10 5 0 5 10 15
θx  ( ◦ )

0.0

0.2

0.4

0.6

0.8

1.0

I 
(a

.u
.)

Figure 3.8: Far-field of an exponential with a decay length of 1/α≈ 7 µm.

us look for example at large angle, large aperture steering. The first condition
means that the elements need to be spaced tightly, preferably with high fill fac-
tor, while the latter condition then implies a large number of elements to obtain
a large aperture. There is then a multitude of steering states (being the range
divided by the beam spot size) which increases the complexity of the system
as a large number of variables (read: individually addressable phase tuners) is
needed to address all these states, dramatically increasing the complexity. There
is not a one-type-fit-all solution, but a combination of different approaches will
be needed depending on the application in mind.

One of the main challenges of OPAs is their extremely small element size
when wanting to obey the λ/2 spacing constraint (discussed in Section 3.1.5)
for large angle steering. To achieve this, 1D arrays are a much more practical
approach than full 2D arrays. Layouting and addressing become increasingly
difficult in a 2D configuration. When the OPAs work in transmissive mode, full
steering can be obtained by using two orthogonal oriented 1D arrays. To enable
large-angle steering, usually a cascade is used of fine small-angle (continuous)
steering and coarse large-angle (discrete) steering systems.

A brief overview of the mainstream OPA technology, liquid crystal OPAs is
presented in the next section. Micro-Electro-Mechanical Systems (MEMS) is
another OPA technology briefly discussed in Section 3.2.2. Section 3.2.3 intro-
duces the integrated OPAs on which the remainder of this work is focused. Fi-
nally, Section 3.2.4 gives a brief overview of other OPA or non-OPA steering ap-
proaches. This is not meant as an in-depth overview, but mainly to familiarize
the reader with existing (bulk) steering techniques and to put the current work
in perspective with other steering approaches.
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3.2.1 Liquid crystal OPAs

Liquid crystals (LC) are the leading OPA technology. The LC technology has
undergone a tremendous development, mainly driven by the display market.
While these systems work on the principle of polarization rotation due to the
tunable birefringence of a LC, there is also a phase shift involved. By remov-
ing the polarizers, the phase shift can be observed. For a standard display, the
pixel-spacing is relatively large and the phase modulation is limited, resulting
in a limited steering efficiency and angle.

To improve the performance, LC elements have been developed that create
a linear phase ramp across each pixel. Although every pixel is still a multiple
of wavelengths in extent and spacing, due to the linear phase ramp over each
element, steering angles of 20◦ and large apertures should be possible. 1D LC-
OPAs with spacings of less than a free-space wavelength have been shown as
well, which can steer a beam into a single, diffraction limited beam, but still
limited in steering angle due to the needed phase resets as discussed below.

Figure 3.9: Influence of flyback on the beam steering efficiency.

For large angle steering, 2π phase resets are needed. These resets are, how-
ever, wavelength dependent and make the steering dispersive. Furthermore,
there is the so-called flyback region, i.e., the liquid crystal cannot abruptly
mimic a phase reset, this happens over a certain space resulting in a reduced
efficiency [8]. This is shown schematically in Figure 3.9. The light that passes
through the flyback region is deflected into the wrong direction. The efficiency
ηF B can be written as:

ηF B =
(
1− ΛF B

Λr eset

)2
, (3.43)

with Λr eset the spacing of resets and ΛF B the width of the flyback region. This
flyback region typically reduces the efficiency from 99% at 0.1◦ steering to 90%
at 1◦ steering and then quickly to 25% at 10◦ steering while 20◦ is typically the
maximal achievable angle. Using a staircase approximation of the blaze, the
efficiency is given by Equation (3.19), but this is more than 95% for an 8 step
discretization and thus not a significant source of loss.
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These LC systems require little power, even for large apertures which can be
useful in missile interceptors or satellite communications. Due to the large de-
velopment of the display market, these systems can be produced at high volume
with relatively low cost. One major drawback in these systems is their switching
speed which is of the order Hz to kHz.

3.2.2 MEMS

Another approach to fabricate phased arrays is by using MEMS technology.
These OPAs consist of micrometer scale mirrors. Two techniques can be used.
Firstly, the mirrors can move perpendicular to the substrate to impose a phase
difference of the reflected light between two neighboring mirrors. Two im-
portant issues here are the fill-factor and the minimal mirror size, as half-
wavelength size mirrors are impractical to make. Secondly, the mirrors can be
tilted to the desired angle to impose a blazed grating. The blaze will be perfect
over the mirror (as long as it is flat) but we are restricted by the 2π resets in
order not to have phase discontinuity. This is in contrast with the typical am-
plitude modulation that is used in MEMS, where the mirrors are used to deflect
light out of the optical path. For large angle step-steering, the MEMS approach
is feasible. MEMS also work in reflective mode which can be a disadvantage
in certain applications. As they depend on mechanical motion, the speed is
relatively slow, upto kHz range [9, 10].

3.2.3 Integrated OPAs

In this research, focus lies on the fabrication of integrated optical phased arrays
using the silicon photonics platform. The details of this platform are discussed
in Chapter 4. Using an integrated approach, one can overcome several limita-
tions of the bulk approach:

• The systems can be made very small. Integrated photonics has under-
gone tremendous improvements over the last decade and the fabrication
of 100 nm structures is now feasible with standard deep-UV (Ultraviolet)
lithography.

• Using integrated phase tuning (discussed in Chapter 5), phase modula-
tion can be done without the need of external bulky phase modulators.

• Depending on the wanted speed, different tuning mechanisms can be
chosen and steering (random access pointing) at frequencies of more
than 10 GHz is possible.

• Using an integrated approach large volume production can be possible at
low-cost. This is especially true when using standardized processes.
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• When making use of silicon photonics, integration with CMOS driver cir-
cuitry can be possible in the future which would result in complex func-
tionality at low-cost.

The first integrated OPA was presented by Vasey [11]. The OPA was fab-
ricated on the AlGaAs platform and worked at a wavelength around 850 nm.
Phase tuning was achieved electro-optically using Schottky junctions. A beam
with a width of 0.086◦ was steered over a 0.83◦ range using 43 elements. The
performance was limited due to the large element spacing.

In this work, we will present several OPAs with different steering mechanism
and increased performance. Recently (October, 2011) similar work on fabricat-
ing integrated OPAs on silicon has been presented in [12]. The components
in the work presented here, however, clearly have an improved performance,
mainly thanks to the better controlled and well-established fabrication tech-
nology.

3.2.4 Other approaches

Microlens array

Steering using lenses requires a minimum of two lenses. By moving the last
lens off-axis, beam steering can be obtained. A triplet of lenses is usually used
to ensure all the light entering through the first lens, passed through the last
lens. Main advantage is that using lenses a smaller optical path difference (OPD)
(factor 4) needs to be covered for the same steering effect of a sawtooth grating,
but multiple layers are needed [13, 14].

Birefringent prisms

Using a birefringent prism, the different polarizations of light are steered to
a different direction. By incorporating a LC polarization rotator between the
prism, a binary deflection is obtained. A steering range of ±20◦ has been shown
using such an approach. Liquid crystals can also be used to act as switchable
birefringent prisms [15, 16].

Electro-optic and acousto-optic steering

By putting electro-optic (EO) modulators in a (one-dimensional) array config-
uration, a fast-steerable OPA can be fabricated. This has been shown by [17],
where 46 lithium tantalate EO-modulators were shown. In [18] an array of EO
prisms was shown. Both were one of the first to investigate the OPA principle.
While steering can happen fast, the needed voltages are high due to the EO-
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effect. Due to the high spacing of these bulk systems, the steering angle is usu-
ally limited to much less than 1◦.

Other non-OPA related approaches are the use of electro-optic (EO) or
acousto-optic (AO) deflectors. The first can steer a beam in the nanosecond
range, while the latter works in the microsecond range. Both approaches need
either high voltages or high driving power and are used for small angle (few
mrad) fast and fine beam steering applications.

Electrowetting

The principle is again to program a prism-like profile over a pixel. By applying a
voltage over a water and oil mixture, we can create a straight, but tilted interface
between water and oil. Angles up to 45◦ are possible. For cells of a few tens of
µm, the switching time is in the order of milliseconds [19, 20].

Holographic gratings

Holographic step steering is used as a large angle discrete steering mechanism.
A signal and reference beam are used to write a hologram in a holographic
medium. When the signal beam then impinges on the hologram, it will be
diffracted into the reference beam direction. Multiple holograms can be written
in such a medium. The right hologram is then chosen with a small steering
mechanism [21, 22]. Using for example two LC steering mechanism with a
holographic volume grating in between, continuous steering of 45◦ has been
shown. The first LC steerer chooses the holographic grating for large angle
steering while the second LC steerer allows fine tuning [8].

Liquid crystal polarization gratings

While most approaches depend on the creation of an OPD, liquid crystal po-
larization gratings (LCPG) work on a different principle to create a phase delay.
The phase of circularly polarized light passing through a half-wave plate de-
pends on the angle of the half-wave plate. Using polarizers and quarter wave
plates we can change this polarization to a linear polarization. Using LCs, such
a functionality can be obtained. Main advantage of such an approach is that
cells can be made thin and resets can be avoided since the phase change does
not directly depend on the molecule orientation [23].

3.3 Applications

Some of the present and future application domains of OPAs are presented here.
Wireless optical communication is a large application field which was already
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covered in Chapter 2. Another recent hot-topic is optical interconnects, dis-
cussed in Section 3.3.1. Sections 3.3.2 and 3.3.3 finally deal with optical scan-
ning and sensing applications.

3.3.1 Optical interconnects

Also at the very short range, such as on- or intra-chip communication, a shift
from electrical to optical signals can be observed. The electronic world is reach-
ing an interconnect bottleneck for which optical interconnects can offer sev-
eral advantages. While waveguides can be used as optical interconnects, free-
space interconnects have recently also gained attention, especially for so-called
‘off-board’ interconnect on boards and backplanes [24] or intra-chip intercon-
nects. These free-space interconnects can have a high signal density with lim-
ited crosstalk as free-space optical signals do not interfere with each other. They
further exhibit low latency and high energy density.

In [25], a free-space intra-chip interconnect using a VCSEL (Vertical Cavity
Surface Emitting Laser) array and integrated MSM (Metal Semiconductor Metal)
Ge detectors was shown working at 3.3 GHz bandwidth, where the speed was
mainly limited by the VCSEL bandwidth. A schematic of such an interconnect
can be found in Figure 3.10. When having beam steering functionality, the in-
terconnect can furthermore immediately act as dynamic router. Phased array
technology and especially integrated phased arrays show great potential in this
area.

Figure 3.10: Illustration of a free-space interconnect using a 3D integrated

chip stack [25].

3.3.2 Optical scanning: LIDAR

One of the key areas of phased arrays is laser scanning such as in LIDAR (LIght
Detection And Ranging) type applications. LIDAR has the advantage of accu-
rate localization and imaging of objects with high resolution thanks to the small
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wavelength (and thus large directivity) of light, which can be used to accurately
model objects or to make accurate topography maps. LIDARs are also used ex-
tensively in atmospheric research. Investigation of backscattered light gives in-
formation about wind profiling, aerosol or other gas concentration. It further-
more has applications in automation and remote sensing.

3.3.3 Optical sensing

There is a multitude of optical sensing methods in our present day society.
Biomedical imaging is one important application field. Using common (non-
optical) techniques such as MRI (Magnetic Resonance Imaging), CT (Computed
Tomography) or PET (Positron Emission Tomography) scans, a trade-off needs
to be made between imaging depth, resolution, speed and cost. Optical tech-
niques perform better on almost all points. The main drawback of optics is the
limited penetration depth in turbid tissue such as skin or muscle. This is usu-
ally limited to a few 100 µm due to the scattering of the medium preventing the
formation of a sharp image. Wavefront shaping has been investigated in [26] to
counter these scattering effects and focus light through tissue. Optical phased
arrays can play a vital role in this as they can act as wavefront shaper.

This wavefront shaping is especially useful in so-called ‘interferometric fo-
cusing’. Interferometric focusing tries to combine the strengths of techniques
relying on ballistic (i.e., not scattered) light, such as confocal microscopy or Op-
tical Coherence Tomography (OCT), and diffuse light, such as Diffuse Tomogra-
phy 1. The former has a high resolution but limited penetration depth while the
latter has a high penetration depth but lower resolution. Interferometric focus-
ing relies on the inference of scattered light to form a focus. By modifying the
phase front impinging (i.e., creating a phase conjugate field), one can make the
light focus through the turbid medium. The more independent control over the
phases, the better the focus will be. Drawback is that a feedback loop is neces-
sary to construct the phase conjugate field. With present techniques, this takes
seconds to minutes. Integrated structures can play an important role here as
the speed and sensitivity can be increased by scaling down the components.

Phased array wavefront correctors are also used in adaptive optics appli-
cations such as laser beam propagation [27] through the atmosphere. Appli-
cations are also found in astronomy where the atmospheric influence on tele-
scope images needs to be countered [28].

1Diffuse Tomography captures the diffuse scattered light and estimates where the scattering oc-
curred to determine an image.
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3.4 Conclusions

OPAs are very versatile components, allowing fast and precise beam steering
without the need of any mechanical motion. The theory about OPAs is very
similar to antenna array theory. Some definitions, however, are not strictly valid
anymore in the optical domain.

The main OPA technology uses LCs. While a huge number of pixels can be
addressed, there are some drawbacks in steering efficiency and speed. MEMS
technology typically suffers from the same drawbacks. Integrated OPAs can be
fabricated with small elements resulting in a large steering range, as will become
clear in Chapter 6. Large radiating apertures are, however, difficult. Some other
steering approaches have been reviewed as well.

Finally, some of the main applications of OPAs were presented. They are
useful in wireless LOS link schemes for wireless optical communication as dis-
cussed in Chapter 2. They also find applications in a variety of sensing domains.
They furthermore can act as adaptive optics components to compensate for
phase errors in for example astronomic images.
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4
Silicon Photonics

“Combining silicon heterogeneously with other materials will lead to applica-
tions that we can only dream of today, or we cannot even envision yet.” (Pieter
Dumon et. al. [1]).

In this chapter a brief overview of silicon photonics with the main focus on
the elements needed for OPA technology is presented. It is not the purpose to
provide the reader an in-depth overview of silicon photonics, but to explain the
basic principles and processes that are used throughout this work. An in-depth
introduction to silicon photonics, related breakthroughs and prospects can be
found in several review papers [2, 3] and books [4, 5].

Photonic integration has been under investigation for several decades with
the main goal to introduce a similar evolution that electronics has undergone.
Integration means scaling down in size. This offers several advantages in terms
of performance and power consumption. A similar improvement of photonic
functions is expected through integration: higher data rates of integrated de-
tectors, lower power consumption, improved sensing, all-optical functions and
reduced cost if mass-production is possible. It is thus clear why integration is
important [6]. Instead of looking at improved performance, there is also a large
advantage by looking into integrated components for sensing that do not com-
pete with state-of-the art lab equipment, but that can perform the task they
were designed for at a low cost for mass use by the general public.
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Electronics has undergone a tremendous development to keep up with
Moore’s law, i.e., doubling the transistor density every 18 months [7, 8]. But
while electronics is mainly based on silicon, there are a multitude of platforms
for photonics: InP, GaAs, Si, glass-based, electro-optic materials, quantum dots
and combinations of these platforms, each with its advantages and disadvan-
tages. This makes integrated photonics a very rich research area, but a more
complex platform to follow a similar law as in electronics. There is not one
platform that — without doubt — outperforms the other, as has been the case
for silicon in electronics.

There is, however, a strong rationale to use silicon as preferred integrated
photonics platform. First of all, silicon is transparent in the telecom region for
wavelengths larger than 1.1 µm, while detectors can be made by incorporating
Ge and modulators are fabricated by heating or doping the silicon. Second, sili-
con, and more specifically SOI (Silicon-On-Insulator) has a high index contrast
(nSi =3.47) compared to silica (nSiO2 =1.44) or air (nai r = 1.0). This allows a size
reduction of a factor 100 compared to glass based integrated circuits and a fac-
tor 10 compared to III-V based integrated circuits. Third, by making use of the
same platform as used in electronics, the very advanced fabrication technology
developed by the CMOS industry can be used. It also enables the integration
of photonics and electronics onto the same chip. Luxtera has shown such an
integrated platform where photonics and electronics are fabricated in the same
layer [9]. 3D stacking approaches allow further and more compact integration.

These factors clearly show the potential of silicon photonics. It can result in
a multitude of new devices, improved performances, faster data rates, sensing
components, etc. This has spurred a lot of interest from governments and com-
panies resulting in large investments from the year 2000 onwards and several
breakthroughs related to low-loss nanophotonic waveguides, grating couplers,
filters, integrated detectors, lasers and modulators.

There is one main drawback in silicon: there is no efficient way of gener-
ating light using silicon, as it has an indirect bandgap. Fabrication of an inte-
grated (preferably electrically pumped) laser is the holy grail of silicon photon-
ics. Many researchers have tried to generate light in silicon by integrating rare-
earth dopants, band-gap engineering (e.g., Ge-on-Si strain-based [10]), non-
linear processes (e.g., Raman laser developed by Intel [11]), but as to date no
efficient electrically pumped silicon laser has been demonstrated. This prob-
lem is tackled by either using an external laser or by integrating III-V (or other
active) materials on silicon by molecular or BCB (benzocyclobutene) bonding.

Careful investigation of all the functionality silicon photonics has to offer
shows the rationale of using it in OPA technology. Grating couplers can act as
light emitting elements sending light off-chip, integrated modulators offer the
possibility to tune the phase of the emitted light, while (hybrid) integrated lasers
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and detectors can act as source and detector in an OPA link. Very small high-
index contrast waveguides furthermore allow to route light on-chip.

Next, the process flow of the silicon photonics platform that has been used
throughout this work is discussed. In Section 4.2, the basic components used
in the fabrication of the OPAs discussed in Chapter 6 are given. A conclusion is
finally formulated in Section 4.3.

4.1 Process flow

One of the hurdles to overcome in developing silicon photonics circuits are the
costs related to fabricating these components. A lot of research in silicon has
been done using e-beam lithography. This is typically a smaller scale lithog-
raphy process than optical lithography, but can offer very high precision. The
main drawback is that the lithography pattern is written in a step-by-step way
which takes a long time. While this is an excellent tool in a research, or high-
end market environment, the fabrication is expensive as this is a low volume
production.

Deep-UV steppers on the other hand can make >135 wafers/hour where
each wafer consists of several hundred integrated circuit (ICs). This incredible
production capacity allows mass-production, but also results in very high devel-
opment costs. When used in research, one is usually not interested in thousands
of PICs (Photonic Integrated Circuits), except for uniformity and repeatability
studies or when a post-processing process needs to be developed. However,
the cost to develop one wafer only differs marginally from the cost to develop a
complete lot of typically 25 wafers, as each process step comes with a very high
fixed cost unrelated to the number of wafers.

To spread the production costs, MPW (Multi Project Wafer) shuttle runs have
been offered since 2004 through ePIXfab [12]. Combining several designs of dif-
ferent research groups into one large maskset results in cost-sharing, bringing
this expensive technology in reach of research groups. To ensure process re-
peatability and uniformity, standardized process steps are offered. The OPAs
fabricated in this work rely heavily on the standard passives technology of this
platform of which the details are explained below.

More advanced fabrication steps have been added later by incorporating an
extra poly-Si layer on top of the grating to increase their efficiency [13]. Finally
carrier based modulators and integrated heaters have recently been developed
in this platform. For more information, we refer to [12].



50 CHAPTER 4

Imec’s standard passives process (ePIXfab)

The PICs in the standard passives run are processed on a 200mm SOI wafer from
SOITEC [14] with a 2 µm buried oxide layer and a 220 nm top layer. Two etch
steps are used in the standard passives process using deep-UV 193 nm lithog-
raphy. The fabrication details can be found in [15]. There is one full etch of
220 nm that allows fabricating strip waveguides, deep etched gratings and an
etch of 70 nm to fabricate rib waveguides, taper sections and gratings as can be
seen schematically in Figure 4.1.

Figure 4.1: SOI process flow: an etch of 220 nm and 70 nm allows us to fabri-

cate a.o., gratings, strip and rib waveguides.

4.2 Basic components

This section gives a brief overview of the components used in this work. In
Chapters 5 and 6, designs are presented that are composed of several of these
components.

4.2.1 Integrated waveguides

The key functionality of a photonic waveguide is its ability to guide light. Opti-
cal fibers for example are a well-established propagation medium due to their
low propagation losses of 0.2 dB/km [16]. On an integrated platform, losses are
typically higher. The propagation losses for a 450 nm wide, 220 nm high strip
waveguide on SOI (fabricated with the process flow discussed above), shown in
Figure 4.2 is between 2-3 dB/cm with bend losses of less than 0.01 dB/90◦ bend
for a 5 µm radius [15].

The main loss factor is attributed to scattering losses at the edges of the
strip waveguide. By using rib waveguides, this can be reduced by an order of
magnitude to 0.272 dB/cm. Using a rib-strip waveguide transition, sharp bends
can be obtained [17, 18]. The sidewall roughness also introduces phase errors.
In the delay lines of an AWG (Arrayed Waveguide Grating), for example, these
errors result in crosstalk between the output channels: because the phases of
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Figure 4.2: SEM picture of an integrated strip waveguide on SOI [15].

all the contributions of the delays lines are distorted, part of the light will fo-
cus on the wrong output channels in the free-propagation region, resulting in
crosstalk. For this reason, the strip delay lines are widened to 800 nm to reduce
the phase error. Phase errors also play an important role in the OPAs fabricated
on SOI as discussed in Chapter 6. As phase control is vital for an OPA, the wave-
guides that guide the light to the light emitting elements (being the grating cou-
plers discussed below) need to have a fixed phase. Phase errors should thus be
avoided in these access waveguides. When using these widened waveguides,
only a short tapering is needed to adiabatically taper to 450 nm which is needed
to take sharp bends while maintaining the single mode condition.

4.2.2 Grating couplers

A lot of research has been done in the development of grating couplers, mainly
to couple light from an optical fiber into an integrated circuit [19–22]. Here, our
main interest lies in the properties of these gratings when coupling to free space.
A grating consists of a periodic structure that will diffract the light. Due to the
periodic nature of these diffraction events, constructive interference will occur
in certain directions, described by the grating equation. A simple approach to
look at these grating couplers is by using Bragg theory of periodic media.

The Bragg condition for periodic media dictates that the k-vector of the
diffracted light kout from a periodic medium equals the sum of the k-vector of
the incident light ki n with an integer times the k-vector of the periodic medium
K:

kout = ki n +qK, (4.1)

with q an integer. When the grating is wide (i.e., in the out-of-plane direction
of Figure 4.3), the problem is actually a 2D problem and the grating can be de-
scribed by a one dimensional grating. Having such a 1D grating with periodΛg r ,
the grating k-vector is:

K = 2π

Λg r
sx , (4.2)
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Figure 4.3: Cross-sectional view of a grating coupler.

with sx the unity vector along the x-direction. Since there is no periodicity in the
z-direction, there is a continuum of grating k-vectors that can be added in the
z-direction. The Bragg condition is best understood using a k-vector diagram.

Figure 4.4: Bragg condition for a grating coupler using a k-vector diagram.

Figure 4.4 shows the such a k-vector diagram. The diagram is drawn to
scale for a grating period of 630 nm. This is the period of standard grating cou-
plers used throughout this work. The incoming light, traveling in the positive
x-direction, feels an effective index ne f f ,g r , being the effective index of the fun-
damental mode in the grating. The magnitude of the wavevector inside the grat-
ing is denoted by kw g . This effective index is only felt for light traveling inside
the waveguide, so only in the positive or negative x-direction. Light that would
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couple upwards feels an index of air (nai r = 1), therefore a circle is drawn with
radius kai r , being the size of a wavevector in air, while light coupling downwards
feels the buried oxide index (nSiO2 = 1.44), and thus a circle is drawn with radius
kSiO2 .

To find the diffracted light directions, we need to add an integer times the
wavevector of the grating, denoted as K, while we can add any k-vector in the
z-direction. Therefore vertical lines are drawn in Figure 4.4, spaced a distance
|K| in the x-direction. The diffracted light should lie on one of these lines. Only
the intersection of these lines with the circles are then viable solutions. One can
see one beam diffracted upwards, kout ,1 and one beam diffracted downwards,
kout ,2.

Such a k-vector diagram gives clear insight in what direction light can be
diffracted. Suppose we want to make a first-order reflector. The k-vector of the
grating K then needs to be twice the k-vector in the incident light ki n . There is
then only one solution to the Bragg condition.

|K| = 2|ki n | (4.3)
2π

Λg r
= 2ne f f ,g r

2π

λ
(4.4)

Λg r = λ

2ne f f ,g r
. (4.5)

For a second order reflector, the k-vector of the grating K is equal to the k-vector
in the incident light ki n . When two grating k-vectors K are then added to the in-
cident light k-vector, we get a reflector, hence the name second-order reflector.
There is also another solution. When only one grating k-vector K is added, light
can couple out perpendicularly. This vertical out-coupling is however less effi-
cient due to the second order reflection, therefore near-vertical coupling is used
as shown in Figure 4.4. These are still called second-order gratings, of which the
out-coupled light is the first-order diffracted light. These second-order gratings
couple light out at an angle θx , given by the grating equation:

sinθx = Λg r ne f f ,g r −λ
nbgΛg r

, (4.6)

with ne f f ,g r the effective index of the grating area, nbg the refractive index of
the background material andΛg r the grating period.

While the Bragg condition dictates the direction of the diffracted light, is says
nothing about the efficiency of these diffracted beams. This efficiency is deter-
mined by the refractive index profile. The downward component can for exam-
ple be reduced by adding a silicon overlay on the grating [13]. Part of the down-
ward component also reflects on the substrate back upwards and can interfere
constructively or destructively with the upward diffracted beam, depending on
the silica thickness.
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Figure 4.5: |E| field emitted by a grating coupler with a period of 630 nm, sim-

ulated with CAMFR. The dashed line shows an exponential fit. The

decay length 1/α= 6.2 µm at 1550 nm.

Figure 4.3 also shows the typical behavior of the magnitude of the electric
field that is coupled out. It can be well approximated by an exponential decay.
In Figure 4.5, the electric field inside a grating has been simulated. The grating
has a 70 nm etch depth, the period is 630 nm period and the fill factor is 0.5.
These are the typical dimensions of the gratings to optimally couple 1550 nm
light in an optical fiber at a 10◦ angle with the normal of the surface [19]. The
simulation shows that there is indeed an exponential decay, with a decay length
of approximately 1/α= 6−7 µm at a wavelength of 1550 nm. This decay length
depends on the effective index difference of the grating elements. By having for
example a very shallow etch, this difference will be small and the decay length
1/α will be longer. As the size of the radiating aperture determines the beam
width, this can be used to narrow the beam.

In the other dimension, the gratings can be modeled as a Gaussian of which
the width depends on the mode width of the grating mode. This can be calcu-
lated using a mode solver such as Fimmwave [23]. For a typical 10µm wide fiber
grating coupler, the 1/e mode width is about 7.5 µm. The formalism of Chap-
ter 3 can then be used to calculate the far-field characteristics. Figure 4.6(a)
shows an SEM (Scanning Electron Microscope) image of a grating coupler array
used as an OPA. More details can be found in Chapter 6.

When used as a fiber coupler, the gratings fabricated with the process flow
described in Section 4.1 have an efficiency of -5.2 dB. These grating are used in
this work to get light in or out of our fabricated OPA structures. Figure 4.6(b)
shows an SEM image of a focusing grating coupler. Due to the focusing, there
is no need for a large taper while the efficiency remains the same [24]. Using a
silicon overlay to cancel the downward diffracted light, the fiber coupling effi-
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ciency goes up to -1.6 dB [13]. The efficiencies of the gratings used as free-space
antennas are typically higher and are discussed in Chapter 6 for the fabricated
structures. They typically are of the order of -4 dB to -5 dB (30% to 40%) for a
70 nm etched grating because the modal overlap with a fiber is not needed. The
efficiency drops when in Equation (4.6), the angle θx becomes zero. This would
mean vertical out-coupling. However, for this period, the grating also acts as a
second order reflector, reflecting the light back into the waveguide and decreas-
ing the out-coupling efficiency as discussed above.

Inverted tapers are also used to transform the mode of an optical fiber to the
one of an integrated waveguide. Coupling losses of less than 0.2 dB have been
shown using this approach [2]. While tapers can offer low coupling loss and
high bandwidth, the wafers need to be diced, polished and processed before
any test can happen. Vertical grating couplers on the other hand allow wafer
testing of the components and no dicing is needed. This is a major advantage
when fabricating silicon chips in a commercial environment.

(a) (b)

Figure 4.6: SEM picture of grating couplers: (a) grating coupler array of 4 µm

wide couplers spaced 5 µm with 630 nm grating period, (b) a focusing

grating coupler with 630 nm grating period.

4.2.3 MMI splitter

To access the different light emitting elements, light from the input waveguide
needs to be split. A 1×2 MMI (MultiMode Interference) splitter can symmetri-
cally split the light into two contributions with the same phase. To split the light
in N contributions, either a 1×N -splitter can be designed or a splitter tree can
be used. The latter approach was used in this work. One basic 1×2 splitter then
needs to be used. Two types of splitters are available. A deep etched MMI that
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only uses the 220 nm etch or a shallow etched MMI which uses a combination
of the 220 nm deep and 70 nm shallow etch. The latter makes the MMI splitter
somewhat larger, but increases the simulated efficiency from 86% to 95% due
to better mode matching. Figure 4.7 shows an SEM picture of a shallow etched
MMI.

Figure 4.7: SEM picture of a shallow etched MMI.

4.2.4 Star coupler

A star coupler can be used as an alternative approach to split light into different
branches. Light goes through a free propagation region to split it into different
elements. The free propagation region imposes a natural Gaussian envelope
over all the elements. Using a shallow tapering approach, the mode mismatch
between the single mode waveguide and free propagation region can be made
small to reduce the insertion loss of the star coupler. The insertion loss is typi-
cally around 1.1 dB [25, 26].

Figure 4.8 shows a 9×16 star coupler. The free propagation region, shallow
etched and deep etched strip waveguides are indicated. The tapering between
the shallow and deep etched waveguides is visible as well. When using the cen-
tral (5th) input waveguide, light will be split in 16 elements with equal phase. By
using a different input waveguide, a phase difference will be imposed on the el-
ements. This is useful in beam steering applications as discussed in Chapter 6.
The tiling indicated in Figure 4.8 has no influence on the star coupler behavior
but is used for etch uniformity purposes.

4.2.5 Modulators

Modulators are dealt with in Chapter 5.

4.3 Conclusions

Silicon photonics offers several of the key functionalities needed in OPA tech-
nology. Very small, sub-micrometer size light radiating elements can be fabri-
cated, light can be routed to these elements using integrated waveguides, and
using phase tuners, the phase can be adjusted so adaptive steering is possible.
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Figure 4.8: SEM picture of a star coupler.

Furthermore, the platform allows to use integrated detectors using Ge. The only
problem is the light generation. Using a hybrid approach, lasers can be fabri-
cated, or an external laser can be used, depending on the needed functionality.
One major advantage of these integrated OPAs is that light is captured in a single
mode waveguide. On-chip interferometry can then be used for sensing appli-
cations [27, 28], while coherent detection is possible to increase the sensitivity
roughly by two orders of magnitude [16].
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5
Phase Tuning

One of the key elements for optical phased arrays is a way to selectively tune
the phases of the different emitting elements. While in LC OPAs this is achieved
through the propagation of light through a tunable birefringent material (i.e., the
liquid crystal), silicon photonics offers us a multitude of possibilities to tune the
phase of light. In this work, we have investigated the possibilities to fabricate
OPAs on SOI. Therefore, we need to tune the phase of light in a silicon pho-
tonics integrated circuit. Typically an input waveguide is split into different
waveguides (which are connected to the light emitting elements). The light in
these different waveguides then needs to be tuned. Two different phase tuning
approaches approaches are described in this chapter.

Depending on the needed speed and/or performance of the beam steering
element, one can choose for a slow, but simple and low-cost solution such as
the thermo-optic effect, which is discussed in Section 5.1. As there is a need
for a continuous current flow and heat generation, such an effect is very power-
hungry. A novel way to tune the phase using a Nano-Electro-Mechanical Sys-
tems (NEMS) approach has been investigated which is given in Section 5.2. The
key argument here is that such a component is low-power (capacitive struc-
ture which uses only power when switching) and possibly fast (>MHz-range,
depending on the mechanical relaxation constants). In Section 5.3, we touch
upon other phase modulation/tuning techniques. Section 5.4 presents the main
conclusions.
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5.1 Thermo-optic effect

The thermo-optic (TO) effect is well-known in silicon as a simple, cheap and
low-cost tuning mechanism. The refractive index of silicon has a large temper-
ature dependent coefficient being

∂n

∂T
= 1.86×10−4K−1, (5.1)

making silicon photonics circuits very temperature sensitive. While this is ad-
vantageous as a tuning mechanism, the temperature stability of a silicon pho-
tonics circuit becomes an important issue. A way to reduce this temperature
dependence is to add for example a polymer layer with a large — but opposite
— temperature dependent coefficient [1]. In this work, we have investigated a
basic heater design and characterized its speed and performance.

Next, the process flow of the heaters will be briefly explained. Afterward
some simulation and experimental results on the speed and performance of the
heater are given.

5.1.1 Process flow

The heaters are processed on standard SOI strip waveguides using contact-
mask lithography. The process flow is summarized in Figure 5.1. The SOI
sample is cleaned first by rinsing it with acetone, IPA (isopropyl alcohol or iso-
propanol) and DI (deionized) water, respectively (Figure 5.1(a)). Then we spin a
primer (AP3000) followed by spinning a diluted BCB (benzocyclobutene) layer.
The dilution and spinning speed will determine the thickness of the BCB layer.
After spinning, the BCB is cured (Figure 5.1(b)). The photoresist (nLof2070, neg-
ative) is then spun, followed by a softbake (Figure 5.1(c)). An UV contact mask
lithography step and postbake follows as shown in Figure 5.1(d). Figure 5.1(e)
shows the structure after photoresist development; the heater pattern has been
transferred to the photoresist. To increase the adhesion of the metal with the
BCB, the structure is placed in an oxygen plasma etch for about one minute
which roughens the BCB layer (Figure 5.1(f)). In the final two steps, metal is
deposited (Figure 5.1(g)) followed by lift-off (Figure 5.1(h)). The metal consists
of a 100 nm Ti layer and a 20 nm Au layer. This specific stack was chosen for
two reasons. Firstly, the gold prevents oxidation of the Ti. Secondly, the re-
sistivity, and thus the voltage-current relation, is changed by almost an order
of magnitude in order to comply with the measurement hardware limitations
(maximum current and voltage) discussed in Chapter 6.
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(a) Clean SOI sample (b) BCB spinning and
curing

(c) Photoresist (PR)
spinning + softbake

(d) Contact mask
lithography + post-
bake

(e) Photoresist devel-
opment

(f) Oxygen plasma
etch

(g) Metal deposition (h) Lift-off

Figure 5.1: Heater process flow.

Processing artifacts

Some processing artifacts arise resulting in a not nice rectangular cross section
of the heater as shown schematically in Figure 5.2. After development of the
photoresist, the profile is slightly slanted. Depending on the slope of the pho-
toresist, the heater width will be larger than the designed width on the con-
tact mask. This profile is needed for a successful lift-off. When metal is then
deposited on the structure, the shadowed area will have a gradually decreas-
ing thickness resulting in a non-uniform cross section. At the corner there is
furthermore a build-up of metal which results in upstanding edges after pho-
toresist removal. Optimizing the photoresist profile and the metal deposition
process can remove these artifacts. The impact on the heater performance is
however minimal.

5.1.2 Resistivity

To measure the resistance of the heaters, several test structures were fabricated.
A large sweep of heater widths and lengths were measured using a four-probe
measurement with a probe card setup. The main results are summarized in Fig-
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(a)

(b)

Figure 5.2: Heater processing artifacts: (a) Schematic picture, (b) SEM pic-

ture, a Pt layer is deposited on top to make a cross section.

ure 5.3, where the resistance per micrometer length of the heater is plotted as a
function of the heater width. From this graph, one can immediately deduce a
rough estimate for the resistance of a fabricated heater. Two different batches
of samples were fabricated, one with a 120 nm Ti metal layer and one with a
100 nm Ti + 20 nm Au stack. The main result that should be noted here is that
the small gold layer will reduce the resistance by almost an order of magnitude.
A theoretical fit is also plotted for the 120 nm Ti layer (taking into account the
non-uniform cross section) to determine the effective resistivity, which was de-
termined to be about 1.64 µΩ·m, about four times higher than the bulk resistiv-
ity of Ti being 0.4 µΩ·m.



PHASE TUNING 65

3 4 5 6 7 8 9
wheater(µm)

0

1

2

3

4

5
R
/L

h
ea
te
r(

Ω
/
µ
m

)
120nm Ti
fit for ρ=1.64µΩ ·m
100nm Ti+ 20nm Au

Figure 5.3: Heater resistivity for a 120 nm Ti stack layer compared to a 100 nm

Ti + 20 nm Au stack. A fit to determine the resistivity of the Ti is shown

as well.

Figure 5.4: A typical heater cross section together with the thermal simulation

domain indicated by the red dashed line.

5.1.3 Efficiency

Thermal simulations

The heater efficiency can be simulated using the Phoenix simulation soft-
ware which consists of an optical mode solver with a thermo-optic module
for thermo-optic simulations [2]. A typical heater cross section is shown in Fig-
ure 5.4, where the width of the heater is designed to be 2.5 µm but can be up to
3.5µm due to the processing artifacts discussed in Section 5.1.1. The waveguide
width is typically 800 nm. This is not the typical single mode waveguide width
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of 450 nm as long delays have shown to be more tolerant to fabrication devia-
tions and the corresponding phase errors when they are a bit wider. A width of
800 nm is therefore chosen as explained in Chapter 4.

Figure 5.4 also shows the thermal boundary conditions used. There is a
convective flow to the air, the substrate acts as a heat sink and the two other
sides are thermally insulated. Therefore, the simulation domain should be large
enough in the horizontal direction for this boundary condition to accurately
apply. Using the thermo-optic module of Phoenix, a simple thermal simulation
can then be performed after which the overlap of the heat profile with the op-
tical mode can be calculated giving us the effective index change. Then we can
easily calculate the power needed for a π phase shift, denoted as Pπ.

(a)

(b)

Figure 5.5: Thermal simulation of two heater designs: temperature profile (a)

without insulating air trenches (Pπ =11.8 mW), (b) with insulation air

trenches (Pπ =3.8 mW).

Figure 5.5 shows the thermal simulation for two types of heater structures
with a heater width of 2.5 µm. In Figure 5.5(a), the simple cross section is used
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as defined in Figure 5.4, while in Figure 5.5(b), two insulating air trenches are
etched next to the heater. This increases the efficiency from Pπ =11.8 mW to
Pπ =3.8 mW. As the heater width is not a very crucial parameter, it is more im-
portant to reduce the lateral heat spread, especially since this area is connected
to the substrate which acts as a heat sink, indicated by the red arrows in Fig-
ure 5.5. It is important to reduce the thermal conductivity from the heater to the
heat sink. As one might be tempted to use a better thermal conducting mate-
rial than BCB (thermal conductivity = 0.3 W/mK) as intermediate layer between
the heater and the waveguide, this will reduce the performance as the thermal
conductivity to the substrate is then also increased. Increasing thermal conduc-
tivity and thus the heat spread of the structure will allow you to dissipate more
power and thus will increase the tuning range of the heater [3], but not its ef-
ficiency. When heat is only transferred directly to the waveguide (as indicated
by the green arrow in Figure 5.5), the efficiency will be improved. However, our
in-house process flow does not allow to fabricate such narrow heaters. We con-
clude by saying that using an optimal design, the power needed for a π phase
shift can be as low as a few mW.

Several heater designs have been explored in literature, where a lot of work
has been done to tune microring resonators. Theoretical studies show that for
a similar heater design as depicted in Figure 5.1, a power for a π phase shift of
about Pπ=15-20 mW is required [4, 5]. By using one lithography step to fab-
ricate both heaters and silicon waveguides, studies show a power efficiency of
Pπ=4 mW due to the high confinement of the heat [6] as the heater is now as
wide as the waveguide. These values correspond well to our thermal simula-
tions.

Measurements

Figure 5.6: Mach-Zehnder interferometer with a heater on one arm.

The efficiency of the in-house heaters has been measured using a Mach-
Zehnder Interferometer (MZI) structure. A balanced MZI structure with a heater
on one arm was fabricated and measured as shown schematically in Figure 5.6.
Figure 5.7 shows the optical output of the MZI as a function of the injected
power in the heater. An offset is seen in the beginning, which can be attributed
to the fact that the heater was slightly too close to the waveguide (BCB height ≈
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Figure 5.7: Optical output of the Mach-Zehnder interferometer as a function

of the injected power into the heater on top of one arm.

800 nm). A power of about 30 mW is needed to reach again the starting point on
the curve, which means we have induced a 2π phase shift bringing Pπ = 15 mW.
This value corresponds very well to values reported in literature as discussed
below.

In [7], a CMOS compatible design is used with a ridge waveguide design,
where the ridge slab is doped to form a resistor as shown in Figure 5.8(a). The
power needed for a π phase shift is then about Pπ = 45 mW, which is still rel-
atively high. In [8], a similar heater design as our basic heater has been fabri-
cated, but where silica voids were introduced to confine the heat as shown in
Figure 5.8(b). The measured power for a π phase shift was Pπ = 12.4 mW. An-
other approach taken in [9] is to integrate NiSi based heaters on the SOI struc-
ture shown in Figure 5.8(c). Power needed is about Pπ = 20 mW. All these re-
ported values agree well with our in-house fabricated heaters.

5.1.4 Speed

The switching speed of heaters is determined by the thermal constants of the
structure, which are usually in the µs range. The speed of our in-house heater
has been measured using the MZI structure (Figure 5.6). Figure 5.9 shows the
output of the MZI when driven with a 20 kHz voltage signal where the peak volt-
age corresponds to a π phase shift. The 10%-90% rise and fall time were mea-
sured to be 12.7 µs and 7.2 µs, respectively. The speed is determined by the time
the heat needs to spread out. So improving this heat spread will increase the
speed, but reduce the efficiency. In [10], the rise and fall times could be reduced
from around 30 µs to 700 ns using a differential control method.
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(a) (b)

(c)

Figure 5.8: Different heater designs: (a) doping slab of a ridge waveguide [7],

(b) insulation trenches [8], (c) NiSi based heater [9].
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Figure 5.9: Dynamic behavior of the heater. The output of a balanced Mach-

Zehnder interferometer is shown where one arm is heated. The heater

is driven by a 20 kHz voltage signal which gives a π phase shift at the

peak voltage.

5.1.5 Crosstalk

Crosstalk is of importance when several heaters are placed close to each other.
Figure 5.10 shows the simulated power [2] needed for a π phase shift as a func-
tion of a lateral offset of the heater, where the heater width is 2.5 µm as shown
in Figure 5.4. As soon as the heater is no longer above the waveguide (offset
> 1.25 µm) an exponential increase of the needed power can be seen where the
fit shows an increase of 2.8 dB/µm offset. For a 10 µm offset, the needed power
increases with 25 dB which is a figure for the crosstalk. This is the minimum
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spacing used for the heaters in Chapter 6.
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Figure 5.10: Heater crosstalk: the power needed for a π phase shift is shown

as a function of a lateral offset of the heater. A linear fit is shown as

well as the red dashed line.

5.2 Nano-Electro-Mechanical Systems approach

Apart from its attractive optical properties, crystalline silicon also has good me-
chanical properties. This stimulated a rapid development of the NEMS field in
e.g., fabricating ultra sensitive sensors [11]. This platform furthermore allowed
to observe and measure optical forces [12–14]. The principle of using a free-
standing slot waveguide as phase modulator was already explained in [15], but
here we present to our knowledge the first experimental demonstration.

As a mechanical motion can induce a very large effective index shift, com-
pared to other techniques such as heating, carrier injection/depletion, electro-
optic effect, . . . we can have an ultra small phase tuner. The proposed struc-
ture works capacitively and thus only power will be consumed when switching.
The speed will depend on the mechanical relaxation constants of the structure,
which will be in the MHz range for a typical free-standing waveguide.

In the next section, the working principle of the slot waveguide is explained.
Section 5.2.2 gives a mathematical description together with some simulation
results. Section 5.2.3 presents the device layout, followed by the measurement
setup and results in Section 5.2.4.

5.2.1 Principle

The principle of phase modulation is based on the fact that the effective index
of a slot waveguide will change by changing the slot width. The effective index
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Figure 5.11: Cross section of an under-etched slot waveguide.
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Figure 5.12: Effective index of the fundamental TE-like mode of the slot as

a function of slot width at a wavelength of 1550 nm with an air

cladding.

of the fundamental TE-like mode of the slot waveguide (Figure 5.11) as a func-
tion of the slot width s was calculated using the Fimmwave mode solver [16] and
can be found in Figure 5.12. A large change in effective index occurs as the slot
width becomes smaller. The slot width can be changed by under-etching the
slot waveguide and applying a voltage over the slot. The structure can then be
considered as a capacitor. By applying a voltage across the slot it is well known
that the beams (plates of a charged capacitor) will attract each other. By increas-
ing the voltage, the beams are attracted and the slot width becomes smaller.
This increases the attractive force even more. At a certain point, the attractive
force becomes too large for the slot to be countered by the elastic force and the
system becomes unstable resulting in a collapse of the slot waveguide. This is
known as the ‘pull-in’ effect in the MEMS (Micro-Electro-Mechanical Systems)
world and occurs when the slot deviation is larger than one third of the nom-
inal width. The slot waveguide is placed in a Fabry-Pérot cavity which allows
us to measure the phase change by means of a spectral shift of the resonance
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wavelengths of the cavity.

5.2.2 Mathematical description

(a) (b)

Figure 5.13: Mathematical description of the slot waveguide based phase

modulator: (a) top view, (b) cross sectional view.

Figure 5.13 shows a top view and cross sectional view of the slot waveguide
in which all the variables introduced below are denoted. The mathematical
model described below is explained in greater detail in [17]. The movement a(x)
of the beams of the slot can be described by the Euler beam equation, where the
residual axial stress is neglected in first instance:

E I
d4a

dx4 = p(x), (5.2)

where E is Young’s modulus (= 169 GPa in Si for the crystallographic direction of
interest), p(x) is the force distribution along the beam and I is the beam’s area
moment of inertia. In the direction of interest I is defined as:

I = t w3

12
, (5.3)

with w and t the width and thickness of the beam, respectively. When a voltage
is applied across the slot, a force will be exerted on both beams which will de-
pend on the width of the slot waveguide. The force distribution p(x) (N/m) can
be expressed as:

p(x) = 1

2
V 2 ∂C [s(x)]

∂s(x)
, (5.4)

where V is the applied voltage and C [s(x)] is the capacitance distribution (F/m)
across the slot, which is a function of s(x), the slot width. The capacitance dis-
tribution is given by:

C [s(x)] = ε0
t

s(x)
. (5.5)

The magnitude of the force distribution is then given by:

p(x) = 1

2
V 2 ε0t

s(x)2 , (5.6)
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with ε0 the vacuum permittivity. There is a squared dependence on the applied
voltage and inverse squared dependence on the slot width. This slot width is
dependent on the beam excursion a(x) as:

s(x) = s0 −2a(x), (5.7)

where s0 is the slot width when no voltage is applied. Inserting (5.7) in (5.6)
and (5.6) in (5.2), we get the following nonlinear differential equation:

E I
d4a

dx4 = 1

2
V 2 ε0t

[s0 −2a(x)]2 . (5.8)

Different boundary conditions can be used. Fixed boundary conditions at the
clamping points x = 0 and x = L allow no displacement or rotation:

a = 0;
da

dx
= 0. (5.9)

Hinged boundary conditions allow no displacement, but do allow rotation at
the clamping points. The boundary conditions become:

a = 0;
d2a

dx2 = 0. (5.10)

Equation (5.8) is solved numerically for fixed boundary conditions using the pa-
rameters given in Figure 5.11. In Figure 5.14, the beam excursion of one of the
slot beams with a length of L = 10 µm is shown as a function of x for different
voltages. When the voltage becomes larger than the ‘pull-in’ voltage, the system
becomes unstable and no solution is found. For L = 10 µm, the pull-in voltage
was determined to be around 11.5 V.

Figure 5.14: Beam excursion of one of the beams as a function of x for differ-

ent applied voltages.
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When the beam excursion is known, the phase change can be calculated as:

∆φ= 2π

λ

L∫
0

ne f f [s0 −2a(x)]dx, (5.11)

with λ the wavelength of light and ne f f [s(x)] is given by Figure 5.12. Figure 5.15
shows the phase change as a function of applied voltage for different lengths of
the beams. The phase change increases more sharply for larger voltages up to
the point where ‘pull-in’ occurs. One can see that for longer beams, the effect
becomes large for a small voltage.

Figure 5.15: Theoretically predicted phase change as a function of applied

voltage across the slot for different lengths L. The curves are drawn

up to the point where ‘pull-in’ occurs.

While the effect becomes larger for longer beams, so does the mechanical
relaxation time. The speed of the system is limited by the mechanical resonance
frequency of the beams. The fundamental resonance frequency f0 of such a
beam is given by [17]:

f0 = 1

2π

p2

L2

√
E I

ρS
, (5.12)

with p = 4.730 for fixed boundary conditions and p = π for hinged boundary
conditions, L the length of the beam, I the moment of inertia given by (5.3),
E Young’s modulus, ρ the mass density of silicon (ρ = 2.3290 g·cm−3) and S
the beam cross section. Note the inverse L2 dependence, meaning that using
a shorter beam results in an increase of the resonance frequency. Figure 5.16
shows the fundamental resonance frequency as a function of beam length. High
speed (>100MHz) can be obtained by using short free-standing structures. One
way to get a large effects while keeping a high speed is to use a cascade of short
under-etched structures as is discussed in Section 5.2.4.
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Figure 5.16: Fundamental resonance frequency of one of the slot beams as a

function of length L with fixed boundary conditions.

5.2.3 Device layout

Figure 5.17: Schematic layout of the NEMS based phase modulator.

Figure 5.17 shows a schematic layout of the fabricated phase modulator. It
was fabricated using the standard process flow described in Section 4.1. A cross
section of the slot and all the designed dimensions is shown in Fig. 5.11. The
slot width is 100 nm wide, while the beams are 230 nm wide.

Light enters through a single mode waveguide and is then guided to the slot
waveguide through a specially designed transition [18]. The slot waveguide is
under-etched so that part of the slot is free-standing. After passing through this
under-etched slot, light is guided back to a single mode waveguide. The transi-
tions are designed so that a voltage can be placed across the slot beams by using
the electrical contacts B and C. Contacts A and D, together with B and C can be
used to pull the slot open. The whole structure is placed between two shallow
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etched Bragg reflectors that form the Fabry-Pérot cavity.

(a)

(b)

Figure 5.18: SEM pictures of the fabricated NEMS based phase modulator:

(a) using a single under-etched region, (b) using a cascade of short

under-etched regions.

The structure is under-etched by defining an etch region using contact-
mask lithography and etching the buried oxide with buffered HF (hydrofluoric
acid) for about 6 to 8 minutes. As the beams are relatively short, we were able
to overcome the stiction problems that arise through capillary forces without
the need of critical point drying. Figure 5.18 shows a SEM picture of two types
of phase modulators: one with a single free-standing under-etched region of
9 µm and one with a cascade of three free-standing under-etched regions of
5.8 µm [19].

5.2.4 Measurements

Setup

Figure 5.19 shows a schematic of the measurement setup. The structure is ex-
cited through the broadband output light of an SLED (Superluminescent Light
Emitting Diode). The light first goes through a polarization controller to rotate
the light to the TE-like mode of the waveguide. The light is then coupled in
an integrated waveguide using a standard grating coupler for near-vertical cou-
pling (see Section 4.2.2) and passes through the Fabry-Pérot cavity in which the
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Figure 5.19: Measurement setup for the characterization of the NEMS based

phase modulator: broadband light from an SLED goes through a po-

larization controller and is coupled into the photonic circuit using a

grating coupler. The light at the output is sent to an OSA. A voltage

source is connected to the Si-pads to apply a voltage over the slot.

slot waveguide is located. The output of the cavity is then sent to an Optical
Spectrum Analyzer (OSA) to detect peak shifting as a result of the phase change
in the cavity. A voltage source is connected to the silicon pads to contact the
waveguides.

Results

The measured spectra for the modulator with one under-etched region of 9 µm
are shown in Figure 5.20. The Bragg mirrors are relatively weak which results
in broad resonances. The insertion loss at the Fabry-Pérot resonance near
1525 nm is about 5 dB. For longer wavelengths, the transmission decreases as
the slot mode is reaching cut-off at the non under-etched region (there is no
cut-off frequency when a slot is under-etched).

By measuring the peak shift for different voltages, the effective phase change
inside the slot can be calculated. This is shown in Figure 5.21, where also the
theoretical solution is shown. A good agreement can be seen. A phase change
of 60◦ was observed for a voltage of 15 V. We note that the actual result is very
dependent on the actual under-etch length (see Figure 5.15) and the initial slot
width s0. The discrepancy arising at larger voltages can be explained by the
limitations of the simple model used where the residual axial stress, i.e., stress
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Figure 5.20: Measured Fabry-Pérot spectrum for different applied voltages for

an under-etched region of 9 µm.
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Figure 5.21: Theoretically predicted and measured phase change as a func-

tion of applied voltage across the 9 µm under-etched slot for two dif-

ferent measurements (meas. 1 and meas. 2).

arising from the movement of the beams, is neglected or by the used boundary
conditions.

Figure 5.22 shows the result of a similar measurement for the cascaded
structure of three under-etched regions. The phase change is higher than pre-
dicted by our model with fixed boundary conditions. A phase-change of about
40◦ was demonstrated for an applied voltage of 13 V. While small variations
of the actual slot dimension can have a large influence as mentioned above,
so do the boundary conditions used. For the cascaded structure, the fixed
boundary conditions might not strictly apply, especially in the areas in between
the under-etched regions. Figure 5.22 therefore also shows the simulation re-
sult when hinged boundary conditions are assumed. It can be seen that the
measurement results lie in between these two extremes. Also note that the
simulated pull-in voltage for hinged boundary conditions becomes much lower
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Figure 5.22: Theoretically predicted and measured phase change as a func-

tion of applied voltage across the cascade of 3 5.8 µm under-etched

slots.

(15 V in this case) than in the case of fixed boundary conditions (30 V).

The speed of the cascade is predicted to be faster than of the longer sin-
gle under-etched slot because of the higher fundamental mechanical resonance
frequency given in Figure 5.16. The 9 µm slot has a theoretical fundamental fre-
quency of around 25 MHz, while the for the 5.8 µm slots, this becomes 60 MHz
when fixed boundary conditions are used.

To investigate the dynamic behavior, a square wave is applied across the
cascade. We excite the modulator with a single wavelength and as the Fabry-
Pérot resonance will shift (as seen in Figure 5.20), the measured optical power
will vary. This signal is then amplified with and EDFA (Erbium Doped Fiber
Amplifier), passes through a wavelength filter to filter out the broadband EDFA
noise gain and is then measured with a high speed photodiode. Fifty spectra are
then averaged to reduce the noise, as we are measuring small power variations.

Fig. 5.23 shows the measurement result. One of the beams is kept at ground
while the other beam will have a square signal of 10 V and 100 µs period. The
substrate is also grounded so that the beams are not only attracted to each other,
but one beam is also attracted towards the substrate. This force is, however, an
order of magnitude smaller as the distance to the substrate is 2µm, compared to
the 100 nm slot spacing. This asymmetric attraction can be overcome by using
a bipolar source (one beam at +5 V and the other beam at -5 V) as both beams
will then be attracted towards each other and also to the substrate.

The initial drop in power appears when the voltage is switched on at one
beam from 0 to 10 V. The reaction of the beam can be described by a simple
damped oscillator. The beam is excited with a step response when the square
wave is applied and thus multiple mechanical resonance frequencies will be
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excited. These will however be damped due to losses. There are three sources of
losses that will damp the oscillations: intrinsic losses due to defects, clamping
losses and gas damping. The gas damping will be the limiting loss factor which
will limit the Q factor of the mechanical resonance and can be described by [20]:

Qg as =
me f f ω0

√
kB T /m

pS
, (5.13)

with me f f the effective mass of the beam, ω0 the angular frequency of oscilla-
tion, kB Boltzmann’s constant, T the temperature, m the individual molecule
mass, p the gas pressure and S the surface area of the resonator. For air damp-
ing, this results in a Qg as of only 7 for a 5.8 µm beam at atmospheric pressure
for the fundamental resonance frequency using fixed boundary conditions. The
damping time is then 2Q/ω0 = 37 ns limiting the effect to a few tens of MHz.

The structure was, however, not optimized for high speed operation. There
was no high-speed electrical pad layout, limiting the measurement speed to
a few MHz. Furthermore, the complete structure (slot + silicon pad + access
waveguides) also acts as a large distributed capacitance to the substrate and
has a high distributed resistance. The complete resistance is of the order 20 MΩ
while the complete capacitance is of the order 0.35 pF. The exact dynamic be-
havior is then difficult to predict. The RC constant is of the order 7 µs which
explains the slow exponential effects visible in Figure 5.23. The initial response
is however as fast as we were able to measure showing that the structure can
operate in the MHz range.

Figure 5.23: Measured dynamic behavior of the slot waveguide based phase

modulator.

5.3 Other techniques

There exists a multitude of techniques for phase tuning and/or modulation
apart from the ones described above, which are described briefly in this sec-
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tion.

By doping the silicon, carrier-based modulators with speeds up to several
ten of Gbps can be fabricated. These modulators have gained a lot of attention
to address the interconnect problem, as they are one of the core components
for an optical interconnect. Different types exist such as carrier accumulation,
carrier injection and carrier depletion modulators. The latter is the weakest but
fastest effect with experimental demonstrations up to 50 Gbps [21]. A more in-
depth review about silicon modulators can be found in [22].

The electro-optic approach can deliver even faster data rates. Silicon has
no second-order nonlinearity and thus hybrid materials need to be integrated
on the silicon. While electro-optic (EO) modulators can work at speeds of more
than 100 GHz, this has not yet been shown in a hybrid silicon approach. As the
silicon of the slot in which the EO material is deposited, is used as electrode,
care needs to be taken for impedance matching and velocity matching between
both the electrical and optical mode. Simulations show that 20 GHz bandwidth
is possible, limited by the RF attenuation of the silicon electrode [23]. In [24], a
hybrid slot-based modulator was shown with a bandwidth of 3 GHz.

By introducing strain in silicon, the crystal symmetry is broken and a
second-order nonlinearity arises. This has been proposed in [25] where a sil-
icon nitride layer was deposited to induce strain in the silicon resulting in an
induced nonlinear coefficient χ(2) = 15 pmV−1 and further optimized in [26] to
χ(2) = 122 pmV−1 coming in reach of the efficiency of lithium-niobate based
modulators (χ(2) = 360 pmV−1).

A special type of an hybrid silicon EO modulator is a liquid crystal based
modulator. By having a LC on top of an integrated waveguide and applying a
voltage over the LC, the effective index of the mode changes with the orienta-
tion of the LC molecules. While it is a slow approach, limited by the molecular
movement of the molecules, the tuning range can be very high [27].

5.4 Conclusions

In this chapter, two phase tuning techniques have been presented. The thermo-
optic effect is a very simple approach which allows us to show the beam steering
principle on SOI structures as will become clear in Chapter 6. As there is a con-
tinuous need for power dissipation, the effect is quite power-hungry. Optimized
designs can bring the needed power down to the mW level or less.

A novel type of phase modulation was investigated using a NEMS-based ap-
proach. Applying a voltage over the two beams of an under-etched slot wave-
guide changes the beam position and thus its effective index. As this is a ca-
pacitive structure, power is only dissipated when switching. The speed is in the
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MHz range, with several tens of MHz possible by using a cascade of short under-
etched slot waveguides.

Finally a short summary of some other phase tuning or modulation tech-
niques were given.
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6
Beam steering elements on SOI

In this chapter, the fabricated and measured beam steering elements are pre-
sented. Figure 1.2 in Section 1.1 shows a schematic view of the beam steering
elements that will be presented here. All these basic elements have now been
discussed in Chapter 4: guiding light, splitting light and coupling light off-chip
and in Chapter 5: phase tuning.

In Section 6.1, the main elements of the measurement setup are discussed.
Both Fourier imaging and motorized scanning were used to characterize the
components, together with electrical probing to drive the different phase
tuners. Next, the fabricated components are discussed. Section 6.2 discusses
one-dimensional OPAs with active phase control, together with their applica-
tions such as one-dimensional steering, focusing and efficient light collection.
Section 6.3 deals with two-dimensional OPAs on SOI. Main problems are the
low fill-factor and high element spacing of these OPAs.

Next, we discuss two other types of components. While these structures still
consist of arrays of radiating apertures and can thus still be considered as an
OPA, there is no active phase control to steer the beam. Section 6.4 deals with
a wavelength dispersive beam scanner, where a beam is scanned over a two-
dimensional space by changing wavelength only. Section 6.5 presents a retrore-
flective integrated structure on SOI consisting of an array of apertures that will
send an incident beam back to its direction of incidence. The main conclusions
are finally summarized in Section 6.6.



86 CHAPTER 6

6.1 Characterization setup

To investigate the far-field patterns of the fabricated components, a Fourier
imaging setup is used which is discussed in Section 6.1.1. To test the compo-
nents in a real space link, a motorized setup has been developed that allows to
choose the direction of incidence by rotating and tilting the sample and which
is discussed in Section 6.1.2. Section 6.1.3 deals with the electrical probing that
is used for driving the integrated phase tuners. This is done using a National In-
struments (NI) PXI (PCI EXtensions for Instrumentation) chassis with an analog
output card and a probe card.

6.1.1 Fourier space imaging

Figure 6.1: Fourier imaging basics.

To image the far-field, one can go and look in the far-field to do a step-by-
step measurement and look at each direction of emission. Fourier space imag-
ing provides a much more flexible and faster method for far-field imaging. It is a
convenient, accurate, and fast approach that consists of imaging the far-field of
a component directly on the backfocal plane of a high-NA (Numerical Aperture)
microscope objective (MO). The NA of the lens determines the maximal angle
of emission θmax that is imaged by the lens:

sinθmax = NA. (6.1)

The basics of Fourier optics lies in the fact that a simple lens performs a Fourier
transformation. Let us look at the case of a simple convex lens as shown in Fig-
ure 6.1. Each direction of emission corresponds to a different point in the focal
plane, which is also referred to as the Fourier plane of the lens. A lens actually
brings the far-field, which is at infinity, back to the focal plane of the lens. In this
plane, one point corresponds to a unique direction of off-chip emission and can
be parameterized by sinθ, with θ being the direction of emission [1, 2].

As a high NA is needed to image a large part of the far-field, either a very big,
or very strong lens is needed. Usually one uses a high-NA MO. Problem then lies
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in the fact that the focal distance is very small and thus we can not access the
focal plane as it lies inside the MO. By using two extra lenses, this focal plane
is imaged on a camera. By introducing an extra lens inside the setup, an extra
Fourier transform is introduced resulting in real space imaging.

(a)

(b)

Figure 6.2: Fourier imaging setup. (a) Using an LED and a visible camera, the

sample is aligned in the setup using real space imaging, in (b) the visi-

ble elements and the corresponding lens is removed for the IR Fourier

imaging in which the sample is excited using an IR laser.

Figure 6.2 shows the measurement setup. The configuration of Figure 6.2(a)
is used to align the sample. Real space imaging is done here for which visible
light is introduced in the setup using a visible LED (Light Emitting Diode) and
a 3 dB splitter. A real space filter is used to only select light that comes from
the structure of interest. Other stray light and/or reflections will then not inter-
fere with the far-field measurement. The (visible) light that is reflected from the
sample is directed to a visible camera using a mirror.

The configuration of Figure 6.2(b) shows the IR (infrared) Fourier space
imaging. An IR laser excites the structure. The 3 dB splitter, bi-convex lens
and mirror are removed and the Fourier image is captured by the IR camera.
The focal distances of the lenses were chosen such that the complete far-field
of the MO (NA=0.5) was imaged on the camera. In Appendix A, the practical
realization of this setup is discussed.
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6.1.2 Motorized scanning

Figure 6.3: Motorized scanning setup: light travels along the z-direction while

the sample can be rotated and tilted using motorized stages. An elec-

trical probe card is also mounted for driving the phase modulators.

The Fourier imaging setup discussed in Section 6.1.1 is a very interesting
tool to characterize the far-field pattern of the fabricated structures. However,
for measuring retroreflective structures or using the structures in receiver mode,
with real links being set up, we need to be able to choose the direction of inci-
dence on the chip. An efficient way to do this in an experimental environment,
is by rotating and tilting the sample while the direction of incidence of the IR
light remains constant.

Figure 6.3 shows the sample mounted on a rotation and tilt stage. The sam-
ple mount is connected to a translation stage for alignment. Another translation
stage holds the fiber which is used to excite the structure. This fiber is placed in
a bent needle so that the fiber angle can be chosen to match the grating coupler
angle. Light comes in or out of the structure along the z-direction.

When looking at the definition of angles discussed in Section 3.1.2, one
might be tempted to say that θx = θr ot and θy = θt i l t , with θr ot and θt i l t the
angle of the rotation and tilt stage, respectively. This is, however, not exactly
correct as the reference system of the sample moves when the stages move.
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When doing the exact transformations, we get:

sinθx = sinθr ot cosθt i l t (6.2)

sinθy = sinθt i l t . (6.3)

When the tilt angle is small, cosθt i l t ≈ 1 and the introduced error is small.

6.1.3 Electrical probing

To be able to drive the different phase modulators of the photonic circuit, while
maintaining the motorized movement, a probe card was mounted on the mo-
torized stages as shown in Figure 6.3. This probe card consists of an array of 20
probes, spaced 90 µm. The routing was kept fixed: two common grounds at ei-
ther side while the 16 inner probes were signal probes. These signal probes were
driven by a NI-PXI analog output card (NI-PXI 6704) which was fitted in a PXI
chassis (NI-PXI 1033) as shown in Figure 6.4. The analog output card contains
16 voltages sources and 16 current sources which are able to give±10V and up to
20mA current. Taking these boundary conditions into account, proper heaters
for phase tuning can be designed as discussed in Chapter 5.

(a) (b)

Figure 6.4: PXI driver equipment: (a) PXI 6704 analog output card, (b) PXI

1033 low power chassis.
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6.2 One-dimensional OPAs

One-dimensional OPAs have the advantage that high fill-factors can be reached
since we do not need to worry much about routing issues. It is mainly the
accessing of all the elements in a planar circuit that makes the fabrication of
two-dimensional OPAs less trivial as discussed in Section 6.3. One-dimensional
OPAs have the disadvantage of only allowing steering in 1D. Another external
steering element would be needed for full 2D coverage. However, for scanning
applications, one might be interested in a very fast 1D scanning, while scanning
in the other dimension can be slower as a line-by-line scan is executed. One of
the approaches discussed in Section 3.2 can then be used as a slower steering
mechanism. Steering in the other — not phased array — dimension is still pos-
sible by wavelength tuning as the radiating aperture itself consists of a grating
which is wavelength dependent.

In this section, two fabricated 1D OPAs with active phase control are dis-
cussed. The aperture width and spacing can be chosen freely between cer-
tain bounds to obtain the needed steering functionality. For 450 nm wide in-
tegrated waveguides on SOI operating at a wavelength of 1.55 µm, the mini-
mal center-to-center spacing is about 1.3 µm to avoid optical coupling between
the waveguides. These small waveguides have a very large FOV, which can be
higher than 120◦. Increasing the waveguide width will result in a narrower FOV
(Equation (3.40)) while increasing the spacing results in a narrower beam (Equa-
tion (3.34)) and smaller higher order spacing (Equation (3.33)). As a rule of
thumb, the number of addressable spots in the far-field is proportional to the
number of elements N (see Equation (3.36)).

There is one main difference between the two OPAs presented here. The
first OPA can only steer a beam to a limited extent as there is only one heater
electrode available which can dissipate a limited amount of power. The second
OPA has independent heaters for each radiating element allowing beam steer-
ing over the complete FOV. By having full control over all the phases, some extra
applications come into play such as beam focusing, efficient light collection and
direction-of-arrival (DOA) estimation.

First we will discuss the design, fabrication and measurements of an OPA
with only one heater electrode. Afterward, we will go into the design with mul-
tiple electrodes. In Section 6.2.3, several applications of the OPA with full phase
control are given.
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Figure 6.5: One-dimensional OPA with one addressing electrode: the heater

layout imposes a linear phase ramp on the array of waveguides, re-

sulting in beam steering.

6.2.1 One steering electrode

Design and Fabrication

Figure 6.5 shows a schematic of a one-dimensional OPA with one heater elec-
trode and was fabricated using the standard process flow described in Sec-
tion 4.1. Light entering through the input waveguide is split with an MMI-
splitter tree into sixteen 450 nm-wide parallel waveguides, spaced 2 µm apart.
These waveguides then taper to a 800 nm wide waveguide on which a grating
is etched with a period of 630 nm and a fill factor of 0.5. A triangular shaped
100 nm thick Ti heater spiral is processed on top of the waveguide array with
the process flow discussed in Section 5.1.1. When a current flows through the
spiral, a triangular heating profile will result in a linear phase ramp over the
waveguides [3].

Far-field measurements

Far-field measurements on this OPA have been done at EPFL (École Polytech-
nique Fédérale de Lausanne) using a similar Fourier imaging setup as discussed
in Section 6.1.1 [1]. A high-NA MO was used with NA=0.9, resulting in far-field
measurements up to angles of 64◦, given by Equation (6.1). A typical measured
far-field pattern can be found in Figure 6.6. Next, the different cuts along the
θx - and θy -direction will be discussed.
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Figure 6.6: Far-field measurement of the radiated field at a wavelength of

1550 nm.

(a) (b)

Figure 6.7: (a) Normalized far-field pattern along the θx -angle for a wave-

length of 1500 nm, 1550 nm and 1600 nm, (b) 3D-FDTD simulated

out-coupling efficiency of a 800 nm wide grating coupler with a grat-

ing period of 630 nm as a function of wavelength.

I. Wavelength steering First steering along the θx -angle by wavelength tun-
ing is examined. The out-coupling angle θx is governed by the grating equa-
tion (4.6):

sinθx = Λg r ne f f ,g r −λ
nbgΛg r

, (6.4)

with Λg r the period of the grating, λ the free-space wavelength, ne f f the effec-
tive index of the guided mode and nbg the refractive index of the background.
With ne f f being a function of temperature and the wavelength, there are two
ways of steering the beam along the θx -angle: wavelength tuning or tempera-
ture tuning. The result of wavelength tuning can be seen in Figure 6.7(a). In
this figure, normalized far-field patterns along the θx -angle are shown for three
different wavelengths.

However, the out-coupling efficiency of the grating couplers changes with
wavelength, making large angle steering in this way not very attractive. The
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out-coupling efficiency of these gratings were simulated using 3D-FDTD sim-
ulations [4] shown in Figure 6.7(b), where the out-coupling efficiency versus
wavelength of one grating coupler is plotted. The efficiency drops from 34%
at 1500 nm to 25% at 1600 nm with a dip of 14% near λ= 1565 nm which corre-
sponds to the vertical out-coupling angle θx = 0◦. Strictly vertical out-coupling
is thus not desired since in that case the second-order reflection back into the
waveguide reduces the out-coupling efficiency. By changing the grating cou-
pler period, this dip can be shifted out of the region of interest. For a wave-
length of 1500 nm, 1550 nm and 1600 nm a steering angle of 9.4◦, 2.0◦ and −4.7◦

with a FWHM beam width of 2.4◦, 2.5◦ and 2.8◦, respectively, were observed.
This beam width is determined by the out-coupling strength of the grating. The
wavelength dependent steering can simply be removed by cleaving the chip and
using the end facet of the waveguides as radiating elements which is the ap-
proach taken in [5].

(a) (b)

Figure 6.8: Normalized far-field pattern along the θy -angle of an array of 16

grating couplers at 1550 nm: (a) without the heater electrode region,

(b) with a fixed effective index difference between the waveguides and

the heater electrode.

II. Phased array steering Figure 6.8(a) shows the far-field in the θy -direction
of a reference structure without heater region. The measurement result is fit to a
simulation of an array of Gaussian beams in 1D. When the individual Gaussians
are modeled with a 1/e mode width of 680 nm, we can see a good agreement
with the measurement. The measured FWHM beam width (Equation (3.34)) of
the main lobe is 2.7◦ compared to a simulated FWHM of 2.4◦. The second-order
peaks of the grating can be found at an angle of θy = arcsin(λ/Λy ) = 50.8◦. This
angle can be increased by reducing the separation between the individual grat-
ing couplers. The FOV is 120◦, which compares well to the Gaussian aperture
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array example given in Section 3.1.6.

In a next stage, long waveguide regions were introduced between which a
uniform effective index difference was introduced by changing the waveguide
width. Such a fixed effective index difference results in a fixed phase difference
and thus fixed beam steering. The far-field measurement of one of these struc-
tures is shown in Figure 6.8(b). The far-field is, however, degraded due to the
phase errors introduced by the long 450 nm waveguide lines which was solved
in the OPAs discussed in Section 6.2.2. On top of these long waveguide regions
the heater electrode was processed.

(a) (b)

Figure 6.9: (a) Detail of the peak of Figure 6.8(b) at θy = 20◦ for two different

currents in the heater. (b) Steering ∆θy of the peak in (a) as a function

of the injected current.

When a current is flowing through the heater electrode, a linear phase ramp
is imposed on the array of waveguides due to the Joule heating and the specific
shape of the electrode. Figure 6.9(a) shows a detail of a main peak (at position
θy,0 = 20◦) of Figure 6.8(b). The beam shifts with a linear dependence on the
power and thus in a simple model with a quadratic dependence on the current
as shown in Figure 6.9(b). For a current of 3.95 mA, a shift of 2.3◦ was observed.
Following Equation (3.31), this implies a phase difference of ∆ϕy = 0.105π be-
tween the grating couplers. The electrode thus imposes this phase shift at the
first waveguide, twice this phase shift at the second waveguide, etc. The total
phase shift induced by the electrode isΦtot = (1+2+ . . .+16)×0.105π= 14.28π.
The measured resistance of the electrode was approximately 15 kΩ. Approx-
imately half of this resistor was used for the phase shift such that the power
needed for a π phase shift is given by Pπ = 8.2 mW. Using this approach, 2π re-
sets can be avoided at the cost of large power consumption. As there is only one
single electrode only a limited amount of power can be dissipated without burn-
ing the electrode which limits the steering range. By placing a mirrored elec-
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trode, steering could be achieved in both directions with only two electrodes.

6.2.2 Multiple steering electrodes

Design and Fabrication

Figure 6.10: One-dimensional OPA with 16 addressing electrodes: the heaters

can be tuned to impose a random phase front.

Figure 6.10 shows the schematic of a one-dimensional OPA with multiple
heater electrodes. The component was fabricated using the standard process
flow described in Section 4.1. Light entering through the input waveguide is not
split with an MMI-splitter tree, but with a star coupler into sixteen waveguides.
The waveguides then take an S-turn to be able to convert the circular phase pro-
file of the star coupler into a linear phase profile at the grating coupler array. All
the elements are then in phase when the heaters are not driven. At the grating
coupler array, the waveguides taper to a 4 µm wide waveguide, spaced 5 µm, on
which a grating is etched with a 630 nm period and fill factor of 0.5. To reduce
the phase errors introduced by the long delay lines on which the heaters are pro-
cessed, the waveguide width tapers from 450 nm to 800 nm as wider waveguides
are more tolerant to fabrication deviations and surface roughness.

By making use of a star coupler to split the light, a natural apodization of the
field over the OPA is obtained through the free propagation region of the star
coupler. This reduces the sidelobe level of the far-field. The simulation shows
a sidelobe level decrease of 13 dB as can be seen in Figure 6.11. In this figure
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Figure 6.11: Simulated far-field of a 16 element 1D OPA with equal amount of

power in each element (MMI splitter tree) or with apodization (star

coupler). A sidelobe reduction of 13 dB can be seen.

the simulated far-field of the beam steering component in the θy -direction is
shown for the two different cases at a wavelength of 1550 nm. The FWHM beam
width becomes a bit larger and increases from 0.98◦ to 1.26◦, as the total effec-
tive radiating aperture becomes smaller due to the apodization.

Instead of one heater electrode, 16 different addressable electrodes were
processed using the process flow described in Section 5.1.1. The heaters are
2.5 µm wide, 450 µm long and consist of a 100 nm Ti and 20 nm Au stack, suffi-
cient to ensure a 2π phase shift [6].

Far-field measurements
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Figure 6.12: Far-field measurement of the radiated field at a wavelength of

1550 nm.

Far-field characterization of the OPA was performed with the Fourier imag-
ing setup discussed in Section 6.1.1. A MO with NA=0.5 was used so that the
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maximum angle of emission that is measured equals 30◦. Figure 6.12 shows the
far-field. A broad beam in the θx -direction can be seen, which is determined by
the out-coupling grating and centered around θx = 10◦ being the out-coupling
angle of the grating given by the grating equation (4.6). In the θy -direction, a
typical OPA far-field pattern can be seen. The beam is narrow and the different
output orders are visible with a spacing of 18◦. Next, the different cuts will be
discussed.

Figure 6.13: Normalized far-field pattern along the θx -angle for a wavelength

of 1520 nm, 1550 nm and 1580 nm.

I. Wavelength steering Wavelength steering shows a similar behavior as the
wavelength steering discussed above in Section 6.2.1. The FWHM beam width
is measured to be 3.0◦, 2.8◦ and 1.6◦ for a wavelength of 1520 nm, 1550 nm and
1580 nm, respectively and the beam is steered over a 8.0◦ range for a 60 nm
wavelength shift. Note that vertical coupling was avoided here as compared to
the OPA described above by shifting this dip out of the measurement range. The
simulated out-coupling in the measurement range does not vary much and is
around 38%.

The smaller beam width for increasing wavelength can be explained due to
the fact that the grating couples the light out less efficiently, so that the expo-
nential tail becomes larger and the far-field beam width will decrease.

II. Phased array steering Two types of phased array steering were observed.
By using a different input waveguide of the star coupler as shown in Fig-
ure 6.10, fixed steering of the beam in the θy -direction is observed. The free
spectral range of the far-field in the θy -direction is equal to arcsin(λ/Λy ) with
λ the wavelength and Λy the spacing of the grating couplers (Λy =5 µm). At
λ= 1.55 µm, this corresponds to 18◦. We have chosen 9 access waveguides and
each waveguide was designed to result in a shift of 2◦ so that the complete FOV
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is covered. A cross-sectional view of the far-field in the θy -direction for different
access waveguides is shown in Figure 6.14. In this figure, only the far-fields for
5 input waveguides are plotted in order not to overload the figure. The enve-
lope of the far-field pattern is shown as well and has a FWHM of 23◦ which is
determined by the width of the grating couplers. The beam width is 1.27◦ which
compares well to the simulated value of 1.26◦. The different output orders at a
spacing of 18◦ are visible as well.
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Figure 6.14: Measured far-field in the θy -direction for different input wave-

guides (Figure 6.10) at 1550 nm. The dashed line shows the envelope

of the far-field pattern.

By using the thermo-optic phase tuners, we can now steer the beam over
the complete FOV in the θy -direction. As the phase change ϕy is directly pro-
portional to the dissipated power in the heater, and the latter is proportional to
the applied voltage V squared, we use the simple model:

ϕy =βV 2, (6.5)

where β is a fixed parameter. Using this simple model, the 2π phase resets can
be taken into account. To steer the beam at an angle θy , the phase difference
∆ϕy between each waveguide is equal to (Equation (3.31)):

∆ϕy =
2πΛy

λ
sinθy . (6.6)

In Figure 6.15, a cross-sectional view of the far-field in the θy -direction is shown
when the beam is steered at different angles. When steering at an θy -angle of
18◦, the far-field coincides with the original far-field at 0◦ which proves the va-
lidity of our simple model.

We have designed a similar OPA using carrier depletion modulators. The
phase tuning effect of these modulators is small but fast. In the S-shape, instead
of 16 heaters, we introduced 16 carrier depletion modulators with a length of
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Figure 6.15: Measured far-field in the θy -direction using thermo-optic steer-

ing at 1550 nm. The beam is steered to the angles 0◦, 6◦, 12◦ and 18◦.

The dashed line shows the envelope of the far-field pattern.

2.5 mm. Apart from the phase change, the carriers will also induce an amplitude
modulation of a few dB. These components are currently under fabrication but
were not ready in time to be measured in the scope of this work.

6.2.3 Applications

Next, some applications and measurement results are given of the OPA dis-
cussed above in Section 6.2.2. Beam focusing will be discussed first, which has
applications in sensing. Afterward efficient light collection of scattered light and
DOA measurements are discussed.

Beam focusing

As an OPA is actually a one-dimensional programmable lens, light can be fo-
cused above chip in one dimension. This becomes increasingly interesting
when one wants to use a photonic integrated circuit (PIC) for sensing applica-
tions, such as in on-chip laser Doppler velocimetry [7] or Optical Coherence
Tomography (OCT) [8]. Light is for example focused on the skin and reflected
back in the PIC for further processing. The beam can then be shaped to opti-
mize the link losses. Such beam focusing on an integrated platform has been
studied in [9], where an AWG is used to focus the light onto a biological medium
and measure the scattered light. The approach here with active phase control
allows for a dynamic focus of the light as well as a movable focus spot.

The focusing capabilities of the component are studied with the setup
shown in Figure 6.16. The structure is excited using a tunable laser and a polar-
ization controller. At a certain distance f , a single mode optical fiber is placed
to capture the light radiated from the structure. The component is positioned
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Figure 6.16: Using a fiber at a distance f of the sample, the focusing capability

of the structure is investigated.

at a certain angle θx which is the out-coupling angle of the grating. The light is
then focused in the yz-plane on the tip of the fiber in one-dimension and the
received power is measured.
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Figure 6.17: One-dimensional simulated coupling efficiency of the 16 ele-

ment OPA to an optical fiber as a function of distance between the

OPA and the fiber at a wavelength of 1550 nm. For each point, the

phases are set to focus the light onto the fiber.

By programming the phase tuners to act as a spherical lens, light is focused
above the chip in one-dimension. Figure 6.17 shows the simulated coupling ef-
ficiency from the OPA to the fiber as a function of distance f between the chip
and the fiber (Figure 6.16). For very small f , the NA of the fiber is too small to
capture this light and a low efficiency is seen. At a distance of 0.33 mm, an op-
timum is found, when the NA of the component matches the one of the optical
fiber. Note that this loss of 2 dB is only the loss in one dimension and is due to
the fill-factor of the OPA.

In Figure 6.18 the measured power into the fiber is given for the case when
the light is focused onto the fiber and when no focusing is used at a wavelength
of 1550 nm. The power shown is relative to the power received when the fiber is
exactly on top of the structure ( f = 0 mm) and no focusing is used. At first in-
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Figure 6.18: Measured relative received power into an optical fiber at a dis-

tance f of the 16 element OPA at a wavelength of 1550 nm. For each

point, the phases are set to focus the light onto the fiber. The power is

relative to the power received at f = 0 mm when no focusing is used.

stance, a simple model is used to focus the light, as explained above. Afterward
a rough optimization run did not show any significant improvement. There is
an optimum focus point at f = 0.4 mm, which shows the focusing capabilities
of the 1D OPA. An increase of 3 dB in received power is observed. By using an
apodized grating, light can also be focused in the other dimension at a fixed
point.

Efficient light collection

When one wants to couple through free-space into an integrated circuit, one
needs to efficiently guide light into a photonic waveguide. By using an OPA with
individually addressable phase tuners, the phases can be set to efficiently com-
bine all the contributions into a single mode waveguide, even when the phase
front is distorted. This allows to efficiently collect light from scattering me-
dia [10] which is especially useful in biological applications and Raman spec-
troscopy [11]. Also propagation through the atmosphere imposes phase errors
which can be countered by a coherent beam combining approach [12].

The OPA is now used as a receiver. Light falls onto the 16 waveguides and
when all the phases are set right, they will be combined efficiently into a sin-
gle mode waveguide. As scattered light has a random phase distribution, the
problem now consists of optimizing 16 random phases. Using a gradient based
algorithm, this can happen in about 100 iterations as shown in Figure 6.19.
In an experimental environment, such an algorithm is not very robust against
measurement fluctuations that are present due to small vibrations. Therefore
we chose to use a robust annealing algorithm available in Python SciPy pack-
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Figure 6.19: Simulated optimization of 16 random phases using a gradient

based and annealing algorithm.

age [13]. The number of iterations needed now increases with a factor 10, shown
in Figure 6.19.

Figure 6.20: Experimental setup for efficient light collection of scattered light.

Figure 6.20 shows a schematic of the measurement setup used to capture
scattered light. Infrared light from a tunable laser goes through a polarization
controller and is focused with a plano-convex lens just above the sample, so no
direct light hits the structure. A diffuser is then placed in the Rayleigh range
of the focused light which will scatter the light. This scattered light falls on
the structure and is, after passing through the structure, coupled in an optical
fiber which is connected to an optical power meter. The heaters are electrically
probed using a probe card to individually address the heaters.

Figure 6.21 shows a typical optimization run. As the scattering is wavelength
dependent, we have performed this optimization for different wavelengths as
shown in Figure 6.22. For the 16 element structure, a general increase of more
than 10 dB can be seen. The speed of the heaters was measured to be 20 kHz so
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Figure 6.21: Optimization of the random phases at λ = 1550 nm. The red

dashed line shows the starting point.

Figure 6.22: Optimization of the random phases for different wavelengths. A

general increase of 10 dB can be seen.

that 1000 iterations can happen in 50 ms. We believe that this can be increased
by an order of magnitude by developing dedicated optimization algorithms and
optimizing the heater speed.

The process of phase recombination becomes clear when looking at the ex-
ample of a N ×1 combiner. On average, each arm holds a power of P/N . When
there is a random phase of each element, there is a 1/N loss factor, so the total
average loss is N ×1/N ×P/N = P/N . Note that this is an average loss. If for ex-
ample the phases are set to destructively interfere, there will be almost no power
combined (explaining the dips in Figure 6.22). However, by efficient phase re-
combination, all the power in the arms can be added coherently and the 1/N
loss factor disappears. The improvement is thus a factor N or, for a 16 element
array, 12 dB. For the 16 element structure, a general increase of more than 10 dB
was measured, while also the large dips have disappeared due to the efficient
phase recombination. This compares well to the theoretical expected value.
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DOA estimation

Using a simple sweeping algorithm a Direction-Of-Arrival (DOA) measurement
can be done. This can find applications in wireless link setup schemes and
wavefront sensing.

Figure 6.23: Experimental setup for DOA estimation.

Figure 6.23 shows the measurement setup used for DOA estimation. The
sample is mounted in the center of a motorized tilt stage so that the θy -angle
of incidence can be tuned (see Section 6.1.2). Light thus falls onto the structure
from a certain θy -angle and by imposing a linear phase sweep over the wave-
guides, the DOA can be estimated. When there is a uniform phase difference
∆ϕy between each element, the structure will efficiently couple light in from an
angle θy (Equation (3.31)):

sinθy = λ

2πΛy
∆ϕy , (6.7)

with Λy the spacing of the elements. Due to the spacing, there will be ambigu-
ity because of the higher orders of the array. Only within the free spectral range
(∆θF SR ≈ arcsinλ/Λy ) of the array, the direction can be determined without am-
biguity, which is 18◦ for the structure with 5 µm spacing. This can easily be in-
creased by decreasing the spacing. While this increases the range over which the
beam direction can unambiguously be determined, the collection and resolu-
tion will decrease as the number of resolvable directions scales with the number
of elements N (=16). A trade-off thus needs to be made between complexity, ef-
ficiency and performance of the system. When the light now hits the structure,
the phases over the heaters are swept to determine the direction of arrival.

Figure 6.24 shows the sweeping result for an angle of incidence of θy = 5◦.
There is a clear peak visible at this angle, but also at the θy =−13◦ angle due to
the FSR of the array. The width of the peak is determined by the spatial distribu-
tion of the incoming field and the number of light capturing elements. As this
number is limited to 16 the peak is quite wide with a FWHM of 1.24◦.
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Figure 6.24: DOA measurement when light impinges at a 5◦ angle.

Optical links

To determine the possibilities to use these OPAs in an optical link, one can use
the formalism described in Section 3.1.3. The main parameter that is needed is
the OPA directivity. The directivity of the OPAs can be calculated using Equa-
tion (3.14):

D(θx ,θy ) = 4π
I (θx ,θy )

Pr ad
, (6.8)

with Pr ad the total power radiated by the OPA. For the OPA discussed in Sec-
tion 6.2.1, the theoretical directivity is 32.8 dBi compared to a measured direc-
tivity of 32.7 dBi. For the OPA in Section 6.2.2, the radiating aperture is larger
due to the wider grating couplers, but the FOV is limited. Simulated directivity
was 41.2 dBi while the measured directivity was 42.4 dBi.

Knowing these directivities, some basic link budgets can be calculated us-
ing the formalism of Section 3.1.3. Let us take for example a directivity of 42 dBi
and we try to establish a reciprocal link. The path loss (PL) at 1 m is equal to
-138.2 dB. The efficiency of our antennas is given by the grating coupler effi-
ciency and can be higher than η=−1.6 dB using a silicon overlay. To avoid the
fact that polarization mismatch kills the signal completely, two OPAs with or-
thogonal orientation on-chip can be used or we can change to polarization at
the transmitter side to a circular polarization using a bulk polarization plate. We
thus assume a polarization mismatch loss of Qr t = 3.0 dB. The transmit power
is assumed to be 10.0 dBm. A typical link budget is then given in Table 6.1.

The received power is quite low allowing only a few 10 Mbps links. To reach a
10 Gbps link, the received power should typically be in the range of -25 dBm [14],
meaning the link would have to operate at the cm-distance range.
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value unit

Pt 10.0 dBm

ηt -1.6 dB

Dt 42.0 dBi

PL@1m -138.2 dB

Qr t -3.0 dB

ηr -1.6 dB

Dr 42.0 dBi

Pr -50.4 dBm

Table 6.1: A typical link budget calculation.
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6.3 Two-dimensional OPAs

Two-dimensional OPAs in the planar silicon photonics technology are much
more challenging to fabricate. Due to the necessary routing, the element spac-
ing is large and the fill factor is low. When choosing a large element spacing,
multiple higher-order grating lobes in the far-field will be present. There is still
a redistribution of the complete radiation pattern of one element into several
more directive lobes. This can find applications in multipath optical links [15],
being an intermediate between directive and diffuse links, discussed in Sec-
tion 2.2. In the design presented below, beam steering is possible by integrating
heaters as discussed earlier. Due to a fixed delay present between different ele-
ments, steering is also possible using wavelength steering.

Next, the design and fabrication of the two-dimensional OPA is discussed.
Section 6.3.2 deals with the far-field characterization, wavelength steering ca-
pability and directivity of the fabricated OPA.

6.3.1 Design and Fabrication

Figure 6.25: Schematic view of a two-dimensional OPA on SOI. Light is split

through an MMI splitter tree and radiated off-chip using a focusing

grating coupler.

Figure 6.25 shows a schematic view of the fabricated two-dimensional OPA
fabricated using the process flow described in Section 4.1. The input waveguide
is split by a MMI tree into Nx ×Ny output waveguides, being 4 for a 2 by 2 array
and 16 for a 4 by 4 array. The radiating elements consist of a focusing grating
coupler that couples light out in a near vertical direction [16]. The period of the
focusing grating coupler was 625 nm. First the radiation pattern of one of these
focusing grating couplers is examined as this determines the FOV of the compo-
nent. Next, the phased array measurements are presented. The radiation pat-
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terns were measured using the Fourier imaging setup described in Section 6.1.1
with an MO with NA of 0.5 [17].

6.3.2 Measurements

Far-field patterns
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Figure 6.26: (a) Far-field pattern of the focusing grating coupler at a wave-

length of 1550 nm. The FWHM width in the θx -direction is 4.8◦ and

in the θy -direction is 9.6◦. (b) Out-coupling angle θx (blue), FWHM

∆θx (red) and FWHM ∆θy (green) of the focusing grating coupler as

a function of wavelength.

Figure 6.26(a) shows the measured far-field of the focusing grating coupler.
The far-field will shift in the θx -direction due to the grating equation (4.6). The
shift in θx -direction as well as the change in beam width can be found in Fig-
ure 6.26(b). While the beam shifts in the negative θx -direction for increasing
wavelength, the beam width does not vary much.

Figure 6.27 shows the measured far-field pattern of a 2×2 OPA together with
the theoretical far-field. Figure 6.28 shows a cross-section of the far-field along
the θx -direction for a 2×2 and 4×4 OPA. A good agreement can be seen. The
parameters of these OPAs are found in Table 6.2.

Wavelength steering capability

As can be seen in Figure 6.25, there is a fixed delay length difference ∆Lx be-
tween the elements in the x-direction, this results in a phase difference of:

∆ϕx = ne f f
2π

λ
∆Lx (6.9)
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(a) (b)

Figure 6.27: Theoretical (a) and measured (b) far-field pattern of a 2×2 OPA

at a wavelength of 1550 nm, the parameters are found in Table 6.2.
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Figure 6.28: Cross-section at θy = 0◦ of the far-field pattern of a (a) 2×2 and

(b) 4×4 OPA at a wavelength of 1550 nm, the parameters of the OPA

are found in Table 6.2. The indicated peak has a width of (a) 0.66◦
and (b) 0.36◦.

Using Equation (3.31), we know that the array peaks are found at:

sinθx = q
λ

Λx
+ ne f f ∆Lx

Λx
, (6.10)

for integer q , with ne f f the effective index of the delay line. Due to the delay
lines, the absolute value of q will be large. The beams will shift at a rate of

dθx

dλ
≈ dsinθx

dλ
= q

Λx
+ dne f f

dλ

∆Lx

Λx
, (6.11)
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where the angle θx is assumed to be relatively small. Note that q is negative
so that the beam will shift in the negative θx -direction for increasing wave-
length. The effect of dispersion cannot be neglected in this high index contrast
platform. There are two main contributions to dispersion: material dispersion
and waveguide dispersion. Whereas the former is relatively weak for the small
wavelength range considered here, the latter has a significant influence due to
the extremely high confinement in the small photonic waveguides. The change
of ne f f as a function of wavelength is negative as well, being about -0.013/nm
around λ= 1.55 µm.
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Figure 6.29: (a) Shift of the peak shown in Figure 6.28 by changing the wave-

length. (b) Schematic view of wavelength steering capability. The

red region represents the shift of the FWHM of the envelope of the

far-field pattern (the far-field pattern of one grating coupler), while

the blue dashed lines represents the shift of the individual emission

lobes with wavelength.

By changing the wavelength, the envelope of the far-field will shift (Fig-
ure 6.26(b)), but also the array factor will shift due to the delay lines. Fig-
ure 6.29(a) shows the shift of the peak indicated in Figure 6.28 by an arrow.
For the 2× 2 OPA this shift is about −0.24◦/nm whereas for the 4× 4 OPA it is
−0.20◦/nm. The latter is smaller since the ratio ∆Lx /Λx is smaller. The contri-
bution of dispersion is about −0.11◦/nm for the 2× 2 OPA and −0.09◦/nm for
the 4×4 OPA.

Figure 6.29(b) shows the coverage range as a function of wavelength. Steer-
ing could be performed by first steering the envelope while fine tuning is done
by steering the array factor. As the envelope shifts, the array factor peaks will
shift out of the envelope while new peaks will shift in. Since the peaks are spaced
about arcsin(λ/Λx) = 1.48◦ (at 1550 nm for a 60 µm spacing), the required wave-
length shift for fine tuning is not more than 7 nm. By making the delay lines
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N = M Λx =Λy (µm) ∆Lx (µm) Dth (dBi) Dmeas (dBi)

2 60 87.2 34.9 37.0

4 60 72.2 40.0 38.4

Table 6.2: Parameters of the measured 2D OPAs.

longer, we actually create a higher order AWG which is more wavelength sensi-
tive, and the required wavelength shift can be decreased.

Steering in the θy -direction can be done by incorporating phase tuners. To
steer the beam of an N ×N array in the θy -direction, N phase tuners are needed
where in principle we only need to define the phase difference between each
arm.

Link directivity

For the peak indicated by an arrow in Figure 6.28, the antenna directivity is given
in Table 6.2. A good agreement with the theory can be seen. For the 2×2 OPA,
the gain is even higher because the lower intensity levels are not measured very
accurately. A similar link budget can then be calculated as in Section 6.2.3.
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6.4 Two-dimensional dispersive beam scanners

While general OPA approaches need active steering of the phases of all the ele-
ments, beam steering can also be done by wavelength tuning using diffractive
elements. With the use of two dispersive elements one can then scan a two-
dimensional space as has been shown in [18].

In this section, we present a fully integrated approach to perform two-
dimensional off-chip wavelength scanning using the silicon photonics plat-
form. The steering principle is based on scanning a beam slowly in one direc-
tion while it is steered very fast in the other direction using a low and high order
grating, respectively. The high order grating consists of an Arrayed Waveguide
Grating (AWG). The low order grating is a standard second-order out-coupling
grating which performs two tasks: coupling the light off-chip and steering the
beam slowly in one direction. The latter steering principle has already been
discussed in the 1D and 2D OPAs. The steering speed of such a dispersive
OPA is determined by the wavelength sweeping speed, which can happen very
fast. These dispersive beam steering elements can find applications in laser
scanning, spectroscopy, demultiplexing [19] and spectral pulse shaping appli-
cations [20].

Section 6.4.1 deals with the design and fabrication of the dispersive beam
scanners. Next, the beam steering measurements and beam steering efficiency
are presented.

6.4.1 Design and Fabrication

The two-dimensional dispersive beam scanner is shown schematically in Fig-
ure 6.30 and was fabricated using the standard process flow described in Sec-
tion 4.1. Light coming from the input waveguide is split through a star coupler
into 16 waveguides which are spaced at a distance of 2 µm. The delay lines have
a width of 800 nm to reduce the phase error due to fabrication errors, apart from
the bends, where a tapering to 450 nm occurs to allow very sharp bends. There
is a fixed delay length∆Ly between each waveguide, which forms the AWG. The
end of each waveguide tapers to an 800 nm width on which a grating is etched.
The period of the grating is 670 nm with a fill factor of 0.5 [21, 22]. The period
was changed from 630 nm in the 1D OPA to 670 nm in order to shift the ef-
ficiency dip corresponding with vertical out-coupling away from the 1550 nm
wavelength region in these 800 nm wide grating couplers (see Figure 6.7(b)).

The grating coupler consists of a second-order grating and will perform
two functions here: coupling light out-of-plane and steering the light slowly
in the θx -direction. The steering in the θx -direction is given by the grating
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Figure 6.30: Two-dimensional dispersive beam scanner on SOI.

equation (4.6):

sinθx = Λg r ne f f ,g r −λ
nbgΛg r

, (6.12)

withΛg r the period of the grating (Λg r = 670 nm), λ the free-space wavelength,
ne f f ,g r the effective index of the guided mode in the grating area and nbg the re-
fractive index of the background which is air (nbg = 1) in this case. The steering
speed is given by

dθx

dλ
≈ dsinθx

dλ
= dne f f ,g r

dλ
− 1

Λg r
, (6.13)

where the approximation is valid when the angle θx is relatively small. There is
also an important dispersion factor dne f f ,g r /dλ. Whereas material dispersion
is weak for the wavelength range of interest, the waveguide dispersion has a sig-
nificant influence due to the extremely high confinement in the small photonic
waveguides. This dispersion factor is about -8.9×10−4/nm for a 70 nm deep
etched grating in a 800 nm wide waveguide.

While the beam is scanned slowly in the θx -direction by changing the wave-
length, a fast steering is performed in the θy -direction due to the AWG. The grat-
ing couplers are placed in a N -array configuration with positions sy = nyΛy uy ,
withΛy the spacing of the elements in the y-direction and n = 0. . . Ny −1. Using
the formalism discussed in Section 3.1.5, the array factor is given by:

T = sin[
Ny

2 (k0Λy sinθy −k0ne f f ∆Ly )]

sin[ 1
2 (k0Λy sinθy −k0ne f f ∆Ly )]

. (6.14)

Following Equation (3.31), the array factor is maximum in the θy -direction for

sinθy = q
λ

Λy
+ ne f f ∆Ly

Λy
, (6.15)
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with q an integer, being the order of the AWG. Due to the delay lines, the abso-
lute value of q will be large. The beams will shift at a rate of

dθy

dλ
≈ dsinθy

dλ
= q

Λy
+ dne f f

dλ

∆Ly

Λy
, (6.16)

where the angle θy is assumed to be relatively small. Note that q will be nega-
tive so that the beam will shift in the negative θy -direction for increasing wave-
length. The effective index at λ = 1550 nm for this waveguide is ne f f ≈ 2.65.
The change of ne f f with wavelength for a 800 nm wide waveguide is negative
as well and is about −8.2×10−4/nm around λ = 1550 nm. The waveguide dis-
persion is smaller in a wider waveguide. For comparison, the dispersion value
is about −0.013/nm in a 450 nm wide waveguide. However, the factor ∆Ly /Λy

can become large so that the influence of dispersion cannot be neglected.

6.4.2 Measurements

Beam steering
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Figure 6.31: Far-field pattern of a beam steering component with an AWG of

order q = −150 at different wavelengths: (a) 1549 nm, (b) 1550 nm,

(a) 1551 nm, (b) 1552 nm.

Different wavelength scanners were fabricated and measured for a wave-
length range of 100 nm. The only difference between the components is the
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order q of the AWG, which determines the steering speed in the θy -direction
given by Equation (6.16). Figure 6.31 shows the far field of a beam steering com-
ponent with an AWG of order q =−150 at different wavelengths.

15 10 5 0 5 10 15
θx  ( ◦ )

0.0

0.2

0.4

0.6

0.8

1.0

I 
(a

.u
.)

1549nm
Fit 1549nm
1550nm
Fit 1550nm

(a)

15 10 5 0 5 10 15
θy  (

◦ )
0.0

0.2

0.4

0.6

0.8

1.0

I 
(a

.u
.)

1549nm
Fit 1549nm
1550nm
Fit 1550nm

(b)

Figure 6.32: Cross-sectional plots of a beam steerer with an AWG of order q =
−150 at a wavelength of 1549 nm and 1550 nm: (a) along θx , the shift

is smaller than the measurement capabilities, (b) along θy , a shift of

approximately 6.5◦ can be seen.

In Figure 6.32 a cross-sectional plot of the measured far-fields is given. The
mean out-coupling angle is measured to be θx,0 = 2.9◦ at λ = 1550 nm. The
FWHM beam width is 3.5◦ – 4.0◦ in both the θx - and θy -direction. We can clearly
see a very small shift in the θx -direction (smaller than the measurement capa-
bilities), while the beam shifts about 6.5◦ in the θy -direction. The position of
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Figure 6.33: θx and θy position of the beam of a beam steerer with an AWG of

order q =−150 as a function of wavelength.

the beam for one of the fabricated components with an AWG of order q =−150
can be found in Figure 6.33. The θx -angle varies slowly while the θy -angle varies
quickly when changing the wavelength. A total coverage range of 15◦×50◦ is ob-
tained for a 100 nm wavelength shift. At each jump, we focus on a different lobe
emitted by the grating array. This lobe then shifts out of the measurement range
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until a new lobe appears. The steering speed given by Equation (6.13) is mea-
sured to be dθx /dλ≈0.148◦/nm. The steering speed in the θy -direction given by
Equation (6.16) depends mainly on the order of the AWG and thus on the length
difference ∆Ly . The results are summarized in Table 6.3 for the fabricated com-
ponents. A good agreement with the theoretical expected values can be seen.

∆Ly (µm) q dθy /dλ (◦/nm) dθy /dλ (◦/nm) FSR (nm)

(theory) (meas.)

29.2 -50 -2.1 -2.2 22.7

58.5 -100 -4.2 -4.4 11.4

87.7 -150 -6.4 -6.5 7.7

117.0 -200 -8.5 -8.7 5.7

146.2 -250 -10.6 -10.7 4.7

Table 6.3: Theoretical and measured results of the beam steerers. The last col-

umn gives the AWG Free Spectral Range (FSR).

In order to scan the complete 2D space, the beam should shift about 50◦

in the θy -direction when it has shifted 4◦ in the θx -direction (as the FWHM
beam width is around 4◦). The latter happens over a wavelength range of about
27 nm. The minimum steering speed in the θy -direction should thus be around
1.85◦/nm. This results in a wavelength resolution of around 2 nm over a 100 nm
wavelength range, or 50 resolvable spots in the 2D angular space. The main
limitation on this performance is due to the beam width.

The beam width can be decreased in the θy -direction by having more wave-
guides. However, when the delay lines become too long, phase errors due to
sidewall roughness will broaden the beam, which was already the case for the
higher order AWG (q = −250). This can be overcome by optimizing the fabri-
cation process to reduce the sidewall roughness of the delay lines. The beam
width in the θx -direction depends on the strength of the grating. The strength
is strongly dependent on the grating etch depth. Having an etch of less than
70 nm would result in a weaker grating with a longer out-coupling length and
thus a narrower beam. This would increase the sensitivity of the component.

Efficiency

There are two main loss factors reducing the steering efficiency. As the spacing
of the elements is larger than half a wavelength and the fill-factor is non-unity,
there will be a loss of power to the higher orders of emission of the OPA. To
quantify the power lost in this way, the simulated far-field in the θy -direction is
shown in Figure 6.34 for the two extreme cases of steering in the θy -direction.
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Figure 6.34: Simulated far-field of the wavelength scanner for the two extreme

cases of steering in the θy -direction: θy = 0◦ and θy = 23◦. The red

dashed line shows the far-field of one grating coupler.

For wavelengths where θy = 0◦, about 40% is emitted in the main lobe and 25%
is emitted through each of the two other orders of emission, while the remaining
10% is lost in sidelobes between the different output orders. For wavelengths
where θy = 23◦, we are at the situation where a jump occurs to another output
order (Figure 6.33). Both output orders now have an equal power of about 45%.
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Figure 6.35: 3D-FDTD simulated out-coupling efficiency of a 800 nm wide

grating coupler with a grating period of 670 nm as a function of wave-

length.

Figure 6.35 shows the out-coupling efficiency calculated using a 3D-FDTD
(Finite Difference Time Domain) simulation. The efficiency varies from 33% at
1500 nm to 26% at 1600 nm. The dip near 1630 nm corresponds to the wave-
length where the grating acts as a second-order reflection grating. By changing
the period of the grating, we can shift the field-of-view to another angular range
to ensure operation where the grating strongly couples out light.
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6.5 Retroreflectors

Optical retroreflectors provide a versatile way to allow localization and identi-
fication of objects or to transmit data using an extra modulating device. Light
from a source illuminates the marker, and returns to it due to the action of the
retroreflector. When used as a marker, optics has the inherent advantage of
working at a small wavelength allowing very precise localization of the markers,
compared with RF approaches. Furthermore, there is no problem of electro-
magnetic interference. However, we are limited by the line-of-sight constraint
and typically a limited field-of-view. When used as data transmission nodes (for
example in sensor networks), the node typically consists of a bulk corner-cube
reflector (CCR) or cat’s-eye retroreflector (CERR), together with a transmissive
or reflective modulator to impress the data on the retroreflective system. These
systems then only require complexity at the base station for tracking the node
and data processing, but the nodes can be kept quite simple, low-cost and light-
weight.

An example of such a system has been shown in [23], where a corner cube
array is used together with a liquid crystal modulator to transmit the data of
the ‘smart dust motes’ and most of the complexity is in the base station. An in-
tegrated approach to fabricate retroreflectors makes use of MEMS technology.
Such devices are typically useful for short-range applications [24]. In [25], a high
contact-angle microdroplet is used to act as a retroreflector with possible appli-
cations in optical cross- and inter-connects using photonic integration while
in [26], an integrated optical marker for simultaneous localization and identifi-
cation of objects has been demonstrated. The main drawback in the latter was
the limited FOV, which was solved by using a large number of reflectors each
looking in different directions.

The retroreflective component discussed in this section can be considered
as an OPA as there is an array of radiating elements. As there is no active phase
control, the beam can not be steered actively. However, by designing and in-
terconnecting an array of elements in the correct way, a retroreflective struc-
ture can be fabricated which will emit a phase front in the same direction as
the direction of incidence. Such an integrated on-chip optical retroreflector
has applications in chip-readout schemes, active alignment markers, or free-
space cross- and inter-connects. It could for example allow data communica-
tion between different on-chip photonic layers without the need for very sensi-
tive alignment.

In the current design, the retroreflector has a large FOV (of about 57◦) in
one-dimension, while the FOV is still limited in the other dimension to about
4◦. Only a limited number of retroreflectors is then needed to cover a large
FOV. Due to the specific design, the retroreflectivity is wavelength dependent
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which allows identification of the retroreflector. By integrating phase tuners,
the reflected light can furthermore be modulated without the need of an exter-
nal modulator. The proposed design can also act as a free-space optical demul-
tiplexer when it is not retroreflecting. The retroreflector is actually the optical
analog of an RF Van Atta array antenna [27]. Such an array consists of equally
spaced antennas that are interconnected by feeders of the same length. The
received RF signal is then retroreflected in the direction of incidence.

Next, the working principle is discussed in Section 6.5.1, followed by the de-
sign details in Section 6.5.2. Finally, Section 6.5.3 gives the measurement results
and discussion.

6.5.1 Working principle

Intuitive picture

Figure 6.36: Optical retroreflector on SOI.

Figure 6.36 shows a schematic of the retroreflector design. When looking at
the xz-cut of the component, the retroreflector simply acts as a reflecting grat-
ing. Light at a certain θx -angle is coupled into the retroreflector and coupled
back out at the same θx -angle as there is no wavelength conversion and all the
gratings have the same dimensions. The interesting retroreflective behavior oc-
curs in the θy -dimension. The impinging wavefront is discretized and intercon-
nected in such a way that the exiting wavefront will have the same angle as the
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angle of incidence. To understand the retroreflective behavior in more detail,
we need to look at the yz-cut of Figure 6.36 which is given in Figure 6.37.

Figure 6.37: Working principle of the retroreflector. Grating couplers 0, 1, . . .

N-1 are connected with grating couplers 0’, 1’, . . . N-1’. The incoming

wavefront is retroreflected in the same direction.

Figure 6.37 explains the operation principle of the retroreflector. Light that
is coupled in using the grating coupler arrays is guided through delay lines and
coupled back out through the same grating coupler arrays. Let us first assume
that there are no delay length differences between the two grating coupler ar-
rays. Grating couplers 0, 1, . . ., N-1 are connected with grating couplers 0’, 1’, . . .,
N-1’, respectively. A plane wave impinges on the retroreflector at an angle θy .
The impinging wavefront on grating coupler array 1 will leave the retroreflec-
tor from grating coupler array 2 at the same angle of incidence and vice-versa.
When the incident wave front hits grating coupler 0, grating coupler 0’ starts
radiating. By the time the wave front hits grating coupler 1, grating coupler 1’
starts radiating with a phase delay ∆Ψ. This goes on until the wavefront hits
grating coupler N-1, and grating coupler N-1’ start radiating, which is the exit-
ing phase front depicted in Figure 6.37. The total phase difference between the
incoming and exiting phase front shown in Figure 6.37 is the same and equal to
(N −1)∆Ψ and thus the exiting wave front constructively interferes at the angle
of incidence θy .

There is a fixed delay length difference ∆Ly between the waveguides. These
delay lines between the grating couplers will make the component wavelength
dependent. Only when the delay length difference ∆Ly corresponds to a multi-
ple of 2π phase difference, will retroreflectivity be observed:

2π

λ
ne f f ∆Ly = q2π, (6.17)
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with λ the free space wavelength, ne f f the effective index of the delay lines (be-
ing an 800 nm wide waveguide) and q an integer, which is also called the order
of the AWG that is formed by these delay lines.

Scalar modeling

The retroreflector behavior in the θy -direction is investigated using a scalar ap-
proach. From OPA theory, we know that the FOV in the θy -direction is deter-
mined by the FOV of one grating coupler. The full 1/e mode amplitude width
in the y-direction of the fundamental TE-like mode of a 1 µm wide grating cou-
pler is simulated to be about 0.795 µm at 1550 nm and does not vary much with
wavelength. It is this field that is coupled out by the grating coupler. The FWHM
of the far-field of one such Gaussian is then 57◦ which is the FOV of the retrore-
flector shown as the red dashed line in Figure 6.38.

The complete retroreflector is simulated in the θy -direction as 2 arrays of 50
Gaussians with a 1/e width of 0.795 µm, spaced 2 µm and with an inner spacing
of 20 µm as shown in Figure 6.36 and Figure 6.37. A plane wave impinges on
the structure and the overlap of the impinging fields with the grating coupler
mode is calculated. These fields are then guided through the delay lines and are
coupled back off-chip. The far-field of all these (100) Gaussian profiles, taking
into account their phase difference, can then be calculated and is shown as the
full blue line in Figure 6.38. In this figure, the structure is simulated for the case
that condition (6.17) is fulfilled.

(a) (b)

Figure 6.38: (a) Simulated far-field of the retroreflector for an impinging wave

at θy =20.0◦ at λ=1523 nm. The dashed line shows the far-field of one

grating coupler being the envelope of the far-field pattern. (b) Mag-

nification of (a) at the retroreflective angle.

The beam width of the retroreflected field is determined by the total size of
the grating coupler arrays. The FWHM was simulated to be 0.33◦. A second
beam can also be seen in Figure 6.38(a). This is not a retroreflected beam but
is present due to the sampling of our incoming field. When having an array
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of radiating apertures, spaced at a distance Λy , different lobes are emitted at
an angle of arcsin(λ/Λy ) (Equation (3.33)), with λ the free-space wavelength,
which is well-known from OPA theory. This results in a lobe spacing of about
50◦ at λ=1523 nm which is the spacing visible in Figure 6.38(a). This specific
wavelength is chosen as it is (one of) the operating wavelengths of the fabricated
retroreflectors, given by Equation (6.17).

When condition (6.17) is no longer fulfilled, the demultiplexing effect of the
AWG comes into play. In Figure 6.39, a close up of the far-field is shown for dif-
ferent wavelength offsets ∆λ. Two reflected lobes now arise which move away
from the retroreflective direction for increasing wavelength offsets. The two
lobes that are present correspond to the field emitted by grating coupler array
1 and 2, respectively (Figure 6.37). Eventually, they will reach back to the same
retroreflective direction when the condition (6.17) is again fulfilled, this time for
another integer m, which occurs for a wavelength shift of∆λ= 51 nm. The grat-

(a) (b)

(c) (d)

Figure 6.39: Influence of the wavelength on the retroreflectivity in the θy -

direction: (a) ∆λ = 0.5 nm, (b) ∆λ = 1.0 nm, (c) ∆λ = 1.5 nm, (d)

∆λ = 2.0 nm., where ∆λ = |λ−λ0| with λ0 being the retroreflective

wavelength.

ing period determines the FOV in the θx -direction from the grating equation
(4.6):

sinθx = Λg r ne f f ,g r −λ
nbgΛg r

, (6.18)
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with Λg r the period of the grating, λ the free-space wavelength, ne f f ,g r the ef-
fective index of the guided mode in the grating area and nbg the refractive index
of the background. By having a different grating period, each retroreflector will
work at a different, limited θx -range, but a large θy -range. This limitation is
overcome by fabricating different retroreflectors with different grating periods.

When for a certain wavelength and at a certain angle Equation (6.18) is no
longer fulfilled, another retroreflector will light up. In this way, there will be
retroreflectivity observed for different θx -angles for a specific wavelength and
a large θx -range is covered. The beam width of the reflected light in the θx -
direction depends on the out-coupling strength of the grating. As we are work-
ing with 70 nm deep etched gratings, the grating strength is high resulting in
a short out-coupling length and thus a relatively large FWHM beam width of
about 3◦ – 4◦, which is then the FOV of the retroreflector in the θx -direction at a
specific wavelength.

6.5.2 Design and Fabrication

Figure 6.40: Microscope image of the fabricated retroreflectors. Four dif-

ferent retroreflectors are shown with grating periods ranging from

620 nm (left) to 680 nm (right) in steps of 20 nm.

The retroreflector shown in Figure 6.36 was fabricated on SOI using the stan-
dard process flow described in Section 4.1. The delay lines have a width of
800 nm, apart from the bends which are tapered to a 450 nm width to allow very
sharp bends, with a bend radius down to 3 µm. A waveguide width of 800 nm is
used to reduce phase errors in the delay lines as a wide waveguide is more tol-
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erant to fabrication errors. The length difference is the same for all retroreflec-
tors and equal to 12 µm. These delay lines form an Arrayed Waveguide Grating
(AWG). Finally a BCB layer of about 800 nm is spun on top of the structure, and
the structure is covered with a 500 nm gold layer, apart from the grating coupler
areas. This reduces interference arising from diffuse reflected light from other
parts of the chip which would interfere with the retroreflected signal.

The grating couplers have a width of 1 µm and are spaced 2 µm apart. The
retroreflectors consist of two arrays of 50 grating couplers which are intercon-
nected as shown in Figure 6.36. The gratings have a fill factor of 0.5. Four dif-
ferent retroreflectors were fabricated with grating periods ranging from 620 nm
up to 680 nm in steps of 20 nm as shown in Figure 6.39. The retroreflectivity
for the different retroreflectors will thus occur at the same wavelengths (Equa-
tion (6.17)), but at a different θx -angle due to the difference in grating period
(Equation (6.18)).

6.5.3 Measurements

Setup

Figure 6.41: Measurement setup to characterize the optical retroreflectors.

The infrared light is split through a 3 dB splitter illuminating the sam-

ple. The sample is positioned in the center of a tilt and rotation stage.

The reflected light is captured by a microscope with an infrared cam-

era for different orientations of the sample.

The measurement setup is shown in Figure 6.41. Light from a tunable laser
passes through a polarization controller to a fiber collimator with a 1/e2 beam
diameter of 7 mm. The collimated beam is then split through an infrared 3 dB
plate beam splitter. Half of the light goes to the sample which is positioned in
the rotation and tilt center of a motorized rotation and tilt stage, as discussed in
Section 6.1.2. This large beam then illuminates different retroreflectors.
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The retroreflected light is then guided back to the 3 dB plate beam splitter,
where half of the light will be captured by the microscope and infrared camera.
When the light impinges perpendicularly on the structure, we get a large re-
flected beam due to specular reflection. By rotating and tilting the sample, the
retroreflected light can be investigated. The numerical aperture of the micro-
scope is about 0.1 meaning that we will measure the retroreflected light as long
as the reflected light is in a cone with half-angle of 5.7◦ around the direction of
incidence. More light than only the retroreflected light is captured, which is a
limitation of our measurement setup.

Results

In Figure 6.42, the measured retroreflectivity is shown for different θx -angles.
The four different retroreflectors operate at different θx -angles, while the wave-
length is kept constant at 1523 nm. For this wavelength, condition (6.17) is
fulfilled and retroreflectivity is observed. In these images the θy -angle is kept
constant at 20◦. We can clearly see the two grating coupler arrays of the retrore-
flectors lighting up at the same time.

(a) (b)

(c) (d)

Figure 6.42: Measured retroreflectivity at different θx -angles at λ=1523 nm.

The four different retroreflectors operate at the angles (a) θx = 3.0◦,

(b) θx = 8.8◦, (c) θx = 13.0◦, (d) θx = 17.6◦. The θy -angle is kept fixed

at θy = 20.0◦.

In Figure 6.43, the range for which retroreflectivity was measured is given.
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The chip was rotated to different θx - and θy -angles and the image is then
recorded. This image is then integrated and the result (normalized to 1) is
shown as a color plot in Figure 6.43. Each retroreflector works for a limited θx -
range of about 4◦, while the measured θy -range goes from 0◦ to 25◦ and due to
symmetry retroreflectivity will be observed for a span of more than 50◦, which
compares to the theoretical FWHM span of 57◦ shown in Figure 6.38(a). When
the θx - and θy -angle reaches 0◦, the measurement is saturated by the specular
reflection of the chip, therefore these small angles are not shown in Figure 6.43,
but the influence of the specular reflection is still visible for small angles.

(a) (b)

(c) (d)
.

Figure 6.43: Measured retroreflectivity range at λ=1523 nm for four different

retroreflectors. Each retroreflector works for a limited θx -range, but

a large θy -range. (a) Λg r = 620 nm, (b) Λg r = 640 nm, (c) Λg r =
660 nm, (d)Λg r = 680 nm.

The retroreflectivity was observed for a wavelength range of about 5 nm
around 1523 nm. This is because the numerical aperture (NA) of the microscope
captures more light than only the retroreflected light. As the wavelength in-
creases, two lobes arise moving away from the retroreflective direction as shown
in Figure 6.39, but these two lobes are still captured by the microscope.

When used in optical marker applications, one is interested in the power
efficiency of these markers. Therefore, 3D-FDTD (Finite Difference Time Do-
main) simulations are performed to investigate the grating coupler efficiency as
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a function of wavelength [4]. The result is shown in Figure 6.44. For a grating pe-
riod of Λg r = 620 nm, there is a dip in the efficiency within the calculated spec-
tral range. This dip is again due to Bragg-coupling between the guided mode in
the chip and a surface-normal diffraction order, as well as to the occurrence of
second-order coupling between the guided mode and its backward mode. For
the larger grating periods, this dip shifts to larger wavelengths and is not visible
anymore in the graph. The efficiency of the different gratings at the retroreflec-
tive wavelength λ=1523 nm is similar for all retroreflectors and equal to about
34%.

.

Figure 6.44: 3D-FDTD simulated out-coupling efficiency of a 1 µm wide grat-

ing coupler as a function of wavelength for different grating periods.

These retroreflectors can be modulated on-chip to transmit data. The sim-
plest method of modulation is to heat the chip. By heating up the delay lines,
condition (6.17) will no longer be fulfilled for the same wavelength and the
retroreflectivity will disappear, which we have measured experimentally by
heating up the complete chip. The phase relation could also be destroyed using
other phase tuning techniques discussed in Chapter 5.
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6.6 Conclusions

Several optical phased arrays on SOI were presented. Using the array princi-
ple with integrated heaters, we have shown 1D steering over the complete FOV,
which can be more than 120◦ using integrated nanophotonic waveguides. By
having full phase control over all the elements, there is furthermore the possibil-
ity to program a certain phase front to focus light above chip. This is especially
useful in sensing applications. Efficient light collection of scattered light into
a single mode waveguide can also be done using a similar approach as we can
tune the phases to coherently add all the contributions. We have furthermore
also shown a DOA measurement which is useful in wavefront sensing applica-
tions or optical link setup.

A two-dimensional OPA was presented showing a typical OPA radiation pat-
tern in 2D. Due to the low fill factor and large element spacing, multiple higher
order lobes were visible in the far-field. Directivity of the beam, however, scales
with the total radiating aperture, and is relatively independent of spacing or fill
factor. Integrating phase tuners would allow steering over the complete FOV.

Next, a two-dimensional dispersive wavelength scanner was presented al-
lowing free-space multiplexing using a single integrated component. These
components can furthermore be very useful in pulse shaping applications. Fi-
nally a retroreflective structure was presented sending a plane wave back to its
direction of incidence. This can be useful in chip-readout schemes or optical
marker applications.
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7
Conclusions and perspectives

7.1 Conclusions

With the increasing bandwidth of the wired networks, there is a need to increase
the bandwidth of wireless networks. The most straightforward option is to fol-
low the same trend that the wired world has undergone, i.e., to go to the optical
domain. The advantages and disadvantages of optical wireless networks com-
pared to RF networks have therefore been investigated. The main conclusion is
that high speed optical links required LOS links, preferably with beam steering
to get a large coverage range.

Beam steering was investigated using a phased array approach. The phased
array principle is a non-mechanical way for beam steering allowing rapid and
precise beam steering. The theoretical principles have been reviewed, where
a large overlap with RF theory can be seen. Such beam steering components
do not only have applications in wireless communication, but also in intercon-
necting, scanning or sensing.

To bring these beam steering elements to a large number of application ar-
eas, it is interesting to fabricate these in a low-cost and possibly high volume
approach. Therefore, we have investigated the possibilities of the silicon pho-
tonics platform to fabricate these beam steering elements. This platform allows
the fabrication of very small structures and compact phase modulators bring-
ing the key ingredients to fabricate an OPA together in an integrated platform.



134 CHAPTER 7

Using this platform, integration with electronics becomes possible as well.

The one-dimensional OPAs are especially promising as we can reach high
fill factors and narrow spacings resulting in a very large steering range. Several
applications such as steering, efficient light collection and direction-of-arrival
estimation have been investigated. One of the advantages of these structures is
that light is captured into a single mode waveguide. This allows further process-
ing in the optical domain such as optical filtering, splitting or coherent detec-
tion. Using an extra steering approach with another (e.g., LC based) beam steer-
ing component, two-dimensional coverage can be obtained. Another approach
is to use wavelength as an extra variable. This also results in a two-dimensional
steering range.

Two-dimensional integrated OPAs suffer from low fill-factor issues and thus
limited steering efficiencies. We have also looked into a dispersive beam steer-
ing approach where a two-dimensional space can be addressed by wavelength
only. Apart from optical links schemes, these are also useful in pulse shaping or
spectroscopy applications. Finally, a passive retroreflective design was investi-
gated that sends a light beam back to its direction of incidence.

We have thus shown several proof-of-principle components clearly showing
the potential of the silicon photonics platform in beam steering applications. As
there are several phase tuning techniques available, steering can happen very
fast in for example free-space switching or scanning applications.

7.2 Perspectives

As the basic components have been investigated, future work lies in the use of
these components in actual link or sensing designs. One first needs to carefully
specify the needed functionality so that the integrated OPA can be designed ac-
cordingly. Integration of photodiodes and electronic post-processing on these
structures can further increase the functionality and sensitivity. Depending on
the application, there is also still room for improvement by for example spe-
cialized grating designs or by using extra optics. The photonic chip can be for
example at the heart of a LIDAR system, where extra optics is used to increase
collectivity.

As these OPAs actually capture the light in an electro-magnetic mode (as
opposed to a simple photodiode) on-chip, a variety of applications becomes
possible: optical data filtering, coherent detection, adaptive optics applications,
wavefront sensing, interconnecting, interferometry, optical MIMO, LIDARs, op-
tical scanning, biosensing . . . The OPA then lies at the center of each of these
applications. Integration of feedback loops to continuously monitor the actual
measured or applied phase will furthermore result in more stable and reliable
components that can compensate for e.g., thermal drift issues. If electronics is
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furthermore integrated, very advanced functionality becomes possible at pos-
sibly low-cost.

Of course each of the above mentioned application domains is a complete
research field on its own. This shows that the future research potential of these
basic steering elements is large and may inspire a lot of new and exciting appli-
cations.





A
Fourier Imaging Setup

Figure A.1: Practical realization of a Fourier imaging setup.

In this Appendix, the practical realization of the Fourier imaging setup, dis-
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cussed in Chapter 6 is given. Figure A.1 shows a general layout. The parts indi-
cated in this Figure are given in detail in Figures A.2- A.5. Figure A.2 shows the
sample mount, which is discussed in detail in Section 6.1.2. The probe card is
not visible anymore in this picture. Next to the sample mount, the microscope
objective can be found, mounted on a 3D translation stage and a small tilt stage
to adjust the angle. After the MO, the plano-convex lens is mounted. Figure A.3
shows the real-space filter and visible light excitation with the 3dB plate beam
splitter. The positioning of the latter is not so crucial as it is just meant to get
some visible light into the setup to align the sample. Figure A.4 again shows the
visible light excitation and the two other mounted lenses. To do Fourier imag-
ing, the bi-convex lens needs to be removed. Figure A.5 shows the visible mirror
to guide the light to the visible camera. When working in the infrared, the mir-
ror is removed and light will hit the infrared camera (of which the mount is only
shown). Note that the setup was optimized for Fourier imaging and not for real-
space imaging.

The sample is typically excited through a near-vertical grating coupler that
couples light at an angle of 10◦ to the normal of the sample. As there is only little
space between the MO and the sample, the fiber is sent through a bent needle
to reach the 10◦ angle. The fibers are aligned using a small microscope that is
movable around the sample as shown in Figure A.6.

Figure A.2: Part A of Figure A.1.
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Figure A.3: Part B of Figure A.1.

Figure A.4: Part C of Figure A.1.
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Figure A.5: Part D of Figure A.1.

Figure A.6: A movable microscope is mounted to align the fibers.
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