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Nederlandstalige
Samenvatting
1. Fotonische IC’s
Vandaag worden we geconfronteerd met een steeds stijgende vraag
naar bandbreedte. In dit opzicht blijken elektrische verbindingen te
beperkt qua snelheid en capaciteit. Optische communicatie heeft wel
het potentieel om aan de vraag naar bandbreedte te voldoen, op voorwaarde dat ze goedkoop en betrouwbaar kan uitgevoerd worden. Miniaturisatie en integratie van verschillende functies op een chip (een fotonisch IC1 ) zijn sleutelbegrippen in deze context. Zowel actieve functies (genereren van licht, detecteren van licht, moduleren, enz) als passieve functies (geleiden van licht, filteren, routeren, enz) dienen voorzien
te worden.
Het aantal componenten dat op een bepaalde chipoppervlakte kan
geplaatst worden, bepaalt de integratiedensiteit. De mate waarin een
optische component kan geminiaturiseerd worden en dus de integratiedensiteit opgedreven kan worden, hangt voor een groot deel af van
de optische lagenstructuur waarin de component uitgevoerd wordt.
In lagenstructuren met een groot brekingsindexcontrast kan het licht
op een zeer efficiente manier opgesloten worden en kan het getransporteerd worden in golfgeleiders met zeer kleine afmetingen (orde enkele
honderden nanometer). Bovendien kunnen zeer korte bochten gebruikt
worden zonder hoge verliezen te introduceren.
Anders dan in de elektronica waar een enkel materiaal, silicium,
wordt gebruikt, zijn er in de optica verschillende materialen mogelijk,
elk met bepaalde voordelen afhankelijk van de toepassing. Met het oog
op het implementeren van zowel actieve als passieve componenten zijn
1

IC staat voor Integrated Circuit.
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III-V halfgeleiders een geschikte keuze. Voor telecommunicatietoepassingen met golflengtevensters rond 1.3 µm en 1.55 µm worden InP en
gerelateerde materialen gebruikt. Zij beschikken over een directe bandkloof waardoor op een efficiente manier licht kan gegenereerd worden. Dit is bijvoorbeeld niet het geval bij silicium. Toch krijgt silicium veel aandacht voor toepassing in optische communicatie omdat
gebruik kan gemaakt worden van geavanceerde fabricagetechnieken
uit de electronicawereld. Voor de actieve functies moet silicium dan
gecombineerd worden met III-V materiaal.
In dit werk worden zowel de actieve als de passieve functies in
InP gebaseerd materiaal geı̈mplementeerd. Nadeel van klassieke InP
gebaseerde lagenstructuren is hun laag vertikaal brekingsindexcontrast,
waardoor de integratiedensiteit beperkt wordt. Het is echter mogelijk
om over te stappen naar zogenaamde membraanstructuren die wel een
hoog vertikaal brekingsindexcontrast hebben. In dit werk worden InP
membranen gebruikt als optische lagenstructuur. Ze worden verkregen
door BCB bonding en combineren de voordelen van een hoog brekingsindexcontrast (hoge integratiedensiteit) met de mogelijkheid tot het efficiënt implementeren van zowel actieve als passieve functionaliteit.

2. Het koppel -en polarisatieprobleem
Elke fotonisch IC dient gekoppeld te worden met de buitenwereld.
In de praktijk betekent dit meestal een koppeling tussen een optische
vezel en een golfgeleider op de chip. Door het grote verschil in afmetingen tussen beide is dit verre van triviaal en het probleem wordt enkel
groter aangezien de afmetingen van de golfgeleiders en componenten
steeds kleiner worden.
Een bijkomend probleem is dat de werking van een optische component vaak verschillend is voor verschillende polarisaties van het licht.
Deze polarisatie-afhankelijkheid is zeer uitgesproken bij structuren met
een hoog brekingsindexcontrast en de technologische vereisten om ze
op te heffen zijn in de praktijk niet haalbaar. De polarisatie van het licht
dat uit de vezel komt in een telecommunicatienetwerk is echter een onbekende grootheid die bovendien varieert in de tijd. Dus zelfs indien de
koppeling tussen vezel en chip polarisatie-onafhankelijk kan gemaakt
worden, blijft de polarisatie-afhankelijkheid van de componenten op
de chip een probleem. Er kan dan immers licht met een polarisatie ingekoppeld worden waarvoor de chip niet of onvoldoende werkt.

CONTENTS

xiii

3. Roosterkoppelaars en polarisatie-diversiteit
Voor beide problemen wordt een oplossing geboden door het gebruik
van roosterkoppelaars, waarbij het licht uit de vezel via een compact
rooster op de chip in een golfgeleider wordt gediffracteerd (Figuur 1a).
Het grootste voordeel ten opzichte van klassieke methodes die langs de
zijkant van de chip inkoppelen, is de mogelijkheid tot testen op waferschaal. Op elke plaats op de chip kan een ingang of uitgang geplaatst
worden, waardoor afzonderlijke componenten eenvoudig kunnen getest
worden. Dit heeft een positieve invloed op de uiteindelijke opbrengst
en kostprijs van de chip.
Roosterkoppelaars tussen optische vezel en golflgeleiders op de chip
werden reeds ontwikkeld voor Silicium-op-Isolator (SOI) lagenstructuren. De experimenteel aangetoonde koppelefficiëntie is echter beperkt
tot 31%. De totale lengte van de koppelstructuur wordt bepaald door
een relatief lange adiabatische overgang tussen een 12 µm brede golfgeleider en een 500 nm brede golfgeleider. In dit werk wordt de koppelefficiëntie gevoelig opgedreven en de lengte van de koppelstructuur
beperkt. In enkele gevallen dient SOI als testplatform voor InP membraanstructuren. Door een gouden bodemspiegel te introduceren kan
een theoretische efficiëntie van ≈ 80% behaald worden. Experimenteel
tonen we een efficiëntie van 69% aan voor SOI en 60% voor InP membranen. De adiabatische overgang tussen brede en smalle golfgeleiders
wordt overbodig door het gebruik van focusserende roosters, hetgeen
resulteert in een achtvoudige lengtereductie van de koppelstructuur.
Een tweedimensionaal rooster in combinatie met twee golfgeleiders
wordt gebruikt om polarisatie-diversiteit te implementeren (Figuur 1b),
de meest elegante manier om het polarisatieprobleem op te lossen. De
beide orthogonale polarisaties van het licht in de vezel worden gesplitst en gekoppeld naar hun specifieke golfgeleider. In de golfgeleiders zijn de polarisaties identiek, en beide leiden naar een identieke
polarisatie-afhankelijke component. Aan de uitgang wordt het licht in
beide golfgeleiders opnieuw samengevoegd met een volgende roosterkoppelaar. Ook in deze configuratie wordt de koppelefficiëntie opgedreven en de koppelstructuur geminiaturiseerd.

4. Geı̈ntegreerde componenten in InP membraan
De hierboven beschreven roosterkoppelaars worden gebruikt om te koppelen naar een reeks geı̈ntegreerde componenten op InP membraan,
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Figuur 1: Roosterkoppelaars tussen optische vezel en nanofotonische
golfgeleiders.
(a) Koppelprincipe.
(b) Configuratie voor polarisatiediversiteit.
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zowel gebaseerd op klassieke golfgleiders als fotonische kristallen. De
membranen worden bekomen door een gestructureerde InP chip te
bonden op een drager met behulp van een tussenliggende polymeerlaag (BenzoCycloButene, kortweg BCB), en daarna het oorspronkelijke
InP substraat te verwijderen.
Passieve componenten als vermogensplitsers, ring resonator filters,
en een fotonisch kristal gebaseerde golflgengte demultiplexer worden
gedemonstreerd. Aan de actieve zijde worden efficiënte detectoren
geı̈ntegreerd op het InP membraan platform, die gebruikt worden om
andere componenten te karakteriseren. De geı̈ntegreerde functies worden ook telkens in polarisatie-diversiteit configuratie geı̈mplementeerd,
waarbij speciale aandacht geschonken wordt aan de invloed van inkoppeling onder een hoek afwijkend van vertikale positie. Een coherente
ontvanger chip, waarbij een telecom signaal gemengd wordt met een
lokale oscillator, vormt de finale demonstratie van de ontwikkelde InP
membraantechnologie.
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English Summary
1. Photonic ICs
Nowadays, we are confronted with an ever growing quest for bandwidth. Electrical interconnections are too limited regarding speed and
capacity. Optical communication, however, has the potential to fulfill
the bandwidth requirements, provided that it can be implemented in
a cheap and reliable way. Miniaturisation and integration of different
functions onto a single chip (a Photonic Integrated Circuit or PIC) are
key words in this context. Both active functions (light generation, light
detection, modulation, . . . ) and passive functions (guiding of light, filtering, routing, . . . ) need to be provided.
The number of components that fit onto a certain chip area determines the integration density. The amount of miniaturisation of an optical component, and therefore the integration density, depends on the
optical layer structure in which the component is implemented. Light
can be confined to small structures when using high refractive index
contrast layer structures, and can be transported in waveguides having
dimensions of a few hundreds of nm. In addition, compact bends can
be used without introducing excess loss.
Unlike in electronics where a single material, silicon, is used, there
are a lot of possible materials for photonic integrated circuits, each having advantages depending on the application. With respect to implementing active functions, III-V semiconductors are the obvious choice.
For telecommunication applications, with wavelength windows around
1.3 µm and 1.55 µm, InP and related materials are being used. They exhibit a direct bandgap, as a result of which light can be generated in an
efficient way. This is not the case for silicon. However, silicon attracts
a lot of attention since advanced fabrication processes can be borrowed
from electronics. For active functionality, silicon then needs to be combined with III-V material.
xvii
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In this work both active and passive functions are implemented in
InP based material. A disadvantage of classical InP based layer structures is their low vertical refractive index contrast, limiting the achievable integration density. However, it is possible to use so-called membrane structures having a high refractive index contrast. In this work
InP membranes are used as the optical layer structure. They are obtained by BCB bonding and combine the advantages of a high refractive index contrast (high integration density) with the possibility to efficiently implement both active and passive functionality.

2. The coupling -and polarisation problem
Each PIC needs to be connected with the outside world. In practice,
this means coupling between an optical fibre and a waveguide on the
chip. Due to the large difference in dimensions between both, this is far
from trivial and the problem becomes even worse since the dimensions
of the on-chip waveguides and components tend to become smaller.
An additional problem is the fact that an optical component operates differently for different polarisations of the light, especially when
using high index contrast. The fabrication tolerances required to cancel
this polarisation dependence are too stringent in practice. The polarisation of light coming from the fibre in a telecommunication network
is an unknown quantity and varies randomly over time. So even if
the coupling between fibre and chip can be made polarisation independent, the polarisation dependency of the on-chip components remains
a problem. There can be a mismatch between the polarisation of input light from the fiber and the polarisation for which the component
works properly.

3. Grating couplers and polarisation diversity
In this work a solution for both problems is given by using grating couplers, where light from a fibre is diffracted from the top into a waveguide on the chip (Figure 2.1a). The main advantage over classical methods using edge coupling is the possibility for wafer-scale testing. An
input or output can be placed anywhere on the chip and separate devices can be tested in a simple way. This has a positive influence on the
yield and the price of the chip.
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Grating couplers between optical fibre and on-chip waveguides have
already been developed for Silicon-on-Insulator (SOI) layer structures
prior to this work. The experimental coupling efficiency is limited to
31%. The total length of the coupling structure is determined by a relatively long adiabatic transition between a 12 µm wide waveguide and
a 500 nm wide photonic wire. In this work the coupling efficiency is
substantially increased and the length of the coupling structure is decreased. In a few cases, SOI serves as a test platform for InP membrane
structures. By introducing a gold bottom mirror a theoretical efficiency
of ≈80% can be achieved. We show experimental coupling efficiencies
of 69% for SOI and 60% for InP membrane. The adiabatic transition
between wide and narrow waveguides can be omitted through focusing grating couplers, resulting in an eight-fold length reduction of the
coupling structure.
A two-dimensional grating in combination with two waveguides is
used to implement polarisation diversity (Figure 2.1b), the most elegant
way to solve the polarisation problem. Both orthogonal polarisations
of the light from the fibre are splitted and coupled to their own waveguide. In the waveguides the polarisation is identical and both feed an
identical polarisation dependent device. At the output the light from
both waveguides is recombined using another grating coupler. Also in
this configuration, the coupling efficiency is increased and the coupling
structure is miniaturised.

4. Integrated devices on InP membrane
The grating couplers described above are used to couple to a series of
integrated devices on InP membrane, based on both classical waveguides and photonic crystals. The membranes are obtained by bonding a structured InP die onto a carrier substrate using an intermediate
adhesive polymer layer (BenzoCycloButene or BCB), and afterwards
removing the original InP substrate.
Passive components like power splitters, ring resonator filters and
a photonic crystal based wavelength demultiplexer are demonstrated.
At the active side, efficient detectors are integrated onto the InP membrane platform and used for characterising other integrated devices.
The integrated functions are also implemented in polarisation diversity configuration, paying special attention to the influence of coupling
under an angle. A coherent receiver chip, where a telecom signal is
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Figure 2: Grating couplers between optical fibre and nanophotonic waveguides (a) Coupling principle. (b) Polarisation diversity configuration.
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mixed with a local oscillator signal, is the final demonstration of the
developed InP membrane technology.
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Chapter 1

Photonic integration
In this chapter we will describe the important aspects of the research
carried out in this work. We first discuss integrated circuits in general.
Afterwards, the materials and the relevant integration techniques are
described. We then discuss two important issues in photonic integrated
circuits for which we provide a solution in this work: fibre coupling and
polarisation. After putting together all these elements we will motivate
the choice for the used layer structure, i.e. a high index contrast InP
membrane.

1.1

Optical telecommunication

Nowadays, communication is everywhere. Games can be played online between people that are thousands of kilometers apart, videos are
streamed or downloaded over the internet, people abandon the classical telephone and replace it by “skype”, etc. This series of new applications results in an ever increasing quest for bandwidth and optical
communication is the way to provide it.
Two inventions have initiated the field of optical telecommunication. In 1960 the first laser was demonstrated, which would become
the winning light source. In 1970 an optical fibre with low enough
attenuation (20 dB/km) was developed. Today the optical fibre loss
has decreased to values around 0.2 dB/km. Together with other improvements (e.g. on dispersion) and the large available bandwidth, this
makes the optical fibre the uncontested long-haul transport medium
for light signals. The used wavelength windows are situated around
1550 nm and 1310 nm, where respectively propagation loss and disper1
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Figure 1.1: Optical communication link using Wavelength Division Multiplexing (WDM).

sion are minimal. While in the past the fibre was mostly used for long
distance communication, it is now brought closer to the end user to
overcome the limitations of electrical interconnections. This approach
is called Fibre-To-The-Home (FTTH) and is already widely installed in
Japan and the US.
The large capacity of the optical fibre can be exploited by transporting different signals on different wavelengths over a single fibre. This is
called Wavelength Division Multiplexing (WDM). In [1], 140 111 Gb/s
signals are transmitted over 160 km distance, resulting in an enormous
capacity of 14 Tb/s. A multiplexer is used to bring the different signals onto the fibre at the transmitter side, a demultiplexer separates the
signals at the receiver side. In Figure 1.1 a typical WDM link between
transmitter and receiver is shown. A difference is made between two
types of WDM systems based on the channel spacing: Coarse WDM
(CWDM) uses larger channel spacing than Dense WDM (DWDM). In
this work we will demonstrate a demultiplexer for CWDM applications.

1.2

Photonic Integrated Circuits (PICs)

In analogy with electronics, there is a trend in photonics towards integrating different components with different functionality onto a single chip. For WDM applications, this includes both active (light emission, detection, modulation, amplification) and passive functionality
(waveguiding, wavelength (de)multiplexing, switching, etc). The advantages of this approach are multiple. Among others:
• Since photonic integration obviates the need for individual components, the number of packages is reduced substantially. And
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since the packaging cost of an optical component typically amounts
for at least 50-80% of the total cost, integrated solutions are far
more cost effective.
• The light is transported between different on-chip components
using waveguides1 . This implies that there is no need for difficult,
time consuming and costly alignment between components, as
alignment is done through lithographic processes during pattern
definition.
• The coupling with the outside world (optical fibre) is typically
a point of failure and potentially a source of loss. In integrated
circuits the number of fibre couplings is highly reduced.
We can conclude that photonic integrated circuits are more cost effective, better performing, and more reliable than their non-integrated
counterparts.
An important aspect of integrated circuits is their integration density, which is defined as the number of components per given chip area.
The smaller the individual components and their interconnection, the
higher the integration density that can be achieved and the more profit
is gained from the integration effort. The achievable integration density is mainly determined by the layer structure. A good measure is the
minimum waveguide bending radius that can be used without excess
loss. For waveguides with a high refractive index contrast, the light is
highly confined and the bending radius can be very small. For layer
structures with a low index contrast, the achievable integration density
is much lower. We will give examples of both types of layer structures
in the next section.

1.3

Materials for photonic integrated circuits

Unlike in electronics where silicon is the workhorse for integrated circuits, there are a lot of materials that can be used for making photonic
integrated circuits. Most widely used are silica-on-silicon, III-V materials like GaAs/AlGaAs and InP/InGaAsP, LiNbO3 , polymers and silicon. Each material has its advantages and disadvantages, the choice
1

A waveguide is a tiny structure on the chip where the light is confined in a region with higher refractive index contrast as compared to the surrounding cladding
material.
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often depending on the application that is envisioned. For implementing integrated circuits featuring a variety of active and passive functions, semiconductors are most used. In GaAs/AlGaAs both active and
passive functions can be implemented, but due to the bandgap the use
is limited to wavelengths around 850 nm and 980 nm. In this work,
silicon and InP based integrated circuits will be considered, which can
be used at the telecom wavelength windows (around 1.3 µm and 1.55
µm).

1.3.1

Substrate type layer structures

In what we will call substrate type layer structures in this work, the
layers are epitaxially grown onto a single substrate. The InP/ InGaAsP
material platform is an example of this type of structure, the layers being epitaxially grown lattice matched onto an InP substrate. Substrate
type layer structures typically have a medium to low vertical index contrast and therefore a relatively weak vertical confinement. A passive
waveguide consists of an InGaAsP core surrounded by InP cladding
layers (Figure 1.2a), resulting in a vertical index contrast of ∼ 3.3:3.17.
The lateral index contrast can be influenced through etching. The minimum bend radius is a few hundred µm. Besides passive functions,
also active functions with high performance can be implemented in the
telecom wavelength windows due to the direct bandgap of InP based
material.
From a technological point of view InP processes are not as advanced and reliable as is the case for silicon (which benefits from electronics), and the volumes that can be obtained are smaller. Additionally, InP is rather expensive.

1.3.2

Membrane type layer structures

Membrane type layer structures have a high vertical index contrast,
and therefore a strong vertical confinement. In the last decade, siliconon-insulator (SOI) has gained a lot of interest for use in high density
integrated circuits. It consists of a silicon guiding layer on a buried oxide layer, carried on a silicon substrate, resulting in an index contrast of
3.45:1.45 and 3.45:1.0. An overview of different methods for obtaining
SOI structures can be found in [2]. Typical dimensions of a single-mode
photonic wire waveguide (or strip waveguide) are of a few hundred
nm. Due to the high confinement, the minimum bending radius can be
as low as 5 µm. In Figure 1.2b an SOI photonic wire is shown.

1.4 Integration techniques

Figure 1.2: (a) Substrate type rib waveguide in InP/InGaAsP. (b) Membrane
type SOI photonic wire.

For the fabrication of SOI circuits, standard CMOS processes from
electronics can be used, which are very mature and allow mass production. Additionally, the optical layer can be integrated with a CMOS
electronic layer. The advance on passive devices in Silicon-on-Insulator
in the last few years is striking [3, 4, 5, 6]. Also active functions like
detectors based on Ge on silicon [7, 8] and modulators [9] have been
demonstrated. However, light emitting devices are very difficult to
achieve in silicon. In contrast to InP, silicon has an indirect band gap,
which makes light emission very inefficient. Although some demonstrations of silicon based light sources have been reported [10, 11], they
are still outperformed by their III-V based counterparts.
Membranes can also be obtained in various other materials than
silicon through bonding or local underetching. A particular field where
suspended membranes are widely used are MOEMS2 [12]. For some
applications it is compelling to combine the strong confinement offered
by the membrane based approach with the active functionality of III-V
material, for example in [12, 13]. This will be further discussed below.

1.4

Integration techniques

The success story of electronics can be related to the fact that only one
base material (i.e. silicon) and only a few base components (e.g. transistor, resistor, capacitor) are used. The situation is totally different for
optical applications and as a result different integration techniques exist.
2

Micro-opto-electromechanical systems.
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1.4.1

Monolithic integration in InP/InGaAsP

In monolithic integration all devices and functions are implemented
from a single piece of wafer. For optical telecom applications, InP based
layer structures are used, as they can implement both passive and active functions in the 1.3 µm and 1.55 µm wavelength range. Monolithic
integration in InP typically uses substrate type layer structures. The advantages of monolithic integration include high reliability (as no other
materials are involved) and relative ease of coupling between components (as no coupling between different materials is needed). However, it is difficult to combine electronics with monolithically integrated
InP/InGaAsP components.
Several techniques exist for monolithic active-passive integration in
substrate type InP based material. In butt-joint coupling [14], the active layers are grown in a first epitaxial growth step and afterwards
removed in the passive regions by wet etching. The passive layers are
then grown in a next epitaxial step, aligned to the active region. Active
and passive waveguides are butt-coupled. Another possibility is using the twin-guide approach, where an active and a passive waveguide
layer are vertically stacked. Coupling between both is performed by
using tapers [15, 16]. Other methods are selective area growth [17],
quantum well intermixing [18] and offset quantum wells [19].
A number of issues, most importantly related to InP processing,
have prevented the large breakthrough of monolithically integrated circuits based on InP. The above described processes are often rather complex, resulting in yield problems and high costs. However, Infinera
[20], a company selling monolithically integrated InP based circuits,
has now demonstrated a transmitter for DWDM applications by monolithically integrating 10 DFB lasers with 10 modulators at 40 Gb/s
with a WDM demultiplexer, resulting in a total capacity of 400 Gb/s
[21].

1.4.2

III-V/silicon integration

A promising approach is to built an integrated circuit with passive
functions in membrane type SOI (thus profiting from advanced CMOS
technology and enabling high density integration) and active functions
in III-V material (InP based for telecom applications).
The SOI circuit and the active device have to be integrated and
coupled using some integration technology. In flip chip bonding technology, individual sub-components are mounted onto the silicon sub-

1.4 Integration techniques
strate [22]. This approach is also referred to as hybrid integration. However, this piecewise assembly technique is very labour intensive and
alignment tolerances are very tight. Luxtera [23], a fabless company
active in silicon photonics, launched its first product in 2007: a 40 Gb/s
optical active cable. They use flip chip technology for integrating a
laser source onto the CMOS electronic-photonic chip. Another possibility for integrating III-V on silicon is hetero-epitaxial growth [24], but
due to the lattice mismatch between both materials, fabrication processes are difficult. A third method uses bonding of III-V layers onto
silicon, which does allow for high density integration and high quality
III-V layers [25, 26]. This approach is referred to as heterogeneous integration and is a wafer-scale technique rather than the pick-and-place
technique used in hybrid integration. In principle, the active device
can be implemented both in membrane or substrate type III-V layer
structures. However, it is very difficult to use electrical injection for
membrane type active devices due to the presence of absorbing metal
contacts near the optical mode. Heterogeneous III-V/silicon integration is very promising, but is still at a research stage.
Advantages of integrating different material systems include the
possibility of using optimised components in their optimal layer structure, flexibility and the possibility of combining electronics and photonics. Disadvantages include the need of processing and coupling between different material systems, alignment issues in some technologies and possibly decreased reliability.

1.4.3

InP based membranes

Another option is using III-V membranes, in order to combine the advantages of high refractive index contrast with the capability of implementing active functions efficiently. Both active and passive functions
can then be implemented in InP based material, without the need for
processing different materials and couple between them. Passive devices are advantageously implemented in membrane type structures,
while for the active devices both membrane and substrate type structures are possible. The latter approach can be seen as a mixture of
monolithic and heterogeneous integration: only InP based material is
used, but integration of membrane type and substrate type layer structures is required.
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Figure 1.3: The coupling problem.

1.5

Coupling to optical fibre

In order to be of any use, optical signals must be extracted from and
launched into the integrated circuit. Therefore, the connection with the
outside world, i.e. optical fibre, is an important but non trivial task. A
good fibre coupling solution must fulfill criteria as having a low coupling loss, large optical bandwidth, good alignment tolerances and being tolerant to fabrication. The coupling typically occurs between the
optical fibre and a waveguide on the chip. Naturally, this coupling depends on the geometry of the waveguide which depends on the layer
structure used.
The most important issue in fibre coupling is the mismatch between
the fibre mode and the optical waveguide mode on the chip (Figure
1.3). The mode of a single-mode fibre (SMF-28) has a diameter of ∼
8-10 µm and a circular field profile, while the dimensions of the onchip waveguide modes are substantially smaller and the field profile
is elliptic. Simple butt-coupling between fibre and waveguide results
in unacceptable losses. As described above, the waveguides are different for membrane type and substrate type layer structures due to the
difference in refractive index contrast. In the next sections we will describe the methods commonly used for fibre coupling to both types of
waveguides. We will only consider integrated solutions as they are an
important factor in reducing alignment tolerance and packaging costs.

1.5 Coupling to optical fibre

Figure 1.4: Coupling between fibre and substrate type waveguides using tapers. (a) Dual lateral overlapping buried taper (from [29]). (b) Vertical+lateral
taper (from [19]).

1.5.1

Coupling to substrate type waveguides

In this case a coupling structure is required between the fibre mode
with diameter of 8-10 µm and a waveguide with dimensions of a few
µm. Nowadays the fibre coupling for this type of waveguides is well established, the most popular approaches being based on monolithically
integrated spot-size converters and edge coupling. By gradually reducing the size of the waveguide (tapering), the mode can be transformed
from small to large. If this transition is done gently, the fundamental mode of the small waveguide is transformed into the fundamental
mode of the wider waveguide (or vice versa) without theoretical loss.
The transition is then called adiabatic.
There exist a variety of taper designs, and a good overview is given
in [27]. Both lateral tapers, vertical tapers or a combination can be used.
Their fabrication requires regrowth in most cases and the structures are
often polarisation dependent. In [28], a 2D overlapping waveguide taper transition from a buried waveguide to a fibre matched waveguide
is used for obtaining a coupling loss of -0.4 dB, with a lateral alignment tolerance of 2.7 µm for 1 dB excess loss. In [29], a 560 µm long
dual lateral overlapping buried waveguide taper is used for obtaining
a coupling loss smaller than -1.1 dB (Figure 1.4a). In [19], a coupling
loss of -1.55 dB to cleaved single-mode fibre and large alignment tolerance is obtained using a combination of vertical and lateral tapers
(Figure 1.4b).
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In Chapter 2 we will propose a different approach for coupling to
substrate type waveguides using vertical coupling rather than edge
coupling.

1.5.2

Coupling to membrane type waveguides

In the case of membrane photonic wires a coupling structure is required
between the fibre mode with diameter of 8-10 µm and a waveguide
with dimensions of a few hundred nanometer. Most of the coupling
methods described below are for SOI photonic wires, but their operation principle can be easily transferred to other membrane waveguides.
A first possible solution is the use of adiabatic tapers. In [30], a
600 µm long 3D taper was used to obtain a coupling loss between fibre
and photonic wire of -2.2 to -3.5 dB. However, the fabrication process is
very difficult. A more elegant coupling structure is the inverted taper
(Figure 1.5a). Here, the waveguide is tapered to a width of a few tens
of nm. As a result, the waveguide mode is squeezed out of the wire
waveguide into another waveguide which is better matched to the fibre. The difficulty lies in the lithography of the narrow taper tips. In
[31], a coupling loss of -0.8 dB has been obtained between square crosssection photonic wires and high numerical aperture fibre using a 200
µm long taper and a polymer overlay waveguide. The same approach
by IBM [32] has resulted in a coupling loss of -0.5 dB using lensed fibre
and a taper of 150 µm length. In [33], the buried oxide layer instead of
an overlay waveguide was used to delocalise the mode. The taper has
a length of 40 µm, and the coupling loss is -3.3 dB (for TM-like modes)
and -6.0 dB (for TE-like modes).
Another type of coupling structure is a grating assisted directional
coupler. A practical realisation achieving an experimental coupling loss
of -2.6 dB is described in [34] (Figure 1.5b). The light from the optical
fibre is first butt-coupled with very low loss to a fibre adapted waveguide. Then, the light is coupled to an intermediate Si3 N4 waveguide
using a first grating, and to an SOI photonic wire using the second grating. However, the gratings have lengths ranging from few hundred
µm to 1 mm, the structure is sensitive to polarisation and has a small
optical bandwidth.
Another approach is based on waveguide grating couplers. Light is
coupled from the top into the waveguide by using a diffraction grating.
This approach has several advantages over the above mentioned edge
coupling methods. A cleaved facet is not required and coupling can oc-

1.5 Coupling to optical fibre

11

Figure 1.5: Coupling between fibre and membrane type waveguides. (a)
Inverted taper with overlay waveguide. (b) Dual grating assisted coupling
(from [34]).

cur everywhere on the chip. This opens the way for wafer-scale testing
of devices, which reduces the cost of the integrated circuit dramatically.
Drawback is a relatively small optical bandwidth. Previously reported
grating couplers are either long [35] or need additional lenses to couple
to fibre, since coupling to wide Gaussian beams is considered [36, 37].
In [38], compact slanted grating couplers are described having a theoretical coupling loss of -1.2 dB, but no experimental results are given.
In the PhD work of D. Taillaert [39], compact grating couplers for
coupling between SMF-28 fibre and SOI photonic wires were designed
and fabricated. The grating dimensions are of the order of the fibre
mode (∼ 10 x 10 µm2 ) resulting in a 1 dB optical bandwidth of 45 nm.
Furthermore, the alignment tolerances are relaxed (+/- 2 µm for 1 dB
excess loss). However, a lateral spot-size convertor toward a singlemode photonic wire is still required (Figure 1.6). Although designs
are described achieving coupling losses smaller than 0.4 dB, the experimental coupling loss is -5.2 dB, which is too low for practical applications. In this work, we will substantially increase the coupling
efficiency of the grating coupler and avoid the in-plane spot-size convertor. Finally, we mention that the 1D grating coupler is very polarisation sensitive but a 2D grating can be used in a polarisation diversity
configuration (see below).

12

Photonic integration

Figure 1.6: Coupling between fibre and membrane type waveguides using
grating couplers. The waveguides are defined by trenches.

1.6

Polarisation

Polarisation dependence of on-chip components is another important
issue in photonic integrated circuits. This polarisation dependence is
mainly due to waveguide birefringence. The polarisation of the light in
an optical fibre, however, is an unknown quantity which also changes
during propagation due to cross-coupling between the two polarisation
modes. So even if the fibre coupling can be made polarisation independent, there can still be a mismatch in polarisation between incoming
light from the fibre and the polarisation needed on the chip. Polarisation Maintaining Fibre (PMF) is not a viable solution, as it can only
be used for short distances and is more expensive than single-mode fibre. Several other solutions have been proposed. Most of the principles
can be applied to both membrane type and substrate type structures,
although the implementation is different.
The most obvious solution is to make the on-chip components polarisation insensitive by making the waveguides and all other functions
polarisation independent. This can be done by fabricating symmetrical waveguides, for which an example is given in [40]. Although simple in concept, this is far from trivial in practice, especially when using
membrane type photonic wires. For membrane photonic wires with dimensions of a few hundred nm, the tolerances on fabrication are almost
impossible to achieve. Rib waveguides have a lower index contrast and
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larger cross-sections, and can be made polarisation independent more
easily. This is illustrated in [41], where a polarisation independent ring
resonator based on rib waveguides is demonstrated. Also the coupling
to fibre is easier, but the achievable integration density is lower. Therefore, we will not consider them further.
Other approaches to overcome polarisation dependence are inserting a half-wave plate in the middle of the device [42], using layer structures with low birefringence [43] or implementing polarisation compensation through inserting a region in the device with different birefringence [44, 45, 46, 47]. The most robust approach, however, is polarisation diversity. This is the approach used in this work and we will
describe the principle in the next section.
An important measure for the extent to which polarisation insensitivity is obtained, is the Polarisation Dependent Loss (PDL). This quantity is determined by the difference in peak transmission of the optical device, when varying the polarisation over all possible polarisation
states:
Tmax
P DL(dB) = 10 log (
)
(1.1)
Tmin
Polarisation diversity
The principle of polarisation diversity is shown in Figure 1.7. The (random) polarisation of the incoming light is split into its two orthogonal
polarisation states. One polarisation is then rotated by 90◦ , resulting in
two channels with identical polarisation. Both arms feed an identical
polarisation sensitive device (A and B in Figure 1.7), and at the output
one polarisation is rotated by 90 degrees. Finally, both now orthogonal
polarisations are recombined (without interference).
Several realisations of integrated circuits using polarisation diversity have been shown. In [48], a polarisation independent add-drop filter based on ring resonators is demonstrated for silicon-rich SiN waveguides. The PDL is 1.0 dB over a 60 nm bandwidth. A 600 µm long
polarisation splitter and rotator is integrated onto the chip (Figure 1.8),
and no details are given on fibre coupling. In [49], a polarisation independent wavelength filter based on SOI photonic wire ring resonators
is demonstrated using polarisation diversity. The PDL of the filter is
about 1 dB. The total length of the polarisation diversity structure is
around 250 µm, including spot-size convertor for fibre coupling (200
µm) [31], polarisation splitter (10 µm) and polarisation rotator (30-60
µm). Isolated realisations of polarisation splitters and rotators without
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Figure 1.7: Principle of polarisation diversity. 1=polarisation splitter, 1’=polarisation combiner, 2=polarisation rotator, A and B are identical polarisation
sensitive devices.

Figure 1.8: Integrated polarisation splitter and rotator for polarisation diversity (from [48]).

1.7 Substrate approach vs membrane approach
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Figure 1.9: Polarisation diversity using 2D grating couplers.

application in a polarisation diversity circuit have also been demonstrated, both for InP/InGaAsP [50, 51, 52] and SOI waveguides [53, 54,
55]. Even though some of the devices are compact, the required combination of polarisation independent fibre coupling, polarisation splitting
and rotating always results in a lengthy and/or lossy device.
We will use a 2D crossed grating coupler for performing polarisation diversity, without the need for integrated polarisation splitters and
rotators. The polarisation sensitivity of a grating coupler is used to separate the orthogonal polarisation components of the incoming light into
two (near) orthogonal waveguides [56]. In these waveguides the polarisation is identical (TE). The polarisation sensitive device (working for
TE-polarisation) is then duplicated, one in each waveguide arm, and at
the output another 2D grating is used for recombining both arms (Figure 1.9). This approach is the most compact, and will extensively be
described in Chapter 6.

1.7

Substrate approach vs membrane approach

In the previous sections we have described different material platforms
and we have given examples of integrated circuits. We have also touched
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layer structure
active-passive
etching
integration density
fibre coupling solutions
compact polarisation diversity
simulation

substrate (e.g. InP/InGaAsP)
epitaxial (re)growth
established
difficult
medium
good, but regrowth
no
2D

membrane (e.g. SOI)
bonding/underetching
difficult
easy
high
good
yes
3D

Table 1.1: Comparison between substrate approach and membrane approach.

on two important issues in photonic integrated circuits: fibre coupling
and polarisation. The question can now be raised which approach is
preferred in the scope of this work.
In the substrate type InP/InGaAsP platform active-passive integration is well established. Also good fibre coupling schemes exist, but
they are often based on regrowth and often polarisation dependent.
For simulations, a 2D approximation is acceptable in many cases. Due
to the medium refractive index contrast, however, the integration density is medium. In addition, due to the larger thickness of the epitaxial
layers, relatively deep etching is required, which is difficult. Finally,
no compact approaches for polarisation diversity have been demonstrated.
In the membrane approach the high vertical index contrast layer
structure is obtained by local underetching or bonding. As the guiding layer is very thin, no deep etching is required in general. Due to
the high refractive index contrast, the integration density is very high.
Good fibre coupling solutions have been demonstrated (inverted taper,
grating couplers), and polarisation diversity can be implemented in a
compact way using 2D crossed gratings. Major drawback is the difficulty of contacting active devices due to absorption of light at the metal
contacts. Furthermore, 3D simulations are often required for membrane structures.
In table 1.1 we summarise pros en cons of substrate type and membrane type layer structures.
InP membrane
Since integration density is seen as a crucial argument for future photonic integrated circuits, we have chosen to work in the membrane approach. As discussed above, SOI is attractive for the advanced CMOS
fabrication processes and the integration with electronics, but has to
combined with III-V material for active devices, posing more stringent
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Figure 1.10: Basic InP membrane structure obtained through BCB bonding.

requirements for coupling between them. On the other hand, InP membranes are attractive for their capability of implementing both passive
and active devices. The choice of the optimal layer structure depends
on the application and associated chip functionality. For photonic integrated circuits requiring both active and passive devices, but where the
profit from CMOS electronics processes is low compared to the complexity added by combining different materials, InP based membranes
are an elegant option. This is especially the case for relatively simple
circuits.
The main part of this work will therefore be dedicated to integrated
circuits in the latter layer structure. The InP membrane is obtained
through adhesive die-to-wafer bonding using BCB, a low refractive index spin-on polymer (n=1.54 at λ=1.54 µm). The basic layer structure
is shown in Figure 1.10 and consists of a thin InP membrane layer on
BCB carried on a host substrate. This results in a high refractive index
contrast between guiding and cladding layers of 3.17:1.54 and 3.17:1.0,
which can be used for implementing compact waveguides. The procedure for obtaining this layer structure will be described in Chapter 3.

1.8

Outline

As discussed above, the main part of this work will focus on fibre coupling and polarisation diversity for InP membrane type layer structures. For both problems surface grating couplers are used. Efficient
photodetectors will be integrated on the InP membrane platform, as a
first step towards other active devices.
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In the next chapter we will design various grating couplers in bonded
InP membrane and optimise them for efficiency and compactness. In
Chapter 3 we will describe the fabrication and integration processes
used in this work. Afterwards, we will characterise fabricated grating
couplers in Chapter 4 and use them for coupling to integrated circuits
including photodetectors in Chapter 5. In Chapter 6 we will use 2D
crossed gratings for implementing polarisation diversity. In Chapter 7
we will describe the implementation of a coherent receiver chip on InP
membrane, containing all concepts developed in this work.
Part of the work has been performed in collaboration with partners
of several European research institutes. E-beam lithography was performed at the University of St. Andrews (United Kingdom) and the
Technical University Eindhoven (The Netherlands), the latter institute
also performed part of the etching. The design of a photonic crystal demultiplexer was performed at the Institut d’Optique, Palaiseau
(France). This will be clearly mentioned in the text.

1.9

Conclusions

In this chapter, we have motivated our choice for implementing photonic integrated circuits in InP membrane. Key arguments in favour of
this approach are the high achievable integration density, and the possibility to implement both active and passive functions in the same material. We have described two important issues in photonic integrated
circuits, fibre coupling and polarisation, for which a solution by using
grating couplers will be described in the next chapters.

Chapter 2

Grating coupler design and
optimizations
In this chapter we will design compact and efficient 1D grating couplers. We first discuss the required theoretical concepts, after which
we apply these for designing basic grating couplers in BCB bonded InP
membrane. Then, optimisation of these membrane type grating couplers both in efficiency and compactness is assessed. For some of these
optimisations we have chosen to work with the Silicon-on-Insulator
(SOI) layer structure in order to proof the principle, since we have easier access to fabrication of SOI integrated circuits. Finally, we will design novel compact grating couplers for substrate type InP/InGaAsP
waveguides.

2.1

Grating couplers

Gratings are structures having a periodic modulation of the refractive
index. They have widespread applications in integrated optics, e.g. selecting a single wavelength peak in DFB lasers, design of optical filters,
etc. The application we will use them for is coupling of light between
an optical fibre and thin film waveguides, as shown in Figure 1.6. The
first demonstrations of coupling light into thin film waveguides using
gratings date back to 1970 [57, 58]. Since then, a lot of studies have been
performed on the subject. An instructive analysis of grating couplers
and simple design rules are given by Tamir in [59] and [60], which we
will summarise in the next section.
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Figure 2.1: Output coupling from a thin film waveguide using grating couplers.

2.1.1

Operation principle

The grating couplers can be considered as surface wave to leaky wave
converters. This is schematically shown in Figure 2.1 for an output coupler. The surface wave in the guiding layer is converted into outgoing
beams in the top and bottom cladding. The surface wave, varying as
exp[j(βsw z − ωt)], is scattered by the grating into space-harmonic fields
varying as exp[j(kxm z − ωt)] with:
kxm = βn + jα = β + m

2π
+ jα,
Λ

n = 0, ±1, ±2, . . .

(2.1)

β is the propagation factor in the grating area and Λ is the grating period. For weak gratings β ' βsw , which is not valid any more for the
strong gratings used in this work. The factor α is due to the leakage
of the energy into the diffracted orders by the grating. The real part of
(2.1) is the well known Bragg condition, which gives the direction of
the diffracted orders. For the diffraction orders into the air region we
get:
θn = sin−1 (βn /k0 ),

n = 0, ±1, ±2, . . .

(2.2)
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with k0 = 2π/λ0 . The angles θn need to be real and therefore radiation
away from the grating only occurs if |βn /k0 | < 1. And since β > k0 this
can only occur for n < 0.
The number of diffraction orders can be minimised by choosing a
period Λ so that |βn /k0 | < 1 for only a few values of n < 0. For a
single diffraction order into the air region we require |β−1 /k0 | < 1 and
|β−2 /k0 | > 1. However, there are also diffraction orders into the lower
cladding region. If the more stringent condition |β−2 /k0 | > ncl is satisfied, only one diffraction order exists in this region.
Diffraction orders are forward or backward propagating if θ−1 is
positive or negative, respectively. In the case of θ = 0, corresponding
to β−1 = 0 or β0 = 2π/Λ, a large reflection occurs. For our application this so-called Bragg regime needs to be avoided, requiring that the
magnitude of θ−1 is at least 3-4 degrees.

2.1.2

K-vector diagram

An instructive way of visualising the theoretical description from the
previous paragraph is shown in the k-vector diagrams in Figure 2.2.
The grating vector K = 2π/Λ is subtracted from the propagation factor
β in order to obtain the direction of the diffraction orders. A single
diffraction order in air without diffraction into the lower cladding (and
substrate) is impossible. The discrete k-vectors predicted by (2.1) only
exist in infinite grating structures. For finite gratings, there exist a range
of k-vectors around the one obtained by applying (2.1) determining the
optical bandwidth of the grating coupler.

2.1.3

Beam profile

By using the appropriate grating parameters nearly all energy can leak
out of the waveguide. However, the profile of the leaked beam plays
an important role for determining the coupling efficiency. The profile
of the beam is sketched in Figure 2.1 and is of the form [60]:


αW
xr
E = E0 exp(−jk0 xr − αzr sec θ) erfc
−
(2.3)
2
W
with W 2 = −2jx/k0 cos θ. The exponentially decaying term describes
the leaky wave and is the most important one. If we disregard the erfc
term in (2.3), we can write for zr > 0:
|

E
| = exp(−αzr sec θ)
2E0

(2.4)
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Figure 2.2: K-vector diagram for grating couplers with different grating periods. (a) Forward propagation. (b) Backward propagation. (c) Single diffraction order. (d) Bragg regime with second order reflection.
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The beam profile is exponentially decaying with a beam width wb =
cos θ/α. However, the mode of an optical fibre typically has a Gaussian
profile. Because of the difference in profile between the beam coming
from the grating and the fibre mode, a maximum coupling efficiency of
80.1% can be obtained if :
2αw0 sec θ = 1.36

(2.5)

with 2w0 the width of the Gaussian beam between points at 1/e times
the maximum amplitude. For a given Gaussian beam and a given angle of diffraction, (2.5) can be used for calculating the leakage factor
α of the grating. This leakage factor is strongly dependent on grating
parameters like etch depth, filling factor and layer structure.
The exponentially decaying beam profile occurs for a uniform grating structure having a constant α. By making the grating non-uniform,
the leakage factor can be made z-dependent along the grating, and the
beam profile can be shaped to a Gaussian profile [61]. As a result,
the coupling efficiency can reach nearly 100%, provided that all the
power is radiated into the required direction. The accurate fabrication
of these non-uniform gratings is very difficult, however. The minimum
required grating line width is very small (e.g. a few tens of nanometer)
which is difficult for optical lithography techniques. In addition, different line widths have different etch rates, so very accurate control over
the fabrication processes is required.

2.2

Simulation methods

2.2.1

Eigenmode expansion

In eigenmode expansion, the structure to be simulated is divided into
sections having a refractive index profile that does not change in the
propagation direction. For structures with a non-arbitrary index profile, this typically results in a coarse discretisation, as shown in Figure
2.3. In each section, the eigenmodes are calculated and the optical field
is written as a sum of these eigenmodes. The total structure (a stack) is
formed by putting together different sections. Afterwards a scattering
matrix of this stack is calculated. Therefore, a mode matching technique
is used at the interface between different sections and the field is propagated through the structure using the dependence of the eigenmodes
in the propagation direction.
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Figure 2.3: Eigenmode expansion method. The structure (2D cross-section) to
be simulated is divided in sections for which the refractive index profile does
not change in the propagation direction (z-direction).

CAMFR
CAMFR is a simulation tool based on eigenmode expansion developed
at INTEC during the PhD of P. Bienstman [62]. It is mostly used for
performing 2D simulations. The simulation is controlled by a Python
script. After defining and exciting the structure the scattering matrix of
the stack is calculated. The fields can be accessed at every position in
the simulation domain. Calculations based on the scattered field components can be performed using the Python script. An important feature is the use of Perfectly Matched Layer (PML) boundary conditions.
These artificial layers prevent unwanted reflections from the edge of
the simulation domain by absorbing the incident light.

2.2.2

FDTD

In Finite Difference Time Domain (FDTD) simulations, the Maxwell
equations are discretised both in space and in time. The derivatives
in these equations are replaced by finite differences. The electromagnetic properties of the structure are updated at each time step. First the
electric fields are calculated at a given instant of time and afterwards
this information is used for calculating the magnetic fields at the next
time step, etc. The fields and fluxes can be collected for any time step
by placing sensors at the appropriate place. The structure is modelled
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Figure 2.4: Finite Difference Time Domain (FDTD). A grid is put over the
structure, each cell having a constant refractive index.

by placing a grid over the structure, each cell having a constant refractive index (Figure 2.4). A finer grid will result in more accurate results,
but the time and memory required for the simulation will dramatically
increase. Grid step and time step are connected by the Courant stability
criterion, imposing a limit on both discretisation steps. In this work we
have used commercial FDTD software (Omnisim from PhotonDesign
[63]) on several structures. The programme is capable of performing
3D calculations, but for our application the required memory was too
high.

2.3
2.3.1

Grating couplers in bonded InP membrane
Grating structure

Compact and efficient grating couplers in SOI have been developed in
the PhD work of D. Taillaert [39]. Due to the high omnidirectional refractive index contrast, the light is diffracted over a short length, resulting in a relatively large optical bandwidth. The experimental coupling
efficiency to single-mode fibre is 31%, although non-uniform grating
designs exist with a theoretical coupling efficiency of more than 90%,
but these are very difficult to fabricate.
Since the layer structure of SOI and InP membranes is very similar
with regards to their vertical refractive index contrast (see Chapter 1),
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Figure 2.5: BCB bonded InP membrane grating coupler, and field profile obtained by simulation in CAMFR. The grating coupler is simulated as an output
coupler, the fibre is not included in the simulation.

these gratings can also be designed for the latter layer structure. The
basic grating structure is shown in Figure 2.5, together with a typical
field distribution obtained by a CAMFR simulation. In our approach,
the grating is at the bottom side of the waveguide. The reason is that
we define the grating pattern before the bonding step needed to obtain
the membrane. In that case we can use standard and well-developed
fabrication processes for classical InP based layer structures and, additionally, double-sided processing becomes possible. We have used two
InP membrane thicknesses in this work, 300 nm1 and 200 nm. In both
cases the slab waveguide formed by the InP membrane and the BCB
and air claddings is single-mode. The light is coupled out under an
angle in order to cut off the second order reflection. In the simulations
below, we use an angle of 10◦ from vertical position.
1

The choice for a 300 nm InP membrane is influenced by other devices in
InP/InGaAsP waveguides developed in the framework of the IST-FUNFOX project.
The optimal layer structure for these devices is a 522 nm InGaAsP waveguide layer,
surrounded by a 300 nm top cladding and an InP substrate undercladding. This layer
structure can also be used for obtaining the membrane. After bonding, InP substrate
and InGaAsP etch-stop layer removal, the 300 nm top cladding becomes the InP membrane.
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Determining the coupling efficiency from simulations

CAMFR simulation
The design of the grating coupler is carried out by simulating a 2D
cross-section (Figure 2.5) of the grating. For 1D gratings this can be
done since the width of the waveguide (10-12 µm) is much larger than
the height and the wavelength. The method is extensively described in
[39], we will only summarise the important aspects here.
The grating is described as an output coupler. However, the structure is reciprocal if coupling between modes is considered. The fundamental mode of the waveguide is excited and the electric and magnetic field distribution are calculated. Important design parameters are
the power fluxes radiated upwards (Pup ) and downwards into the substrate (Psubs ), which determine the directionality D of the grating:
D=

Pup
Pup + Psubs

(2.6)

D should be as high as possible, implying that as much power as possible is radiated into the upward direction. Reflection and transmission
should be as low as possible. In the CAMFR simulation the fibre is
not included. The coupling efficiency η to fibre is calculated by multiplying the ratio between Pup and Pin (the input power carried by the
excited waveguide mode) by an overlap integral between the upwards
radiated field profile (at a chosen distance above the grating, typically a
few µm) and a Gaussian fibre mode with beam diameter 2w0 =10.4 µm:

with
γ=

η = γ × Pup /Pin

(2.7)

E × Hf∗ibre |2
RR
E × H ∗.
Ef ibre × Hf ibre

(2.8)

|

Re

RR

RR

For a pure exponentially decaying field profile the overlap integral
with a Gaussian beam is maximally 0.801, as described above. (2.7)
gives the coupling efficiency of the simulated 2D problem, which is a
good approximation of the 3D coupling problem. By multiplying this
value by a correction factor (preferably close to 1.0), the lateral dimension of the waveguide can be accounted for. For a 12 µm wide SOI
waveguide, this correction factor is 0.97 [39]. The coupling efficiency
values quoted in the rest of this chapter are the efficiency values for the
2D simulation problem.
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Figure 2.6: FDTD simulation of a 1D grating coupler, simulated as an input
coupler.

FDTD simulation
The same overlap integral calculations can be used for obtaining the
coupling efficiency when performing FDTD simulations. It is also possible to simulate the grating as an input coupler. The light from the
input fibre is approximated by the fundamental mode of an appropriate slab waveguide. A mode sensor is used to calculate the amount
of power that is coupled to the fundamental waveguide mode. An
example of a grating coupler simulated by FDTD is shown in Figure
2.6.

2.3.3

Influence of grating parameters

Grating parameters that need to be determined are the period Λ, the
filling factor, the etch depth and the number of periods. The etch depth
is the most important parameter since it strongly influences the leakage factor α of the grating. If the grating is too shallow, the grating is
too weak and little power is coupled upwards over a length corresponding with the width of the fibre mode. If the grating is too deep the
coupling length is small and all power is radiated upwards by the first
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grating teeth, resulting in a low overlap with the Gaussian fibre mode.
Furthermore the reflection will be high.
The optimal leakage factor α can be determined using (2.5). For
a Gaussian fibre mode with 2w0 =10.4 µm and a coupling angle of 10◦
from vertical, (2.5) results in an optimal α=0.13/µm. In Figure 2.7 we
show the real part of the Poynting vector in the x-direction (upwards)
at a distance of 1.5 µm above the grating, as a function of the distance z
along the grating in the propagation direction, for various etch depths.
The Poynting vector is exponentially decaying, the decay rate 2α depending on the etch depth. For the basic structure from Figure 2.5 with
a 300 nm InP membrane layer the optimal etch depth is 90 nm, which
indeed corresponds with the optimal leakage factor α=0.13/µm calculated above. The period Λ is chosen to determine the wavelength at
which maximum coupling occurs. Light is coupled out at an angle in
order to cut-off the second order reflection peak. The filling factor of the
standard gratings is 0.5, which is the easiest to fabricate. The number
of periods is determined by the grating strength. If all the light is radiated from the waveguide, additional periods are redundant and can be
omitted. In practice, the grating length is of the order of the width of
the fibre mode.

2.3.4

Influence of layer structure

BCB thickness
The thickness of the BCB layer between InP membrane and host substrate has a strong influence on the directionality of the grating. Since
the interface between BCB and host substrate (Figure 2.5) is partly reflecting, some downwards radiated light will be reflected and can still
contribute to the coupling to fibre. Therefore, the thickness of the BCB
buffer layer has to be optimised in order to obtain constructive interference between directly upwards radiated light and reflected light at the
BCB/substrate interface. The reflected wave also interacts with the grating and as a result, the coupling strength of the grating is influenced
by the BCB thickness [64, 65].
In Figure 2.8, the transmission T, the total upwards radiated power
(Pup ), the total downwards radiated power (Psubs ), and the coupling
efficiency are shown as a function of BCB buffer thickness for the peak
wavelength of the grating coupler spectrum. In the simulation, we have
taken a GaAs host substrate with refractive index n=3.37. The optimal BCB thickness is 1.23 µm and the maximum coupling efficiency is
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Figure 2.7: Calculated influence of the grating etch depth. The Poynting vector in upwards direction at 1.5 µm above the grating is shown as a function of
distance in the propagation direction, for different etch depths.

42%. A shift in BCB buffer thickness of λ/4nBCB (i.e. around 250 nm)
shifts the coupling efficiency from maximum to minimum. For BCB
thicknesses where the coupling efficiency is minimal there is substantial transmission, indicating that the coupling strength of the grating is
low. Furthermore, the radiation into the substrate is maximal for that
BCB thickness.
Additional top layer
From Figure 2.8 we can conclude that the directionality of the most basic InP membrane grating structure is not very advantageous. For the
optimal BCB thickness, the directionality D=50.5%. This can be improved by further modifying the layer structure. A possible approach
is adding a dielectric layer on top the InP membrane grating. Since the
grating is at the bottom side this layer can be deposited on a planar
surface. We have chosen Al2 O3 as the top layer since the layer quality
was the best at the time of fabrication. The theoretical refractive index
of Al2 O3 is 1.58 at λ=1.55 µm. However, the refractive index of e-gun
deposited Al2 O3 at INTEC was 1.47 at the time samples were fabricated
and we will do the calculations with this value.
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Figure 2.8: Calculated influence of BCB buffer thickness on scattered power.
Simulation parameters: InP membrane of 300 nm, λ=1.595 µm, Λ=660 nm, 20
periods, ed=90 nm, ff=0.5.

The additional layer lowers the vertical refractive index contrast,
and thus the coupling strength of the grating. The optimal etch depth
is now 130 nm, which is substantially higher than the 90 nm obtained
for the standard structure. The additional Al2 O3 top layer can be seen
as an anti-reflection coating, preventing reflection at the top InP-air interface. Its optimal thickness is 270 nm. In Figure 2.9, the transmission
T, the total upwards radiated power (Pup ), the total downwards radiated power (Psubs ), and the coupling efficiency are shown as a function
of BCB buffer thickness, for the optimal value of the Al2 O3 top layer
thickness. The optimal BCB thickness is 1.17 µm and the maximum
coupling efficiency is 53%. The directionality has increased to D=64.6%.
The field profile of this grating coupler is shown in Figure 2.10.
Membrane thickness
We have investigated whether the coupling efficiency can improve by
choosing another membrane thickness. We have repeated the optimisation for an InP membrane thickness of 200 nm. The optimal etch depth
is now 110 nm. In Figure 2.11, the transmission T, the total upwards
radiated power (Pup ), the total downwards radiated power (Psubs ), and
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Figure 2.9: Calculated influence of the BCB buffer thickness on scattered
power by a grating coupler with extra 270 nm Al2 O3 top layer. Simulation parameters: InP membrane of 300 nm, λ=1.56 µm, Λ=660 nm, 20 periods, ed=130
nm, ff=0.5.

Figure 2.10: Field profile of a grating coupler with additional top layer.
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Figure 2.11: Influence of the BCB buffer thickness on scattered power when
using a 200 nm InP membrane. Simulation parameters: λ=1.54 µm, Λ=770 nm,
20 periods, ed=110 nm, ff=0.5.

the coupling efficiency are shown as a function of BCB buffer thickness. The optimal BCB thickness is 1.2 µm and the maximum coupling
efficiency is 71%. The directionality D=86.3% in this case. The reason
for this increased directionality is attributed to optimized interferences
due to the waveguide layer thickness, since the directionality is still dependent on the BCB bonding layer thickness (Figure 2.11). In [66], the
directionality of SOI grating couplers is increased by adding a polysilicon overlay layer to the structure. In that case, the high directionality is an intrinsic property of the Bloch mode of the periodic structure,
and independent of the buried oxide layer thickness.
The wavelength dependence of the three types of grating coupler
calculated with their optimal parameters is shown in Figure 2.12. The
1 dB optical bandwidth is 45 nm.

2.4
2.4.1

Optimised grating designs
Grating couplers with bottom gold mirror

The directionality D of the grating can even be increased to nearly 100%
if we modify the original interface between BCB buffer layer and host
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Figure 2.12: Calculated wavelength dependence of grating couplers with 300
nm InP membrane (without and with top layer) and 200 nm InP membrane
(without top layer), each time for the optimal parameters (BCB thickness, etch
depth, etc) determined above.

substrate into a perfect reflector. From a fabrication point of view, a
metal reflector is an obvious choice and this will be elaborated in the
next sections.
InP membrane grating with BCB buffer layer and gold mirror
A clear advantage of BCB is its planarising property since the buffer
layer is applied on a non-planar surface. We consider two strategies for
obtaining a bottom mirror with a BCB buffer layer. The grating structure can be bonded onto a gold coated host substrate in which case the
BCB bonding layer also serves as the buffer layer (Figure 2.13a). Another possibility is using 2 BCB layers (Figure 2.13b). In that case, a
first BCB buffer layer is applied over the grating before defining the
gold mirror. Then, this structure is bonded onto a host substrate with
another BCB layer. The advantage of the latter approach is that the
thickness of the BCB buffer layer can be better controlled, while the
BCB bonding layer thickness is unimportant. Figure 2.14 shows the
transmission, the total upwards radiated power (Pup ), the total downwards radiated power (Psubs ), and the coupling efficiency as a function
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Figure 2.13: Field profile of InP membrane grating couplers with a gold bottom mirror. (a) Using a single BCB layer (1.23 µm). (b) Using 2 BCB layers, the
first BCB layer (0.7 µm) serving as the buffer layer, the second as the bonding
layer.

of BCB buffer thickness between grating and gold mirror. For the optimal BCB thickness (0.7 µm or 1.23 µm), nearly all power is radiated
upwards, and the coupling efficiency reaches 78%. However, for the
worst BCB thickness, the coupling strength of the grating and thus the
coupling efficiency can reach zero.
InP membrane grating with SiO2 buffer layer and gold mirror
The BCB layers used in the previous paragraph are spin-coated onto the
sample. The layer thickness depends on spinning parameters (speed,
temperature, etc) but also on sample parameters (size of the sample,
pattern density on the sample, etc), which makes it more difficult to
control. Therefore, we have also considered a deposited dielectric buffer
layer, rather than a spin-coated one. This is done in closed chambers
(e.g. e-gun, PECVD), where the process conditions can be kept identical over a long period. We have used SiO2 as the deposited buffer layer,
having a refractive index of 1.41 at λ=1.55 µm for processes used at INTEC. Drawback is the fact that the planarisation is not as good as for
BCB. After buffer layer deposition, a gold layer is applied over the gra-
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Figure 2.14: Influence of the BCB buffer thickness on scattered power for an
InP membrane grating coupler with gold bottom mirror. Simulation parameters: λ=1.61 µm, Λ=660 nm, 20 periods, ed=70 nm, ff=0.5.

tings, and the structure is bonded with BCB onto a host substrate. The
optimal grating structure is shown in Figure 2.15. We have calculated
a structure where there is no planarisation at all (worst-case scenario).
The gold mirror is another grating with the same period as the InP grating (i.e. Λ=640 nm) but only the 0th order reflection can exist in the
SiO2 layer. The optimal SiO2 thickness is 0.72 µm or 1.29 µm, and the
maximum coupling efficiency is 78%, indicating that the bottom gold
grating does not have a negative effect on performance.
Silicon-on-Insulator grating with bottom mirror
The same principles can be applied for obtaining high efficiency Siliconon-Insulator grating couplers. The disadvantage here is that the bonding step is only required to add the bottom mirror, whereas for InP it is
crucial in order to obtain the high vertical index contrast. Furthermore,
the fabrication process might not be CMOS-compatible. During this
PhD work, other possibilities have been explored at INTEC to improve
the directionality of Silicon-on-Insulator grating couplers. By adding
locally a poly-Silicon overlay on top of the waveguide prior to grating
etching, a calculated coupling efficiency of 78% has been obtained [66].
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Figure 2.15: Field profile of an InP membrane grating coupler with a SiO2
buffer layer and gold bottom mirror.

However, we will describe the SOI grating version with bottom mirror
in short, and fabricate it as a proof of principle. Here, the approach
with two BCB layers is used.
We start from an existing SOI grating coupler with following parameters: Si-core layer of 220 nm, SiO2 buried oxide layer of 1 µm, period=610 nm, etch depth=50 nm, filling factor= 50%, 20 periods (Figure
2.16 top). The optimal BCB buffer layer is 840 nm and the theoretical
coupling efficiency of this structure is 72%. The reason for this slightly
lower coupling efficiency is the fact that the original SOI grating is too
shallow to be optimal for the modified version with bottom mirror. The
optimal structure would have a period of 630 nm, an etch depth of 90
nm, a filling factor of 50%, and a BCB buffer layer of 780 nm, which
results in a theoretical coupling efficiency of 78%.

2.4.2

Focusing grating couplers in SOI

This optimisation does not concern the coupling efficiency of the gratings, but the miniaturisation of the whole coupling structure and thus
the integration density. Standard linear gratings are defined in a broad
(12 µm) multimode waveguide, which is then adiabatically tapered
down to a 500 nm wide single-mode photonic wire. This taper is typically longer than 150 µm and mainly determines the length of the coupling structure. It is possible to reduce the length of the taper [67],
but the fabrication of these structures is very demanding. However, by
curving the grating lines the light can be focused onto the single-mode
wire, and the taper can be omitted, as shown in Figure 2.17. We will
elaborate on focusing grating couplers for SOI layer structures, since
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Figure 2.16: (a) Field profile of the basic SOI grating coupler without bottom
mirror. (b) Field profile of the SOI grating extended with a gold bottom mirror.

Figure 2.17: Curved focusing grating coupler.
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we have easier access to fabrication of the structures. However, the
principles can be easily transferred to InP membrane.

Design rules
In the case of a focusing grating coupler efficient coupling is wanted
between the TE-mode of a near vertical fibre, with a plain wavefront,
and the TE-mode of a broad SOI waveguide, so that the wavefront is
curved cylindrically and focusing occurs towards the center of curvature of the wavefront. Rigorous design requires 3D simulations on
the entire structure, which was not possible with the available computational resources. Therefore, we have followed an approximative
approach based on simple phase equations to implement the focusing
property of the gratings.
The top surface of the waveguide is chosen to be the (y,z)-plane of a
right handed Cartesian coordinate system, with z along the waveguide
axis and the origin chosen to be in the desired focal point. It is shown
in [61] that a focusing grating can be obtained by curving the grating
lines using following equation:
qλ0 = nef f

p

y 2 + z 2 − znt sin θ

(2.9)

Here, q is an integer number for each grating line, θ is the angle between the fibre and the chip surface normal, nt is the refractive index of
the environment, λ0 is the vacuum wavelength and nef f is the effective
index felt by the cylindrical wave in the grating area. The right part of
(2.9) is determined by the phase difference between the focusing wave
toward the photonic wire and the input wave from the fibre. (2.9) is
valid if the effective index in the grating area is equal to the effective
index in the (slab) waveguide region. This is not the case for SOI gratings, but we will still use this equation as a first order approximation.
In [61], an improved constructive interference condition is determined.
However, the equation is of the sixth order in y and z and gives not
much physical insight.
By taking the square of (2.9):
z 2 (n2ef f − n2t sin2 θ) + y 2 n2ef f = q 2 λ20 + 2qλ0 nt z sin θ

(2.10)
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Figure 2.18: Elliptical grating lines calculated using (2.11). (a) θ=10◦ . (b)
θ=50◦ .

and after some algebra, we obtain following equation for the grating
lines:

2
nt sin θ
z − n2qλ0−n
2 sin2 θ
t
y2
ef f
(2.11)

2 + 
2 = 1
qλ0 nef f
n2ef f −n2t sin2 θ

qλ0
(n2ef f −n2t sin2 θ)1/2

For vertical coupling (θ=0◦ ), the grating lines are concentric circles
with the common center (the origin) as the focal point. For coupling at
an angle the grating lines are ellipses. In Figure 2.18, elliptical grating
lines calculated using (2.11) are shown for two fibre angles. For small
angles from vertical position (e.g. θ=10◦ ) the difference with circular
grating lines is hardly visible.
2
2
0)
An ellipse given by the basic equation (z−z
+ yb2 =1 has its focal
a2
√
points at coordinates (z, y) = (z0 ± a2 − b2 , 0), where a and b are half
the long and short axis respectively. If we apply this on (2.11), the focal
points are at:
f1 (z, y) = (0, 0)
(2.12)
f2 (z, y) = (

2qλ0 nt sin θ
, 0)
− n2t sin2 θ

n2ef f

(2.13)

Thus for angled coupling, the grating lines are confocal ellipses with
the common focal point at the origin, the common focal point being
located the furthest away from the grating.
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If we consider the case y = 0 in (2.11), which gives the intersection
points of the ellipses with the positive and negative z-axis, we obtain:
z=

qλ0 (±nef f + nt sin θ)
n2ef f − n2t sin2 θ

(2.14)

The positive solutions for z are:
z=

qλ0
nef f − nt sin θ

(2.15)

Subsequent intersection points with the positive z-axis are spaced by:
Λ=

nef f

λ0
− nt sin θ

(2.16)

This can be rewritten as:
2π
2π
2π
nt sin θ =
nef f −
λ0
λ0
Λ

(2.17)

which is the Bragg condition for a linear 1D grating coupler (see section
2.1).
Practical design
We will consider two practical configurations for the focusing grating
coupler structure, for which more details will be given in Chapter 4.
In the first configuration, the light is focused onto a single-mode photonic wire, but the focusing occurs in a short taper (Figure 2.19a). If a
taper having this length would be used in combination with a standard
non-focusing grating, it would be non-adiabatic. In the second configuration, the light is focused in the slab onto a low lateral refractive index
contrast aperture (Figure 2.19b). The focal distance is the distance from
the photonic wire or aperture to the first grating line.
Some of the parameters required for applying (2.11) are extrapolated from the standard linear grating design. The effective index nef f =2.63
is approximated by the effective index obtained from the Bragg condition for a standard linear grating with period Λ=630 nm. The grating
consists of 25 lines and the q-values used for the grating are determined
by (2.9) using the opening angle, which depends on the used configuration. The expanded beam coming from the wire or aperture should
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Figure 2.19: Focusing grating couplers in two configurations. (a) Short taper.
(b) Low contrast aperture.

match the fibre mode in the middle of the grating. In short taper configuration the opening angle is the angle of the taper. In the case of a low
contrast aperture the opening angle is given by [68]:
2δ =

1
√ (−0.013113753W 6 + 0.192881257W 5 − 1.145133867W 4
2
+3.490394736W 3 − 5.663588689W 2 + 4.287082758W
−0.193518937)

with W the width of the aperture. This angle is used to calculate the
length L where the beam has a width equal to the width of the fibre
mode. (2.9) is then used with (z,y)=(L,0) to calculate the corresponding
q-value, which is the number of the middle grating line. For a low contrast aperture of 0.8 µm width, this value qmiddle =32. The grating is then
built by using (2.11) with q-values ranging from q=20 until q=44. Other
grating parameters are kept identical to the standard linear grating, i.e.
etch depth=70 nm, grating line width=365 nm.

2.5

Substrate type InP/InGaAsP grating couplers

As explained in Chapter 1, substrate type InP/InGaAsP layer structures are attractive for monolithic integration with active components.
Fibre coupling schemes are often based on adiabatic tapers and edgecoupling. However, grating couplers using vertical coupling offer distinct advantages, wafer-scale testing being the most important. Therefore, it would be interesting to have also a grating coupler solution
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for InP/InGaAsP waveguides. Another application, besides fibre coupling, is the combination of grating couplers with a vertical emitting
active device like a VCSEL.
However, due to the modest index contrast of InP/InGaAsP layer
structures it is not possible to transfer existing designs for strong and
compact rectangular grating couplers in Silicon-on-Insulator or InP membrane to InP/InGaAsP layer structures. Etching a shallow grating in
the top cladding results in weak interaction of the light in the waveguide with the grating. Deeper etching into the waveguide core causes
strong reflections. A possible solution is imposing a preferential direction, by using slanted gratings instead of vertically etched gratings.
Slanted couplers have already been described in literature. Very
high theoretical coupling efficiencies were reported for compact slanted
grating couplers, both for low vertical index contrast polymeric waveguides (80.1%) [69] and high vertical index contrast SOI waveguides
(75.8%) [38], but no experimental results have been reported. Surface
emitting lasers in InGaAs-AlGaAs with blazed grating outcouplers have
been demonstrated in [70]. The surface emission efficiency of the lasers
using blazed grating outcouplers, was measured to be over 80%. However, the gratings were 320 µm long.
In the following sections, we will design compact and efficient slanted
grating couplers for InP/InGaAsP waveguides.

2.5.1

Proposed structure

The grating we aim for is shown in Figure 2.20. By etching air slots at
an angle of 45◦ , the vertical (outcoupling) direction is favored. Etching
through the core is required to capture all of the light in the guided
mode. The incident light reflects upwards at the interface with the
air slot. If the slots are narrow enough, part of the light can tunnel
through the slot (frustrated total internal reflection) and reach a second
slot, where again it gets partly reflected and partly transmitted. In this
way, the waveguide mode is coupled out vertically in a distributed way
as required in order to match the mode of a fibre positioned vertically
above the grating.

2.5.2

Design

The most important parameter in the design is the width of the air slots.
When the slots are too wide there will be little transmission and almost
all the light will be coupled out by the first slot, resulting in a poor

44

Grating coupler design and optimizations

Figure 2.20: Principle of the slanted grating coupler.

overlap with the fibre mode. When the slots are too narrow, most of
the light will tunnel through the slot, and little light will be reflected
upwards. 2D simulation results for a single slot etched at 45 degrees
completely through the core are shown in Figure 2.21.
The transmitted and upwards radiated power is calculated as a function of slot width, for slots etched at 45◦ completely through the waveguide core. The waveguide has a 522 nm thick InGaAsP (Q1.22 ) core
layer and a 300 nm InP top cladding, on an InP substrate. A top AR√
coating (Anti-Reflection coating, a quarter wave layer with n= nInP )
is applied in order to avoid radiation back into the waveguide. The
wavelength is 1550 nm and the polarisation is TE (electric field parallel
to the slots). A very good agreement is obtained between eigenmode
expansion calculations (CAMFR) and FDTD simulations. The upwards
radiated power and transmitted power do not add up to 100%, because
part of the power is scattered and radiated towards the substrate.
We have also calculated the radiation properties for TM-polarisation
(magnetic field parallel to the slots). For narrow slots substantially
more light is radiated upwards than in the TE-case, so it is difficult
to couple light out in a distributed way for achieving high coupling
efficiency. These results indicate that the slanted coupler is not polarisation insensitive. Based on Figure 2.21 we have made two designs for
TE-polarisation.
First diffraction order coupled to fibre
In a first design, the first diffraction order is coupled into a vertically
positioned fibre. This implies that the period is small and the number
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Figure 2.21: Radiation properties of a single slot etched at angle of 45◦ completely through the waveguide core. The field profile shown left is for TEpolarisation.

of periods is relatively large in order to match the dimensions of the fibre mode. Therefore, the slots have to be very narrow in order to allow
enough transmission through them. We have chosen 50 nm slots as a
lower bound. The etch depth is 1 µm (vertically), a realistic value from a
fabrication point of view. However, deeper etching is preferred to avoid
coupling towards the substrate. The final structure has 20 periods and
the period is 0.49 µm. The maximum coupling efficiency to a vertically
positioned fibre is 43% and 59% with and without AR-coating respectively. For the structure with AR-coating there is no reflection back into
the waveguide. Without AR-coating, this reflection is 13%. The field
distribution calculated with CAMFR is shown in Figure 2.22a.

Third diffraction order coupled to fibre
In the second design, the third diffraction order is coupled into the fibre. The period of the grating is then larger, and less periods are required to match the fibre mode. We use 4 slots of 150 nm width, etched
to a depth of 1.3 µm (vertically). To couple all the remaining light upwards, the last slot is 700 nm wide. The period is 1.51 µm and has been
optimised to obtain a phase front propagating in the vertical direction.
The field distribution calculated with CAMFR is shown in Figure 2.22b.
The maximum coupling efficiency to a single-mode fibre is 34% without
AR-coating and 48% with AR-coating. For this structure, the reflection
is 4% and 26% with and without AR-coating.
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Figure 2.22: Field profile of slanted grating couplers. (a) First diffraction order
is coupled into the fibre. (b) Third diffraction order is coupled into the fibre.

Figure 2.23: Wavelength dependence of slanted gratings calculated by FDTD
simulations.
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The wavelength dependence of both slanted gratings calculated by
FDTD is shown in Figure 2.23. The 1st order grating has a 1 dB bandwidth of 60 nm, while the 3rd order grating has a 1 dB bandwidth of 75
nm.

2.6

Conclusions

In this chapter, we have described and designed different types of 1D
grating couplers. For membrane type structures, we have transferred
designs for Silicon-on-Insulator to a BCB bonded InP membrane. The
influence of grating parameters and layer structures are discussed, resulting in 3 different basic designs which will be characterised in Chapter 4. Using a 200 nm InP membrane the grating coupler efficiency can
be as high as 71% for a standard design.
Additionally, we have optimised these high-index contrast structures further, both in efficiency and compactness. Uniform grating couplers with a gold bottom mirror can achieve a coupling efficiency of
78%. Using focusing grating couplers, adiabatic transitions from wide
waveguides to single-mode photonic wires can be omitted, resulting in
a length reduction by a factor of 8 of the coupling structure.
For substrate type InP/InGaAsP waveguide structures with modest
vertical index contrast, we have proposed slanted grating couplers, the
best design achieving a theoretical coupling efficiency of 59%.
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Chapter 3

Fabrication
In this chapter we will give an overview of the fabrication processes
used in this work. First, the processes for pattern definition are described in a general way. Then, specific fabrication processes related to
the different material systems used in this work are addressed.

3.1

Pattern definition

In order to achieve the required functionality on the chip, the appropriate pattern has to be defined. This is done in subsequent basic steps,
which are shown in Figure 3.1 and will be described in the next sections. The first step is lithography, where the pattern is defined in a
resist layer. We have used optical lithography and e-beam lithography.
Other types are nano-imprint lithography or focused ion beam lithography, which is a variation on e-beam lithography.
After lithography, the pattern has to be etched into the semiconductor material. In a lot of cases an intermediate hard mask (e.g. SiO2 or
metal) is used. In that case, the pattern is first transferred into the hard
mask layer using the resist pattern as a mask. Afterwards, the pattern
is etched into the semiconductor.

3.1.1

Lithography

Optical lithography
In optical lithography, a geometric pattern from a photomask is transferred to a light-sensitive photoresist . The photomask is a quartz plate
49
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Figure 3.1: Pattern definition into semiconductor material. (a) Deposition of
hard mask and resist. (b) After lithography and development. (c) Pattern
transfer into hard mask and resist removal. (d) Pattern etch into semiconductor material and hard mask removal.

with features (e.g. in chrome) that block the light from an illumination lamp. The light reaches the substrate with the resist on specific
places and changes the properties of the resist. During development in
a chemical, the exposed (or unexposed) parts of the resist are selectively
removed.
The simplest type of lithography is contact lithography. The photomask is brought into contact with the substrate and exposed to ultraviolet (UV) light. A more advanced type of optical lithography is projection lithography. Here, projection systems project the mask onto the
wafer without making contact. Typically, the wafer is patterned die
after die. This type of lithography is used today for high volume production.
For illumination, light from a gas discharge lamp is filtered to select
a single spectral line in the UV range (e.g. INTEC uses light at λ= 320
nm). Nowadays, the trend is to use shorter wavelength light produced
by excimer lasers (e.g Krypton Fluoride laser at λ= 248 nm or Argon
Fluoride laser at λ=193 nm). This reduction of the illumination wavelength is important to increase the resolution of the projection. A typical resolution of 50-100 nm can be achieved with projection lithography.
By using immersion techniques, this resolution can even be improved
further.
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Figure 3.2: Reactive Ion Etching (RIE) (from [71]).

E-beam lithography
E-beam lithography uses an electron beam in combination with an electron sensitive resist (e.g PMMA or ZEP-520). The beam is scanned
across the substrate (covered with resist), following the pattern that
needs to be defined. During development, the exposed parts of the
resist are removed (for a positive resist). Features with dimensions of
a few nanometer can be defined using this technique. A disadvantage
is the sequential nature of the technique, which makes it slow and not
very well suited for high volume production. It is typically used in
research and development and for photolithography mask fabrication.

3.1.2

Dry etching

Following lithography, the pattern needs to be defined in the semiconductor material through an etching technique. Often, an intermediate
hard mask is used. All devices developed in this work require a high
degree of etching verticality. Therefore, wet etching methods can not be
used since they lead to profiles with isotropic or crystallographic characteristics. However, (dry) plasma etching methods can achieve a high
etch anisotropy and dimensional control due to the utilisation of both
physical and chemical etch components [71].
Reactive Ion Etching
A typical Reactive Ion Etching (RIE) configuration is shown in Figure
3.2. The vacuum chamber is filled with gases and a plasma is cre-

52

Fabrication

Figure 3.3: Inductively Coupled Plasma RIE (ICP-RIE) (from [71]).

ated by RF-excitation of two parallel electrodes. Ions are accelerated to
the lower electrode (with the sample) and strike it at near-vertical incidence. This performs the etching. High process pressure and low voltages results in predominantly chemical etching of the substrate. Low
pressure and high voltages results in physical ion sputtering of the substrate.
Inductively Coupled Plasma RIE Etching
Inductively Coupled Plasma RIE (Figure 3.3) is a high-density plasma
etching technique. The plasma is generated in a chamber that is encircled by an inductive coil, and diffuses from the generation region
towards the sample. The plasma has a high-density and low energy,
as a result of which etching can occur with low damage and still obtaining high etch rates. ICP-RIE is used in this work for etching of InP
membrane devices.
Chemically Assisted Ion Beam Etching
Chemically Assisted Ion Beam Etching (CAIBE) (Figure 3.4) uses a gridded ion source, which generates a collimated beam of ions. A plasma
is created in the ion discharge chamber, from which the ion beam is
extracted. A chemical etching component is introduced in the form of
a reactive gas. Advantages of this etching method are the significantly
increased etch rates and the low damage (due to the chemical etch component). The physical etch parameters (ion energy and current density)
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Figure 3.4: Chemically Assisted Ion Beam Etching (CAIBE) (from [71]).

and chemical etch parameters (reactive gas flow rate, sample temperature) can be varied almost independently.
CAIBE can also be used for angled etching. Due to the remote generation of the ion beam, the orientation of the sample can be changed
during etching. For example, by tilting the sample relative to the ion
beam, angled etching can be performed without creating a positive
sloped or overcut profile.
CAIBE is used in this work for deeply etched structures in InP/InGaAsP
heterostructures and slanted grating couplers.

3.2

Deposition methods

In this section we will give a short overview of the methods used for
depositing thin layers, both metals and dielectrics, onto the chip surface.

Joule evaporation
This method is mostly used for depositing metal layers onto the chip
and uses a vacuum chamber. A current is sent through a crucible containing the metal to be evaporated. The metal melts and the chamber
is filled with metal vapour. The metal is also deposited onto the chips
which are mounted upside down above the crucible. We have used this
method for depositing gold bottom mirrors and detector contacts.
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Sputtering
Sputtering can be done in the same machine used for Joule evaporation. In the vacuum chamber, there is a sputter unit next to the Joule
evaporation unit. The sputter unit consists of a cathode made from the
material to be deposited, an anode and a gas inlet. A plasma is created
by applying a high voltage between anode and cathode. Ions created in
this plasma (mostly Ar) are accelerated to the cathode and small pieces
are eroded from it. These pieces fill the chamber and are deposited
onto the chip surface. Sputtering has been used for depositing detector
contacts.
E-beam evaporation
E-beam evaporation is done in a vacuum chamber and can be used
for depositing both metals and dielectrics. An e-beam coming from an
e-gun source is focused onto a crucible containing the material to be
evaporated. The impact of the electrons makes the material melt and
evaporate. The crucible can be cooled and the melting temperature of
the material to be deposited can be higher than the melting temperature
of the crucible, which is not the case in Joule evaporation. We have used
this method for depositing SiO2 layers.
Plasma Enhanced Chemical Vapor Deposition (PECVD)
The PECVD process is very similar to plasma etching. By applying a
voltage between two electrodes, a plasma is created in a gas mixture in
the chamber. The plasma contains electrons, ions and radicals, which
react with each other and with the surface. Non volatile materials are
formed and deposited onto the chip. The choice of the gases determines
which material will be deposited. We have used PECVD for depositing
SiO2 layers onto the chip.

3.3
3.3.1

Processes for substrate type InP/InGaAsP
Deep and slanted etching using CAIBE

As discussed in Chapter 2, compact and efficient grating couplers can
be obtained for substrate type InP/InGaAsP layer structures, provided
that the grating teeth are very narrow and etched completely through
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Figure 3.5: Angled InP/InGaAsP etching, performed at University of St. Andrews, UK. Left: Slanted CAIBE etching of narrow lines (100-150 nm) in
InP/InGasP. Right: Slanted CAIBE etching of wider lines (300 nm and more).

the waveguide core under an angle. This implies that the aspect ratio, being defined as the ratio between depth and width of the etched
feature, is high. As discussed above, angled etching can be performed
using CAIBE.
A process for slanted CAIBE etching with high aspect ratio has been
developed at the University of St. Andrews. To achieve the slanted etch
profile, the sample is mounted on a slanted holder. Pictures of narrow
lines etched under an angle of 45◦ are shown in Figure 3.5. First, the pattern is defined using e-beam lithography and PMMA resist and transferred into a SiO2 hard mask with RIE using CHF3 chemistry. Then,
this hard mask pattern is etched at an angle into the InP/InGaAsP heterostructure using CAIBE with Cl2 chemistry. The parameters of this
process are described extensively in [72]. Lines of 150 nm width can be
etched 800 nm deep, while 300 nm wide lines can be etched over 1.3
µm deep.

3.4
3.4.1

Processes for InP membrane
Shallow etching using ICP-RIE

A clear advantage of membranes is the fact that the required aspect ratio is moderate. The membrane layer typically has a thickness of λ/2n,
which is ∼ 200-300 nm for semiconductor membranes. The aspect ratio
of the features in this work is about 1:1. For all the structures, a 150 nm
PECVD SiO2 hard mask is used.
The patterning is done by e-beam lithography using PMMA or ZEP520 as a resist. This pattern is transferred into the hard mask using RIE
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Figure 3.6: Left: 3-cycle InP etching of a grating. Right: 15-cycle etching of
photonic crystal holes.

with CHF3 chemistry. Both steps are performed at the University of
St. Andrews. The pattern is then etched into the top InP membrane
layer with ICP-RIE at Ghent University. The process is done in cycles,
consisting of a 90 seconds InP etch step using CH4 /H2 , followed by a 60
seconds O2 plasma cleaning step. One etching cycle typically removes
25-30 nm of InP. The InP etch parameters are: a CH4 /H2 15/40 sccm
mixture, RF power of 240 W, ICP power of 100 W, a pressure of 20 mTorr
at 100◦ C. The O2 plasma parameters are: 50 sccm , RF power of 100 W,
ICP power of 150 W, a pressure of 40 mTorr. After etching the SiO2 hard
mask is removed using diluted Hydrogen Fluorid (HF).
Figure 3.6 shows results of the ICP-RIE InP etching. A shallow grating coupler typically requires 3 cycles of etching, while a photonic
crystal etched through the membrane requires 15 cycles. The sidewall
and etch floor roughness is low, but the sidewalls are not perfectly vertical, especially for the PhC holes. Further optimising of the etching
parameters could improve this sidewall slope.

3.4.2

Bonding

The vertical index contrast that can be obtained through epitaxial growth
is moderate. In order to achieve a high vertical index contrast, additional processing steps are required. In general, there are two ways for
obtaining the membrane. The first approach is using local wet underetching of a sacrificial layer [73]. In that case a suspended semiconductor membrane in air is obtained. Special care needs to be taken when
drying the samples in order to prevent sticking of the free-standing
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membrane to the substrate [74]. We have used bonding to obtain the
high index contrast membrane.
Several types of bonding exist, each with their advantages and disadvantages. We will give a short overview of the most important techniques and then focus on adhesive wafer bonding using BCB, which is
the method used in this work.
Direct bonding
In direct bonding two wafers are brought into contact and bonded together by applying pressure and/or a high temperature. The physical principle behind the initial bonding is the Van der Waals attraction
force. After annealing the bonds become covalent. The surfaces of the
wafers need to be very flat and clean, which may be difficult to obtain. In principle, a variety of material combinations can be bonded
together. The high temperature often required (>500◦ C for some material combinations) is a drawback, especially when combining materials with largely different thermal expansion coefficients. In addition,
it may cause problems for metallisation if processing is done before
bonding and cause unwanted diffusion of dopants.
In molecular bonding, a thin SiO2 layer is applied on both surfaces.
A small amount of roughness can be removed by Chemical Mechanical
Polishing (CMP) of the oxide layer, although the requirements on flatness and cleanliness of the substrates remain stringent. This approach
was used to obtain the InP membranes in [12].
Anodic bonding
This type of bonding is used to bond glass substrates containing sodium
(Na) to silicon substrates. By applying high temperature (around 300500◦ C) and a high voltage (1 kV), sodium ions drift from the glass surface to be bonded, while oxygen ions remain at the surface. As a result,
a depletion layer with large electric field is created and both substrates
are bonded by Si-O2 chemical bonds.
Metallic bonding
In metallic bonding, a metal is deposited on both substrates and after
bringing them into contact the temperature is elevated until the metal
melts and a bond is formed. Typical melting temperatures are in the
range of 120-350◦ C. In most cases an eutectic alloy is used, the most
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common common material being AuSn. For some applications metal
bonding is interesting for forming electrical contact between different
materials.
Adhesive bonding
In adhesive bonding one or both substrates are covered with an adhesive layer, serving as the bonding agent. The advantage of this approach lies in the fact that in a lot of cases some roughness can be tolerated due to the planarising properties of the adhesive. Typically, the
adhesive has a material dependent curing temperature and maximum
temperature for post-processing. In literature, a wide variety of materials have been used, including SU8 [75], PMMA [76], spin-on-glass [77],
etc.
We use DVS-BCB (divinilsiloxane-bis-benzocyclobutene)1 from The
Dow Chemical Company as the adhesive layer, a spin-on polymer widely
used in the microelectronics industry. Interesting properties of this adhesive include: low cure temperature of 250◦ C, low dielectric constant,
high degree of planarisation, transparency at telecom wavelengths, thermal stability, chemical resistance, low outgassing. The bonding process
was developed in the PhD work of I. Christiaens [78] and G. Roelkens
[79]. We have used and adapted this process for our application.
We perform die-to-wafer bonding (in contrast to wafer-to-wafer bonding) using the process depicted in Figure 3.7. We start from an epitaxially grown InP based layer structure, consisting of a thin InP membrane on an etch-stop layer (InGaAsP or InGaAs) on an InP substrate.
The etch-stop layer can be selectively removed with regards to the surrounding InP layers. The pattern is defined before bonding (Figure
3.7a), using e-beam lithography and etching processes as described above.
The advantage of this choice is that standard patterning processes for
InP/InGaAsP can be used. Additionally, this approach allows for doublesided processing. The yield of the bonding process should be very high
in this case, in order not to waste the patterning effort. This is the case
when using thick (i.e > 1 µm) bonding layers. Pattern definition after
bonding would also be possible, but then the patterning processes are
less standard and need re-optimisation.
It is important that the substrates are very clean before bonding,
especially when using thin bonding layers. The requirements are less
stringent for the thicker bonding layers used in this work, since they
1

We will use the short name BenzoCycloButene or BCB in this work.
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Figure 3.7: BCB wafer bonding process. (a) patterned InP sample to be
bonded. (b) BCB buffer layer and gold mirror deposition. (c) bonding step.
(d) InP substrate removal. (e) etch-stop layer removal.

can planarise some of the particles on the dies. Since the InP dies are
patterned before bonding, we can not remove sacrificial layers as a
cleaning method. However, the removal of the hard mask in diluted
HF renders the InP surface hydrophilic, which has a positive influence
on the bonding strength [79]. Afterwards, we use a simple cleaning of
the III-V dies with acetone:IPA:DI-water.
After drying, a buffer layer with the appropriate thickness has to be
applied onto the sample. This can be a deposited SiO2 layer (PECVD
or e-gun) or a spin-coated BCB layer. In the latter case, the spinning
speed determines the layer thickness. A curve of layer thickness as a
function of spinning speed is shown in Figure 3.8 for a 8x8 mm2 nonpatterned sample. In section 2.4.1 we have calculated the optimal BCB
thickness to be 700 nm, which is obtained for a spinning speed of 9000
rpm. Next, the BCB buffer layer is hard cured in a N2 environment
using the temperature profile shown in Figure 3.9. Then, a gold layer
is defined onto the gratings using Joule evaporation and lift-off. This
layer will serve as the bottom mirror (Figure 3.7b).
This die is then bonded onto a host substrate using another BCB
layer. Therefore, a BCB layer is spin coated onto a cleaned host substrate (Si, GaAs, pyrex, etc) and the host substrate is placed on a hotplate for 5 minutes at 150◦ C in order to evaporate remaining solvents.
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Figure 3.8: BCB thickness as a function of spinning speed.

Figure 3.9: Temperature profile for hard curing of BCB.
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Figure 3.10: Cross-section of a bonded InP membrane grating coupler with
bottom mirror.

Then, the InP die is brought into contact (epitaxial layers down) with
the host substrate which is kept at 150◦ C (Figure 3.7c). Bonding can be
done manually using (clean) tweezers to handle the substrates. When
both substrates are in contact, included air bubbles are removed by
moving the bonded sample around. This is possible since the BCB is
liquid at 150◦ C. After bonding, the sample is cured following the temperature profile of Figure 3.9.
Then, the original InP substrate and etch-stop layer are removed.
The InP substrate is removed by lapping, using a slurry of AlOx powder suspension until a remaining thickness of ∼ 70 µm. The last part
of the InP substrate is removed by selective wet etching in HCl (Figure
3.7d) . Finally the etch stop layer is removed by selective wet etching
in 8H2 O:H2 O2 :H2 SO4 (Figure 3.7e). An SEM picture of a Focused Ion
Beam (FIB) cross-section of a bonded InP membrane grating coupler
with bottom mirror is shown in Figure 3.10.

3.4.3

Integration of detectors onto InP membrane

For the integration of detectors onto the InP membrane platform, the
basic InP membrane layer structure needs to be extended with a p-i-n
junction. The epistructure and doping levels are summarised in table
3.1. It consists of a 80 nm highly p-doped InGaAs contact layer, a 500
nm intrinsic InGaAs absorbing layer, a 300 nm slightly n-doped InP
membrane layer, an InGaAs etch-stop layer on an InP substrate.
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material
InGaAs
InGaAs
InP
InGaAs
InP substrate

thickness (nm)
80
500
300
500
-

doping (1/cm3 )
p-type, 1 x 1019
intrinsic
n-type, 2 x 1017
-

Table 3.1: Layer structure for integrating detectors onto InP membrane (from
top to bottom).

The integration scheme is shown in Figure 3.11, starting from the
epitaxial InP wafer (Figure 3.11a). First, the detector mesa is defined
using optical contact lithography and etching until the InP membrane
layer is reached. In order to avoid underetch of the resist mask, the
first part of the mesa is dry-etched (ICP-RIE) and only the very last
part of the mesa is wet-etched selectively with respect to the underlying InP layer. The result is shown in Figure 3.11b. A 150 nm SiO2 hard
mask is then PECVD-deposited for patterning (Figure 3.11c). The gratings, photonic crystals, waveguides, via holes, etc. are defined using
e-beam lithography aligned to the detector mesas and etched into the
hard mask (at the University of St. Andrews) (Figure 3.11d). Then, the
pattern is etched into the InP membrane using a two-step etch process.
First, photonic crystals and via holes are ICP-RIE-etched through the
300 nm InP membrane layer (15 cycles), while covering the gratings
with photoresist (Figure 3.11e-f). Afterwards, the resist is removed
(Figure 3.11g) and the whole pattern is etched for another 3 cycles (7090 nm), in order to etch the gratings (Figure 3.11h). Then the photoresist
is removed with acetone and the hard mask is removed with HF (Figure 3.11i). After this sequence, we obtain a pattern in InP, aligned to
detector mesas.
Now the sample is ready for processing of the detector p-contact. A
700 nm BCB layer is spun onto the sample for passivation (Figure 3.11j)
and hard cured for 1 hour at 250◦ C (Figure 3.9). Then the p-contact windows are defined using optical contact lithography, and opened by ICPRIE etching of the BCB using SF6 and O2 (Figure 3.11k). A 20/200nm
Ti/Au contact covering also the via hole is deposited using lift-off (Figure 3.11l). At this stage, a gold mirror for improving the grating coupler
efficiency can also be deposited.
This die is then bonded onto a host substrate using a 1 µm BCB layer
(Figure 3.11m), using the process described in previous section.
The last part of the processing involves the access to the p-contact
and the definition of the n-contact. Therefore, another 700 nm BCB
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Figure 3.11: Integration of detectors onto InP membrane.
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passivation layer is spun onto the sample (Figure 3.11o). Access to the
p-contact is provided by BCB etching through the via hole, until the
p-contact is reached (Figure 3.11p). Then the n-contact windows are
defined and opened with another BCB etch (Figure 3.11q). Finally, a
Au/Ge/Ni n-contact is deposited, and the p-contact is accessed from
the top by filling the via hole with metal (Figure 3.11r).
An overview of the most important stages in the integration scheme
are shown in the 3D pictures of Figure 3.12. Pictures of a sample at
different stages of the processing are shown in Figure 3.13.

3.5

Processes for Silicon-on-Insulator devices

The technology for Silicon-on-Insulator nanophotonic integrated circuits was developed in the PhD work of W. Bogaerts [80] and is carried
out at IMEC, Leuven. The whole process flow uses standard CMOS fabrication methods on SOI wafers having a 220 nm top guiding Silicon
layer and a 1 µm or 2 µm buried oxide layer. Both Deep UV projection lithography at 248 nm and 193 nm are used to define the patterns.
The patterns are etched into the Silicon layer with the resist pattern as
a mask using Cl2 /O2 /He/HBr ICP-RIE. A two-step etch process has
been developed in order to obtain shallow etched parts (70 nm) and
deeply etched parts (220nm, full silicon top layer etch). The alignment
accuracy between both lithography steps is of the order of 50 nm. We
have used this process to fabricate focusing grating couplers. The twostep etch process is illustrated in Figure 3.14, showing a low contrast
aperture.

3.6

Conclusions

In this chapter we have described the fabrication processes developed
and used in this work, for different layer structures. The main part
involved nanophotonic devices in InP membrane technology. In that
case, e-beam lithography and dry-etching is used to define gratings,
waveguides, photonic crystals, etc. Adhesive wafer bonding by means
of BCB is used to obtain the InP membrane. A detailed scheme for
integrating detectors onto this InP membrane platform is described and
implemented.
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Figure 3.12: Important stages of the integration scheme. (a) detector mesa definition. (b) InP etching of pattern and via holes. (c) passivation and definition
of the p-contact. (d) BCB bonding. (e) substrate removal and etch-stop layer
removal. (f) n-contact definition and access to the p-contact.
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Figure 3.13: Pictures at different stages of the detector integration scheme (a)
after mesa definition and InP etch. (b) after opening p-contact. (c) after pcontact lift-off (covering the via hole), before bonding. (d) final device.

Figure 3.14: Low contrast aperture in SOI using a 2-step etch process.

Chapter 4

Characterisation of 1D
grating couplers
In this chapter we will characterise the grating couplers designed in
Chapter 2. The main part focuses on grating couplers in BCB bonded
InP membrane. For the optimised versions we take advantage of the
advanced and high volume processing capability of Silicon-on-Insulator
integrated circuits. Experimental results for slanted grating couplers in
InP/InGaAsP waveguides are shown. We compare the experimental
results with simulations for the actual fabricated structures.

4.1

Characterisation method

The standard method for grating coupler characterisation at INTEC is
shown in Figure 4.1. The sample typically consists of an input grating
coupler, a connecting waveguide circuit and an output grating coupler.
A fibre connected with a tunable laser is positioned over the grating at a
distance of approximately 10 µm. At the output, a fibre connected with
a photodetector is positioned over the output grating. In most cases,
both fibres are tilted 10 degrees from vertical position in order to avoid
second order reflections. The transition to single-mode photonic wires
is omitted in these test structures. Therefore, waveguide losses can be
neglected since the waveguides are 3-12 µm wide. By assuming that
input grating and output grating are identical, the coupling efficiency
of a single grating coupler can be calculated from :
η=

p

Pin /Pout
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(4.1)
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Figure 4.1: Fibre-to-fibre characterisation of grating couplers.

where Pin is the optical power reaching the input grating and Pout is
the optical power measured at the detector.

4.2
4.2.1

Membrane type grating coupler structures
BCB bonded InP membrane grating couplers

First and second generation gratings have been fabricated in the framework of the European IST-FUNFOX project. E-beam lithography and
pattern transfer into the hard mask have been performed at the University of St. Andrews, while InP etching and bonding have been performed at INTEC.
First generation gratings (300 nm InP membrane)
The first generation gratings are fabricated following the optimal design with additional Al2 O3 top layer. They show an experimental coupling efficiency of 19% without top layer, which increases to 30% after
applying an Al2 O3 top layer. The experimental coupling efficiency is
substantially lower than calculated for the optimal design (53%), which
is caused by deviations between fabricated structure and design. The
parameters of the grating structure are extracted from an SEM picture after making a cross-section using Focused Ion Beam (FIB) (Figure
4.2a). The etch depth of the grating is 139 nm (design: 130 nm), the
bonding BCB layer thickness is 1.3 µm (design: 1.17 µm) and the Al2 O3
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Figure 4.2: First generation grating couplers. (a): SEM picture of a crosssection, with Al2 O3 top layer. (b) Measurement and simulation for the fabricated structure, with and without Al2 O3 top layer.

layer thickness is 240 nm (design: 270 nm). In Figure 4.2b, a comparison between simulation of the fabricated structure and the experimental results is shown. We observe a wavelength shift of 20 nm between
theory and simulation. All parameters of the structure (including refractive indices, filling factor, period, etch depth) have an influence on
the coupling wavelength, so they should all be known to a very high
precision. For the case without top layer, the experimental coupling
efficiency is only slightly lower than the theoretical value. The discrepancy increases when adding the top layer, indicating that the quality of
this layer is not optimal.

Second generation gratings (300 nm InP membrane)
The second generation gratings are fabricated following the optimal
design without additional top layer. The etch depth is reduced to 91
nm, while the BCB thickness (1.13 µm) is close to the optimal value (1.2
µm). On top of the sample, a BCB layer of 442 nm is applied, serving
as a passivation layer for detector structures elsewhere on the sample.
The measured coupling efficiency is 33%, while the theoretical coupling
efficiency for this structure is 38% (Figure 4.3b). We observe the same
wavelength shift of 20 nm between experiment and simulation.
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Figure 4.3: Second generation grating couplers. (a): SEM picture of a crosssection. (b) Measurement and simulation for the fabricated structure.

Third generation gratings (200 nm InP membrane)
In the framework of a collaboration with the Technical University, Eindhoven (The Netherlands), we have fabricated grating couplers in a 200
nm InP membrane. Both e-beam lithography and InP etching are performed in Eindhoven. The measured coupling efficiency is 46%, while
the maximum theoretical coupling efficiency for a 200 nm InP membrane is 71%. The fabricated structure deviates slightly from the optimal design. The etch depth is 118 nm (design: 110 nm) and the BCB
thickness is 1.33 µm (design: 1.2 µm). A comparison between measurement and simulation for the fabricated structure is shown in Figure 4.4.
A wavelength shift of 7 nm is observed between both, together with a
discrepancy of 13% in coupling efficiency.

4.2.2

Grating couplers with gold bottom mirror

In order to further improve on the coupling efficiency, we have fabricated the optimised designs with gold bottom mirror from section
2.4.1. By adding the bottom mirror, radiation towards the substrate is
avoided. The Silicon-on-Insulator design was used to proof the principle and develop the technology. Afterwards, BCB bonded InP membrane versions were implemented.
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Figure 4.4: Third generation grating couplers on 200 nm InP membrane. Measurement and simulation for the fabricated structure. The minimum wavelength of the tunable laser source used for the measurements is λ=1500 nm.

Silicon-on-Insulator grating with gold mirror
The grating structure uses 2 BCB layers, a buffer layer between grating
and bottom mirror and a bonding layer. First, the BCB buffer layer with
appropriate thickness (840 nm in this case) is spin-coated onto the SOI
die. After curing, a gold layer is deposited onto the gratings and the
die is bonded with another BCB layer onto a host substrate. Finally, the
silicon substrate is removed while the buried SiO2 layer remains as the
top layer. Pictures of the structure are shown in Figure 4.5, prior to and
after bonding.
On this sample, only the input coupler has a gold bottom mirror.
First, the coupling efficiency of a bonded grating coupler without bottom mirror is determined by measuring the transmission of reference
structures (without mirror). From this measurement, the coupling efficiency is deduced to be 26%. This value is then used for determining
the coupling efficiency of a grating coupler with bottom mirror. The
results are summarised in Figure 4.6, together with the simulated coupling curves. The measured coupling efficiency is 69%. Apart from the
wavelength shift there is good correspondence between simulation and
experiment.
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Figure 4.5: (a) Top-view of the fabricated SOI structure with bottom mirror,
prior to bonding. Gratings are poorly visible due to the gold. (b) SEM picture
of a FIB cross-section, after bonding.

Figure 4.6: Characterisation of bonded SOI grating couplers with and without
gold bottom mirror.
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Figure 4.7: Characterisation of BCB bonded InP membrane grating couplers
with gold bottom mirror and BCB buffer layer. (a) SEM picture of a crosssection, showing nearly perfect planarisation. (b) Measurement and simulation for the fabricated structure.

InP membrane (300 nm) grating with BCB buffer and gold mirror
Here, both input and output grating couplers have a bottom mirror.
Figure 4.7 shows the results for a grating coupler where we bonded
directly on a gold coated substrate. The experimental coupling efficiency is 56%. The fabricated structure has a lower filling factor than
designed (41% instead of 50%) and the etch depth is 84 nm (design:
70 nm). The BCB buffer thickness is 1.18 µm (design: 1.23 µm). Still,
there is a relatively large discrepancy between experiment (56%) and
simulation (78%).
InP membrane (300 nm) grating with SiO2 buffer and gold mirror
The structure with gold mirror and BCB buffer layer from previous
section was close to target. However, it is very difficult to reproduce
the buffer thickness between grating and mirror, especially if the BCB
buffer layer also serves as the bonding layer. Since this buffer thickness
is very critical, we have fabricated a structure where a SiO2 (instead of
BCB) buffer layer is PECVD-deposited. This process has better thickness control and reproducibility than spin-coated BCB, but planarisation is less good.
A cross-section of the structure is shown in Figure 4.8a. The PECVD
SiO2 planarises to some extent, and smoothens out the rectangular profile of the grating at the mirror side. However, the grating profile is
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Figure 4.8: Characterisation of BCB InP membrane grating couplers with gold
bottom mirror and SiO2 buffer layer. (a) SEM picture of a cross-section, showing planarisation to some extent. (b) Measurement and simulation for the
fabricated structure.

still visible in the Au layer, which is not the case for the nearly perfect
planarising BCB. The measurement results are shown in Figure 4.8b.
The experimental coupling efficiency is increased to 60%. The buffer
thickness is close to target (690 nm instead of 720 nm designed) with a
reproducible process and the etch depth is 67 nm (design 70 nm). The
theoretical coupling efficiency calculated for a perfect planarising SiO2
layer (which is an approximation) is 77%.

4.2.3

Focusing grating couplers in Silicon-on-Insulator

In this section, the length of the coupling structure will be minimised
in order to increase the integration density on the chip. For coupling
to a functional integrated circuit the length of the coupling structure
is mainly determined by an adiabatic transition from 10-12 µm wide
waveguides to 500 nm wide single mode photonic wires. By focusing
the light onto the wires this long transition (typically >150 µm) can be
omitted.
We have implemented focusing grating couplers in two versions.
The difference between both is the transition to the single-mode wire.
In a first configuration, a short taper is used to “guide” the focusing
wave onto the wire. In a second configuration, the light is focused in the
slab onto a low lateral refractive index contrast aperture, which reduces
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Figure 4.9: Focusing grating couplers in two configurations. (a) With short
taper. (b) With low contrast aperture.

reflections at the interface. In that case, the transition from low contrast
to high contrast photonic wires is done adiabatically over a length of 30
µm. Both versions are illustrated in Figure 4.9, with typical dimensions
indicated.
Short taper vs low contrast aperture
We have measured the performance of the focusing grating couplers for
designs with different focal distances in the two configurations. For all
measurements the input couplers are focusing grating couplers, while
the output couplers are standard linear grating couplers with known
efficiency. Reference structures with standard linear grating input and
output couplers are also included. The fibre-to-fibre transmission measurements are shown in Figure 4.10.
In the short taper configuration we have considered designs with
focal distances of 12 µm and 32 µm (equal to the length of the “assisting” taper). The opening angle of the taper determines the grating design, as described in section 2.4.2. In the first design, having a short focal distance, the grating lines have a relatively strong curvature, while
for the latter design this curvature is rather modest. No performance
penalty is observed for both focusing grating couplers as compared to
standard linear gratings.
In the low contrast aperture configuration we consider two designs
for two different widths of the aperture. The focal distance (and the grating curvature) is determined by the opening angle of the aperture. A
low contrast aperture of 0.8 µm width corresponds with a focal distance
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Figure 4.10: Transmission measurements for focusing grating couplers in
short taper and low contrast aperture configuration. Differences in peak transmission are barely visible.

of 11.7 µm, while a low contrast aperture of 1.5 µm width corresponds
with a focal distance of 17.1 µm. In this configuration, no performance
penalty as compared to standard linear gratings is observed.
Influence of defocus
For all designs described in the previous paragraph we have investigated the influence of a defocus. For the short taper configuration this
means that the wire is put closer (negative defocus) or further away
(positive defocus) from the grating (which is kept identical) and that the
“assisting” taper becomes shorter or longer. For the low contrast aperture configuration, the slab area where the focusing occurs becomes
shorter or longer. The results are summarised in Figure 4.11.
For the short taper configuration and the design with focal distance
of 32 µm, there is no influence at all of defocus. This indicates that the
taper is very effective in the guiding of the light onto the wire. This is
totally different for the design with focal distance of 12 µm. A negative
defocus of 5 µm results in 1.2 dB excess loss, a positive defocus of 5
µm in 0.5 dB excess loss and a positive defocus of 10 µm in 3 dB excess
loss. In the case of a negative defocus, the taper is too steep to “assist”
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Figure 4.11: Influence of defocus for focusing gratings in short taper and low
contrast aperture configuration.

the focusing without extra loss. In the case of a positive defocus, the
spot is smaller than the taper width at the designed focal point, so the
“guiding effect” of the taper is not fully exploited any more.
For the low contrast aperture configuration with aperture width of
1.5 µm (focal distance of 17.1 µm), a negative defocus of 5 µm results
in 2.4 dB excess loss, a positive defocus of 5 µm in 0.5 dB excess loss
and a positive defocus of 10 µm in 2.4 dB excess loss. The optimal focal
distance is equal or slightly higher than the value resulting from the
calculations. The narrow aperture (0.8 µm, corresponding to 11.7 µm
focal distance) is more sensitive to defocus. A negative defocus of 5 µm
results in 3.1 dB excess loss, a positive defocus of 5 µm in 1.5 dB excess
loss and a positive defocus of 10 µm in 4.3 dB excess loss.

4.3

InP/InGaAsP slanted grating couplers

Previous measurements were for high vertical index contrast membrane type grating couplers (BCB bonded InP membrane or SOI). Here,
we will characterise the two elaborated designs for slanted grating couplers in low vertical index contrast substrate type InP/InGaAsP waveguides. SEM pictures of a cross-section of fabricated couplers are shown
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Figure 4.12: SEM pictures of slanted grating couplers. (a) first order slanted
grating. (b) third order slanted grating.

in Figure 4.12. Some voids originating from depositing an Al2 O3 ARcoating after etching can be seen. The samples were fabricated at the
University of St. Andrews, except for the AR-coating which was deposited at INTEC.
The measurement method deviates from standard fibre-to-fibre measurements. Input and output grating would require different angles
(-45 ◦ and +45 ◦ ), which can not be done in a single etching step. Therefore, we have chosen to fabricate only one slanted input grating coupler
in an InP/InGaAsP waveguide. The light coupled from the fibre to the
waveguide is collected at a cleaved facet using a microscope objective
and measured by a detector. For these designs, the fibre is positioned
vertically above the grating.
The method for calculating the grating coupler efficiency from this
transmission measurement is described in detail in [39]. In these calculations, Fabry-Perot cavity effects between grating and output facet
are taken into account. From the depth of the measured Fabry-Perot
fringes, and with the known reflectivity at the output facet, the grating
reflection can be calculated. All cavity parameters are then known, and
the relation between transmission efficiency and coupling efficiency
can be calculated. The transmission efficiency is defined as:
ηtrans =

Pin
Pdetector

(4.2)

The relation between transmission efficiency and coupling efficiency
is shown in Figure 4.13 for different reflectivities of the grating. The
curves are calculated by a transfer matrix method using a fixed facet
reflectivity of 28% and a cavity length of 1 mm.
The transmission efficiency of the first order slanted coupler (only
without AR-coating) and of the third order slanted coupler (without
and with AR-coating) are shown in Figure 4.14. The depth of the fringes
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Figure 4.13: Relation between transmission efficiency and coupling efficiency
calculated by a transfer matrix method, for different reflectivities of the grating.

(ratio between maximum and minimum) is used for determining the
grating reflectivity and the coupling efficiency using Figure 4.13. For
the third order grating without AR-coating the grating reflectivity is
6%, which decreases to 3.5% when adding the AR-coating. For the first
order grating without AR-coating, the reflectivity is 2.2%. These reflectivities are substantially lower than calculated in the simulations in
paragraph 2.5. For the third order slanted coupler, the coupling efficiency is 14% and 16% without and with AR-coating, respectively. For
the first order slanted coupler, the coupling efficiency is 8%.
The measurements show a rather large deviation from the optimal
calculated coupling efficiency, which is 48% for the third order coupler
with AR-coating. However, the fabrication of the devices is very challenging. It is very difficult to etch narrow slots (50 or 150 nm) very deep
(1.0 µm and preferably more) at an angle. This etch depth is required
to capture all of the mode and radiate the power upwards. In addition,
if the slots are wider than designed, most of the light is coupled out by
only the first few slots, resulting in a poor overlap with the fibre mode.
For the actual fabricated first order coupler (vertical etch depth of 850
nm, slot width of 70 nm), the calculated coupling efficiency (no ARcoating) is 28%. For the actual fabricated third order coupler (vertical
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Figure 4.14: Characterisation of slanted grating couplers.

etch depth of 1.1 µm and slot width of 138 nm, except for the last one),
the calculated coupling efficiency is 33% (without AR-coating) and 45%
(with 267 nm Al2 O3 as AR-coating). Although nice in concept, this type
of grating coupler has proven to be very hard to fabricate, and satisfying experimental results have not been obtained. Intensive optimisation of the fabrication, together with more fabrication tolerant designs
is required to make this type of grating coupler a viable option.

4.4

Overview

In table 4.1, we give an overview of the fabricated grating couplers and
their theoretical and experimental coupling efficiency. For BCB bonded
InP membrane grating couplers, the coupling efficiency improved from
30% for first generation gratings to 60% for optimised gratings with
bottom mirror. For bonded SOI grating couplers with bottom mirror,
the experimental coupling efficiency is 69%.
We have compared the experimental performance with the performance expected from simulations, with parameters extracted from crosssections of the grating. In almost all devices, we observe a wavelength
shift between experiment and simulation. This can be explained by the
fact that every grating parameter (etch depth, filling factor, period, re-

4.5 Conclusions
layer structure
300 nm InP membrane, top layer
300 nm InP membrane
200 nm InP membrane
300 nm InP membrane, gold mirror, BCB buffer
300 nm InP membrane, gold mirror, SiO2 buffer
bonded SOI, gold mirror, BCB buffer
InP/InGaAsP, 3rd order, AR
InP/InGaAsP, 1st order, no AR
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maximum
53%
42%
71%
78%
78%
72%
48%
43%

experimental
30%
33%
46%
56%
60%
69%
16%
8%

simulated
39%
38%
59%
78%
77%
72%
45%
28%

Table 4.1: Overview of fabricated grating couplers and their performance.
The used layer structure, the maximum theoretical coupling efficiency, the experimental coupling efficiency and the theoretical efficiency of the fabricated
structure are indicated.

fractive indices) influences the peak wavelength of the grating coupler.
The precision of extracting these parameters from cross-sections or ellipsometry (refractive index) is limited to some extent, and these errors
add up to the observed wavelength shift. However, they do not influence the peak coupling efficiency that much to explain the discrepancy
in coupling efficiency between experiment and simulation. This discrepancy is relatively large for InP based grating couplers (BCB bonded
membrane and InP/InGaAsP), while for SOI grating couplers, the correspondence in coupling efficiency is good. This gives an indication
that the processes for obtaining the InP gratings (e-beam lithography,
etching) induce some extra loss (e.g. through roughness, non verticality) as compared to the advanced CMOS processes used for Silicon-onInsulator circuits.

4.5

Conclusions

In this chapter, we have characterised 1D grating couplers, which were
designed in Chapter 2. The main part concentrated on high vertical index contrast grating couplers. Three generations of basic BCB bonded
InP grating couplers were fabricated and characterised. The best experimental result for a standard grating design is a coupling efficiency of
46%. The coupling efficiency can be further increased by adding a bottom mirror to the structures, resulting in experimental values of 69%
and 60% for SOI and InP membrane respectively. The length of the coupling structure can be decreased by a factor of 8 without performance
penalty by implementing focusing through curved grating lines. This
results in a footprint of the coupling structure of 18.5 x 28 µm2 .
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Slanted grating couplers for low vertical index contrast InP/InGaAsP
waveguides grating couplers were experimentally demonstrated, but
the experimental coupling efficiency is low. However, fabrication of
this type of couplers is very challenging.

Chapter 5

Grating coupled integrated
devices in bonded InP
membrane
In this chapter we will use the InP membrane grating couplers from
Chapter 4 to couple to other integrated devices. A difference is made
between photonic wire based devices and photonic crystal devices. First
we characterise the propagation loss of photonic wires. Afterwards,
we characterise wire based notch filters and power splitters. Then, a
photonic crystal (PhC) based wavelength demultiplexer is discussed.
Finally, we integrate passive membrane devices with p-i-n photodetectors. In the next chapter polarisation diversity will be added to these
integrated devices.

5.1
5.1.1

Photonic wires vs photonic crystals
Photonic wires

“Photonic wire” is a term typically used for membrane type waveguides. They use the refractive index contrast, both in plane and vertically, to confine the light to a small volume through total internal reflection (Figure 5.1a). For single-mode operation the dimensions of the
waveguides are typically a few hundred nm. An important amount of
the propagation loss in a photonic wire is caused by scattering due to
sidewall roughness. The smaller the wire cross-section, the higher the
propagation loss. State-of-the-art SOI photonic wire loss at INTEC is
83
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2.4 dB/cm for 220 x 500 nm2 wires fabricated using DUV lithography
[81], while recently losses of 0.92 dB/cm have been reported by Glasgow University for photonic wires with the same dimensions. They
use a hydrogen silsesquioxane e-beam resist [82] for pattern definition.
Losses for membrane photonic wires in other materials are less frequently reported. In [83], a loss of 50 dB/cm is achieved for 300 x 300
nm2 GaAs nanowires using BCB bonding. In [84], the loss of 2 x 2 µm2
suspended waveguides in InGaAsP, with lateral tethers for support, is
2.2 dB/cm.

5.1.2

Photonic crystals

Photonic crystals are structures having periodicity and a high index
contrast on a wavelength scale in one, two or three dimensions. The
gratings used in this work can also be seen as photonic crystals. The
theoretical basis of photonic crystals is described in [85], the most important feature being the possibility to achieve a photonic bandgap
(PBG). This is a range of frequencies (wavelengths) where propagation
through the crystal is forbidden.
The most widely used photonic crystal structures are periodic in
two dimensions. The in-plane confinement is provided by the photonic
band gap, while total internal reflection is used for the vertical confinement. In the holes there is no vertical confinement but radiation
losses can be avoided by operating under the so-called light line. By
perturbing the crystal, a localised mode or a set of closely spaced modes
can exist having frequencies inside the photonic bandgap. These defect
modes can not penetrate the rest of the crystal (since they are located
in the photonic bandgap), and the light is pinned to the defect. A common way for perturbing the crystal is by removing holes or rows of
holes. By removing a single or several holes, very small cavities can be
created where the light can not easily escape. By removing a single row
or several rows of holes (i.e. making a line defect), a waveguide can be
created (Figure 5.1b). Losses are important in photonic crystals, even
when working under the light line. Since the sidewall surface is larger
than an equivalent photonic wire, they are more sensitive to scattering
loss. Futhermore, inaccuracies in position (disorder) can cause additional loss.
The loss in a W1 1 photonic crystal waveguide is still an order of
magnitude higher than what has been achieved in conventional pho1

A W1 waveguide is obtained by removing a single row of holes from the crystal.
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Figure 5.1: (a) Photonic wire waveguide. (b) Photonic crystal waveguide.

tonic wire waveguides. For SOI W1 waveguides, a loss value of 14.2
dB/cm was reported in [5] using 193 nm DUV lithography. A similar
value of 15 dB/cm was reported in [86] using e-beam lithography. For
membrane W1 PhC waveguides using an air undercladding obtained
by local underetching, the loss can be lower. Reported loss values are 2
dB/cm for Si [87], 5 dB/cm for GaAs [88] and 25 dB/cm for InP [89].

5.2
5.2.1

Photonic wire based devices
Photonic wire propagation loss

In order to determine the photonic wire propagation loss of our structures, we have fabricated photonic wires with different lengths. E-beam
lithography and two-step etching were performed at TU Eindhoven,
The Netherlands, on a 200 nm InP membrane. The photonic wires are
etched completely through the InP membrane, while the light is coupled to and from the waveguides using third generation gratings (section 4.2.1) having a shallow etch.
On a first sample, the wire lengths are 500, 300, 100 and 50 µm. The
fibre-to-fibre loss is shown in Figure 5.2. There is no difference in loss
between a 500 µm, a 100 µm and a 50 µm long wire. We attribute the
difference between these three measurements and the measurement for
the 300 µm long wire (which is 0.6 dB) to a difference in grating coupler
efficiency. However, from these measurements it is difficult to deduce
a loss value in dB/cm because the wires are too short.
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Figure 5.2: Fibre-to-fibre loss for wires with different lengths.

Figure 5.3: Fibre-to-fibre loss for long wires organised in a spiral as compared
to reference structures with short 50µm long wire, on two samples S1 and S2.
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Therefore, we have also fabricated wires with different lengths in
the millimeter range. On two samples, the loss of a 5.6 mm long wire
spiral (including 40 bends with radius of 10 µm) was compared to a
reference structure with a short 50 µm wire. The excess loss due to the
spiral is measured to be 11.7 dB (S1) and 8.3 dB (S2) (Figure 5.3). If
we assume there is no excess loss introduced by the bends, this corresponds to a loss value of 20.9 dB/cm and 14.8 dB/cm respectively.
These values give an upper limit of the propagation loss, since we have
no information about radiation losses in the bend. Wires with longer
lengths had defects after e-beam lithography and etching, resulting in
low transmission. Therefore, they could not be used for determining a
more precise loss value.
The loss of these InP membrane photonic wires is high as compared
to state-of-the-art silicon photonic wires but not unacceptable for a first
generation. Improvements on e-beam lithography and etching will result in significant decrease of the propagation loss.

5.2.2

Ring resonator notch filter

In the same run we have fabricated ring resonator based notch filters,
as shown in Figure 5.4a. For small enough gaps between bus waveguide and bent waveguide light can couple between both. For specific
wavelengths a resonance occurs due to constructive interference. In the
case of a lossy filter, a drop in the transmission spectrum is then seen.
A detailed study of ring resonator based filters can be found in [90].
The measured transmission spectrum for a ring resonator notch filter with radius of 4 µm and a fabricated gap of 150 nm is shown in
Figure 5.4b, revealing a free spectral range (FSR) of 28.2 nm. A zoom
of the resonance around λ=1603.5 nm is shown in Figure 5.5a. The extinction ratio is 16 dB and the loaded Q-factor, defined as f0 /FWHM
[91] with f0 the central frequency and FWHM the full width half maximum, is then 5830. We have fitted the measured transmission curve to
the theoretical curve but due to the asymmetric nature of the latter, the
fitting is not perfect. We obtain a fitted roundtrip loss in the ring of 0.13
dB and a coupling of 2.3%.
The asymmetric form of the curve indicates non-linear effects, similar to the behaviour of SOI ring resonators [92, 93]. Therefore, we
have measured the transmission spectrum of the ring resonator structure for increasing input power of the tunable laser. The result is shown
in Figure 5.5b. For the lowest input powers, the resonance wavelength
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Figure 5.4: Ring resonator notch filter. (a) SEM picture. (b) Fibre-to-fibre transmission spectrum.

is slightly blue shifted as the input power is increased. For higher input powers, a wavelength red shift and bistability occurs. This can be
explained as follows. Due to two photon absorption free carriers are
generated, resulting in additional absorption (free carrier absorption)
and an associated negative refractive index change due to free carrier
dispersion. Recombination of these carriers results in heating and a
positive thermal refractive index change. For the lower input powers,
the free carrier dispersion effect is dominant, resulting in a blue shift of
the resonance. For higher input powers, the thermal effects take over,
resulting in a wavelength red shift and eventually bistability. For the
SOI ring resonators in [93], thermal effects are dominant for all input
powers and only a red shift of the resonance is observed. In [94], where
III-V material is bonded onto SOI racetrack resonators, the blue shift
due to free carrier dispersion is also observed.

5.2.3

MMI 3 dB splitter

In order to split the amount of incoming light into two equal paths, a
1x2 multi-mode interference (MMI) device can be used. Its operation
is based on destructive and constructive interference between different
modes in a multimode waveguide, resulting in self-imaging [95]. The
input field profile is reproduced in single or multiple images at periodic
lengths along the multimode waveguide.
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Figure 5.5: Ring resonator notch filter resonance. (a) Zoom of the resonance
around λ=1603.5 nm . (b) Resonance for increasing input powers, resulting in
bistability.
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Figure 5.6: MMI 3dB-splitter. (a) Configuration. (b) Simulation result. Only
half of the structure is simulated, based on symmetry. (c-d) SEM pictures after
bonding.

Design
The design is done with FIMMWAVE [96], a commercially available
fully vectorial mode solver, for a 200 nm BCB bonded InP membrane.
A top view of the structure is shown in Figure 5.6a. The width W of
the central multimode waveguide is chosen to be 3 µm. The input and
output waveguides are 1 µm wide in order to minimise insertion losses.
The input waveguide is placed in the middle of the central section, the
output waveguides are placed at positions +W/4 and -W/4. With these
parameters the optimal length of the central section is calculated to be
L= 6.87 µm. A simulation result is shown in Figure 5.6b, where we
simulate half the structure (based on symmetry). The simulated loss
of the structure is 0.15 dB. SEM pictures of a device after bonding are
shown in Figure 5.6c-d.
Characterisation
The characterisation procedure is as follows. First, the transmission
through a reference waveguide is measured using third generation gra-
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Figure 5.7: Characterisation of an MMI 3dB-splitter.

tings. Then, both outputs of the splitter are measured separately, for
the same input coupling conditions. Both outputs show 3.6 dB lower
transmission than the reference waveguide transmission. Hence, the
measurement indicates a loss of the MMI splitter of 0.6 dB.

5.3

Photonic crystal based devices

5.3.1

Grating coupled photonic crystal demultiplexer

In the framework of the IST-FUNFOX project, we have implemented
a grating coupled membrane version of the photonic crystal demultiplexer2 described in [97, 98, 99] for substrate type InP/InGaAsP heterostructures. The demultiplexer is aimed at application in coarse WDM
networks. The thickness of the membrane is 300 nm in this case.
Design
The operation principle of the demultiplexer (TAMIS) is the resonant
intermodal coupling that occurs in multimode PhC waveguides at ministopbands (MSB) [100]. The design of the multiplexer is carried out at
2

The demultiplexer received the name “TAMIS”, French for “sieve”. Wavelengths
are “sieved” out a photonic crystal waveguide.
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Figure 5.8: Band diagram of different
WN PhC waveguides, where the phyq
3
sical waveguide width= (N+1)a 2 , a=PhC period (From Institut d’Optique,
Palaiseau). MSB are located at the indicated anticrossings.

Institut d’Optique, Palaiseau, France. The basis of the design is a symmetric PhC W5 waveguide (i.e. a waveguide formed by removing 5
rows of PhC holes). Figure 5.8 shows a band structure along ΓK of
the PhC waveguide for two different waveguide widths around the reference W5 width. The MSB is located at the indicated anticrossings.
These are locations where the first order Bragg diffraction condition
is satisfied. Mode coupling occurs provided that the mode parity is
also satisfied. For symmetric waveguides, coupling is allowed between
modes of identical parity. This way, the optical mode is converted into a
higher-order mode and since this higher order mode penetrates deeper
into the photonic crystal walls, it can be directionally extracted through
a thinned PhC lateral cladding. The position of the MSB changes with
the PhC waveguide width and demultiplexing operation is obtained
by controlling the width of the local PhC guide to the MSB central frequency. A section length of ∼ 30 µm is enough for good extraction. An
FDTD simulation result, showing lateral extraction of the higher order
mode, is shown in Figure 5.9.
Characterisation
We have fabricated a TAMIS based on W5 PhC waveguides with input fibre grating couplers in a 300 nm BCB bonded InP membrane.
The TAMIS consists of different PhC sections with fixed (but different)
width. The PhC period a=540 nm and the filling factor is 41%. Pictures
of the device, prior to bonding and after bonding, are shown in Figure
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Figure 5.9: FDTD simulation of the PhC demultiplexer showing lateral extraction of the higher order mode (From Institut d’Optique, Palaiseau).

5.10. E-beam lithography is performed at University of St. Andrews,
other processing steps at INTEC. The sample is etched with a two-step
etch process: the TAMIS has a full membrane etch, while the gratings
and waveguides have a shallow etch of 90 nm. After bonding the BCB
is removed from the PhC holes using ICP-RIE etching.
For the characterisation, light from a tunable laser is coupled into a
waveguide using a grating coupler. This waveguide feeds the TAMIS,
where the different wavelengths are laterally extracted into broad channel waveguides. The light from the output channels is collected at a
cleaved facet using an objective lens. The measurement setup is shown
in Figure 5.11.
The TAMIS response is shown in Figure 5.12. The spectra are normalised to the grating coupler spectrum (i.e. we have removed the
wavelength dependence of the grating coupler). We obtain a uniform
channel spacing of 10 nm, as designed. The crosstalk between adjacent
CWDM channels, whose spacing is 20 nm, is 8 dB. Through finetuning of the size and number of holes of the PhC cladding through which
the signal is extracted, the MSB transfer function can be engineered
which will result in lower crosstalk values3 . From the through signal,
the dropping of wavelengths can be clearly seen. One broad dip, rather
than discrete dips is another indication of the high crosstalk.

5.4

Integration of waveguide detectors

Besides passive functionality of which examples have been given in the
previous sections, active functions like light generation, amplification
or detection need to be implemented. As a first step we have integrated
3

We have implemented new designs in a new SOI fabrication run. Results were not
available at the time of writing this thesis.
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Figure 5.10: (a) Operating principle of the TAMIS (SEM pictures prior to bonding). (b) Sample layout after bonding.

Figure 5.11: Measurement setup for characterisation of the TAMIS.

5.4 Integration of waveguide detectors

Figure 5.12: Response of a TAMIS. (a) channel outputs. (b) through signal.

95

96

Grating coupled integrated devices in bonded InP membrane

Figure 5.13: Detector layout and simulation result.

photodetectors onto the InP membrane platform. Most widely used detectors are p-i-n photodiodes and metal-semiconductor-metal (MSM)
detectors. For waveguide detectors, the light has to be coupled from a
non-absorbing waveguide layer to an absorbing detector layer. By applying an electrical field, carriers generated by the absorbed light are
swept to metal electrodes creating a photocurrent. Important aspects
in designing waveguide detectors are given in [101].

5.4.1

Design

Waveguide-detector coupling can be obtained either by butt-coupling
or vertical coupling. Since butt-coupling requires regrowth, the vertical
coupling approach is more elegant for our application. We have chosen to implement a p-i-n type detector4 of which the layout is shown in
Figure 5.13 together with a CAMFR simulation result. The light in an
InP membrane waveguide is refractively coupled to an underlying absorbing (intrinsic) InGaAs layer. The InP membrane is slightly n-doped
and has an n-type Au/Ge/Ni contact. At the bottom side, a Ti/Au pcontact is applied on a heavily p-doped InGaAs layer.
For this type of structure, absorption loss in the metal contacts plays
an important role. As can be seen in Figure 5.13, the light bounces back
and forth in the InP membrane layer and the InGaAs absorbing layer.
For a thin InGaAs layer, the light needs several roundtrips before being
totally absorbed, incurring competing absorption losses at the metal
contact. If the InGaAs layer is thick enough, light can be absorbed in
one roundtrip, minimising loss at the metal contacts. The thickness has
4

MSM detectors require InAlAs layers, which could not be grown by the group
supplying the epitaxy.
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Figure 5.14: Influence of metal bottom contact on absorbed power in the
InGaAs layer.

.
an important influence on the speed of the detector [101]. Making the
absorber thicker increases the spacing between the electrodes and decreases the detector capacitance, which has a positive influence on the
detector speed. However, it also increases the time for carriers to reach
the electrodes (carrier transit time), which has a negative influence on
the detector speed. As a result, there is a capacitance/transit time trade
off.
The absorbed power is calculated from the CAMFR simulation from
Figure 5.13 with [102]:
r Z Z
0
Pabs = −2k
nr ni |E|2 dxdz
(5.1)
µ0
with k= 2π
λ0 , nr and ni the real and imaginary part of the refractive index of the absorbing material, and |E| the absolute value of the electric
field in the semiconductor. In Figure 5.14 we show the influence of the
metal contacts. The absorbed power in the InGaAs layer is shown as a
function of absorber thickness, for different compositions of the bottom
Ti/Au contact and a detector length of 10 µm. The standard p-contact
at INTEC is a Ti/Au layer with thickness 20nm/200 nm. For this composition there is substantial absorption in the metal, occurring mainly
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in the Ti layer. By decreasing the thickness of Ti in the Ti/Au contact,
this metal absorption can be reduced. The Ti layer serves as an adhesion layer between the Au layer and the semiconductor. An InGaAs absorber thickness of 500 nm in combination with a 10nm/200nm Ti/Au
contact is a reasonable compromise between efficiency and speed.

5.4.2

Detector characterisation

The devices are fabricated using the integration scheme described in
section 3.4.3, on a 300 nm InP membrane. For detector characterisation,
light from a tunable laser is coupled into a membrane waveguide using
a grating coupler (Figure 5.15a, picture prior to bonding so the detector
is at the top), and coupled to the underlying detector (Figure 5.15b,
picture after bonding).
The I-V curves for a 12 µm x 10 µm detector are shown in Figure
5.16a for different values of the input power at the tunable laser. We observe a linear behaviour as a function of input power. The dark current
of the detector is 4 nA at 0.5 V reverse bias. After taking into account
the loss in the setup we are able to establish an external responsivity
for the fibre-to detector system of 0.40 A/W at 1580 nm wavelength5 .
The grating coupler spectrum measured with the integrated detector
is shown in Figure 5.16b. In order to check that the detector response
is not wavelength dependent, we have added a fibre-to-fibre transmission measurement using grating couplers and a connecting waveguide.
Both curves nearly coincide, and slight deviations are attributed to a
difference in fabricated grating couplers.
The speed (or electrical bandwidth) of the detector could not be
measured on this first generation detectors. The reason is the fact that
the contact pad layout was not adapted for measuring with RF-probes,
and only DC-probes could be used. In a second generation detectors,
used in a coherent receiver chip, we have changed the contact layout
and results on detector bandwidth will be given in Chapter 7.

5.4.3

Photonic crystal demultiplexer with integrated detectors

The same integration scheme is used to integrate a grating coupled
membrane TAMIS with photodetectors. The device layout is shown
in Figure 5.17. Light from a tunable laser is coupled into a membrane
5

We do not have figures for the grating coupler efficiency on this sample. However,
we estimate the coupling efficiency to be 33-40%, based on parameters extracted from
a cross-section. From this, a detector efficiency of 78-95% is deduced.
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Figure 5.15: Pictures of fabricated detectors. (a) Coupling configuration: light
is coupled to a waveguide using a grating coupler and then refractively to a
detector. Picture before bonding, so the detector is still at the top side. (b) SEM
picture of a detector cross-section made by FIB.
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Figure 5.16: Detector characterisation. (a) I-V curves for different input powers. (b) Grating coupler spectrum measured with the integrated detector. For
reference, a fibre-to-fibre transmission measurement is also included.

5.5 Conclusions
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Figure 5.17: Layout of the InP membrane TAMIS with integrated photodetectors, pictures prior to bonding.

waveguide using a grating coupler and then fed into the PhC demultiplexer. The optical signal is extracted by 4 broad channels toward the
integrated photodiodes and converted into photocurrent. The through
signal goes to another integrated detector for reference. A very good
correspondence is obtained between simulation (Figure 5.18a) and experiment (Figure 5.18b). The crosstalk between 20 nm spaced channels
is around 5-6 dB. There might be some electrical crosstalk, since the
crosstalk on all-optical devices is slightly better at around 8 dB. The
electrical crosstalk could be eliminated by using guard rings or by removing semiconductor material around the detectors.

5.5

Conclusions

In this chapter we have integrated functional devices onto an InP membrane platform. Light was coupled to the devices using the grating couplers described in previous chapters. The loss of single-mode photonic
wire waveguides is in the range of 15 dB/cm. Satisfying performance
has been obtained for very compact ring resonators and MMI 3 dB
splitters. Photonic crystal demultiplexers showed high cross-talk values, which will be improved in the future through new designs made
at Institut d’Optique. P-i-n photodiodes were successfully integrated
onto BCB bonded InP membrane and showed an external responsivity
(fibre-to-detector) of 0.4 A/W. They were finally used to characterise a
PhC demultiplexer.
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Figure 5.18: (a) Simulation of the TAMIS response, based on Coupled Mode
Theory (performed at Institut d’Optique). (b) Measured TAMIS response with
integrated detectors, normalised to the grating coupler spectrum.

Chapter 6

Polarisation diversity
circuits
In this chapter we deal with the polarisation sensitivity of nanophotonic devices by implementing polarisation diversity using 2D grating
couplers. The first part concentrates on the performance of the 2D couplers, while the last part describes more complex polarisation diversity
integrated circuits.

6.1
6.1.1

Polarisation diversity 2D grating couplers
Principle

The 1D grating couplers from previous chapters are very polarisation
selective. The reason is the large waveguide birefringence in high index
contrast material systems. The effective index is substantially different
for TE and TM polarisation and as a consequence a 1D grating coupler
can only be designed for one polarisation. The orthogonal polarisation
will be coupled at a completely different angle. The extinction ratio between both polarisations is 20 dB for a 1D grating coupler. However,
this high polarisation selectivity can be used for implementing polarisation diversity.
The configuration for polarisation diversity using grating couplers
is shown in Figure 6.1a. It consists of a 2D grating and two orthogonal
waveguides. The 2D grating can in first approximation be described as
a superposition of two orthogonal polarisation selective 1D gratings.
As a result, both orthogonal polarisations are split and couple to their
own (orthogonal) waveguide. In the waveguides the polarisation is
103
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Figure 6.1: (a) Polarisation diversity using 2D grating couplers. (b) 2D grating
used as a polarisation splitter.

TE (Figure 6.1b). Both arms then feed an identical polarisation sensitive nanophotonic device. At the output, they are recombined using
another 2D grating.

6.1.2

Near vertical coupling

Vertical coupling results in large second order reflection. In order to
avoid these reflections, angled coupling can be used which has important consequences on the coupling configuration. In order to preserve
the symmetry the fibre must be tilted along the bisection line of the
grating. However, this tilt reduces coupling to the fundamental waveguide mode due to a phase mismatch. In order to compensate for this
mismatch, the waveguides (or the grating) have to be rotated slightly.
A theoretical description of these concepts was given in [39], while
we have verified this experimentally for BCB bonded InP membrane
couplers and SOI focusing grating couplers. We will summarise the
important equations here. An instructive explanation can be given by
using a k-vector diagram [39], which is shown in Figure 6.2. The relation
→
−
→
−
→
−
k wg = k in,proj + K
(6.1)
→
−
→
−
with k wg the wave vector of the optical waveguide mode, k in,proj the
→
−
projected wave vector of the incident fibre mode and K the reciprocal
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Figure 6.2: (a) 2D grating couplers with angled coupling and rotated waveguides. (b) K-vector diagram. From [39].

lattice vector of the grating, results in the following equations
2π
2π
π
nef f sin ψ =
sin θ cos
λ
λ
4

(6.2)

2π
2π
π 2π
nef f cos ψ =
sin θ cos +
λ
λ
4
Λ

(6.3)

with θ the tilt angle of the optical fibre (Fig. 6.2a) and ψ the angle of
the waveguide (Fig. 6.2b). For a given angle θ of the fibre, (6.2) can
be used to calculate the waveguide angle ψ. And for these values θ
and ψ, (6.3) can be used to calculate the grating period. The effective
index nef f is the effective index of the waveguide mode in the case of
a weak grating. For the high index contrast gratings in this work this
is an approximation. However, we have used these equations and will
verify the outcome experimentally.
Another consequence of near vertical coupling is a wavelength dependence of the Polarisation Dependent Loss (PDL). The reason is that
both orthogonal polarisations along the diagonal of the grating do not
experience the same grating, as one polarisation is tilted out of a plane
parallel to the grating (Figure 6.3). As a result, there is a wavelength
shift between the coupling efficiency curves for both polarisations. In
addition, the optimal waveguide angle is not identical for both polarisations. The combination of both effects yields the wavelength dependence of the PDL.
Preliminary simulations have been carried out using the 3D FDTD
software MEEP [103] on a cluster with 60 nodes having 1 GB of me-
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Figure 6.3: Near vertical coupling configuration. Both orthogonal polarisations along the diagonal of the grating experience different coupling.

mory each1 . The resolution of the simulation was not yet high enough
(minimum grid step of 30 nm) to achieve a high accuracy, but the predicted behaviour is obtained. The coupling from a Gaussian beam to
an SOI waveguide is calculated for two orthogonal input polarisations
along the diagonal of the grating as shown in Figure 6.4a. The results
are shown in Figure 6.4b. The wavelength shift between both curves
will result in a wavelength dependence of the PDL. We will verify this
experimentally in the following sections.

6.2

2D grating couplers in InP membrane

We have applied the InP membrane technology first developed for 1D
grating couplers to the 2D polarisation diversity grating couplers. A
gold mirror is used to increase the coupling efficiency by avoiding radiation toward the substrate.

6.2.1

Design

In order to achieve sufficient resolution for the simulation, we have
reduced the structure to one row of holes (20 periods) in the lateral direction for obtaining the grating parameters (Figure 6.5). We have performed 3D FDTD simulations on this reduced configuration and modelled the optical power that is radiated upwards (Figure 6.6a). From
1

This cluster was only available at the end of the PhD and simulations are still in
“developing phase”.
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Figure 6.4: 3D FDTD simulations for an SOI 2D grating coupler and near
vertical coupling, performed by G. Roelkens. (a) Simulation configuration
exploiting symmetry (PEC=perfect electric conductor, PMC=perfect magnetic
conductor). (b) Simulation results showing a wavelength shift in coupling
efficiency curves for orthogonal polarisations along the grating diagonal.

this simulation, the leakage factor α is extracted and the etch depth and
hole size is chosen to obtain the optimal α=0.13/µm (see section 2.3.3).
The BCB buffer layer thickness is optimised for maximal upwards radiated power. These simulations result in a grating period of 640 nm, an
etch depth of 100 nm, a hole diameter of 420 nm and an optimal BCB
buffer layer (between grating and gold mirror) of 620 nm (Figure 6.6b).

Waveguide angle
(6.2) and (6.3) are used to calculate the required waveguide angle ψ
when using angled coupling (θ=10◦ ). For nef f =2.73 (nef f of the waveguide) (6.2) results in ψ=2.57◦ . (6.3) then results in a period of 595 nm.
The discrepancy with the simulated period of 640 nm is due to the fact
that the equations assume weak gratings, which is not the case here.

6.2.2

Characterisation

Optimal waveguide angle
The layout of the fabricated sample is shown in Figure 6.7. Input and
output gratings are placed at the intersection of two 12 µm wide nearly
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Figure 6.5: Simulation of 2D grating couplers. (a) Top view of the entire structure. For the simulation, the structure is reduced to one row of holes in the
lateral direction. (b) Cross-section.

Figure 6.6: Design of 2D grating couplers using 3D FDTD on a reduced structure. (a) Radiated intensity profile from which the leakage factor α is deduced.
(b) Determination of the optimal BCB buffer thickness.

6.2 2D grating couplers in InP membrane
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Figure 6.7: (Left) Microscope image of the sample before bonding (light
hatched regions are gold covering the gratings. They will form the bottom
mirror after bonding). Gratings are inside the rectangles. (Top right) Top SEM
view of the grating before bonding. (Bottom right). Cross-section of a fabricated structure after bonding.

orthogonal waveguides. The wide waveguides are tapered adiabatically to single-mode bent waveguides (600 nm wide) in order to connect input and output. On the sample the waveguide angles are varied
from ψ=2.0◦ to ψ=3.5◦ and the fibre-to-fibre transmission is measured.
The input light for these measurements is linearly polarised, with the
electric field along the diagonal of the 2D grating. For this polarisation
the coupling efficiency to both waveguides is the same.
For waveguide angles ranging from ψ=2.3◦ to ψ=2.8◦ the transmission is maximum. These optimal waveguide angles are close to the
designed (calculated) angle of ψ=2.57◦ . After taking into account losses
in the waveguides and bends determined from reference structures, the
experimental coupling efficiency of a single 2D grating coupler is determined to be 48%. For waveguide angles of 2.0◦ and 3.0◦ the transmission is 1.4 dB lower than the optimal case, while for an angle of 3.5◦ the
transmission is 3 dB lower than the optimal case.
Polarisation Dependent Loss
In order to measure the Polarisation Dependent Loss the input polarisation is changed randomly over all polarisation states using polarisation
control paddles (Lefevre loops) [104]. The fibre positions are optimised
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Figure 6.8: Influence of the waveguide angle.

for minimum Polarisation Dependent Loss (PDL) at the central wavelength of the grating coupler, resulting in a slightly lower coupling efficiency of 47%. The PDL is defined as the ratio between maximum
and minimum transmission when varying the input polarisation over
all states:
Tmax
P DL(dB) = 10 log10 (
)
(6.4)
Tmin
The PDL is measured to be 0.79 dB (Figure 6.9).

6.3

Focusing 2D grating couplers in SOI

For standard grating couplers a long adiabatic transition between wide
waveguides and single-mode wires is required, compromising the integration density. We have shown for (polarisation selective) 1D gratings that this adiabatic transition can be omitted when using curved
focusing gratings. In this section, we will extend the principle to 2D
gratings in a polarisation diversity configuration. The layer structure
that is used is SOI, but as usual the principles can be easily transferred
to InP membrane.

6.3 Focusing 2D grating couplers in SOI
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Figure 6.9: Measurement of the PDL.

6.3.1

Design

In analogy with standard 2D grating couplers, which can be considered
as a superposition of two orthogonal standard 1D gratings, a focusing
2D grating coupler can be understood as a superposition of two orthogonal focusing gratings. We have made two different designs based on
the design of a 1D focusing grating coupler for which the grating lines
are obtained by solving (see section 2.4.2):
p
qλ0 = nef f y 2 + z 2 − znt sin θ
(6.5)
with q an integer number for each grating line, θ the angle between the
fibre and the chip surface normal, nt the refractive index of the environment, λ0 the vacuum wavelength and nef f the effective index in the
grating area. The right part of the equation calculates the phase difference between the focusing wave toward the wire and the input wave
from the fibre.
Design 1 (θ=0◦ )
Here, we use θ=0◦ in (6.5) in which case the grating lines are concentric
circles with the common center as the focal point. The 1D gratings are
calculated in the same way as in section 2.4.2 depending on the configuration, now using the nef f of the standard non focusing 2D grating

112

Polarisation diversity circuits

Figure 6.10: Overlay of two orthogonal focusing 1D grating couplers

obtained from the Bragg condition. The overlay of two orthogonal focusing gratings is shown in Figure 6.10. One grating focuses on the
point with coordinates (z,y)=(0,0) and the other grating focuses on the
point (z,y)=(L,-L). L is the distance from the focal point (z,y)=(0,0) to
the center of the grating. The points of intersection of both gratings
are calculated numerically. At these points a hole of 380 nm is placed,
which is also used in non-focusing 2D gratings.
In practice, vertical coupling cannot be used as it induces large second order reflection. In order to avoid this, the fibre can still be tilted
along the bisection of the grating lines. Then the waveguides will have
to be rotated, as is the case for standard polarisation diversity 2D grating couplers.
Design 2 (θ=10◦ )
Here, we use θ=10◦ and modify the phase relation for the input wave
for coupling at an angle along the bisection line of the grating. The
output wave is still a spherical wave toward the photonic wire. The
constructive interference condition for the grating lines of a 1D focusing
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Figure 6.11: SEM pictures of focusing 2D grating couplers. (Left) Short taper
configuration. (Right) Low contrast aperture configuration.

grating with the focal point at the origin becomes:
p
π
qλ0 = nef f y 2 + z 2 − (y + z)nt sin θ sin
4

(6.6)

Again we overlay two orthogonal focusing 1D gratings, one with the
focal point at (z,y)=(0,0) and the other with the focal point at (z,y)=(L,L). In this case, the waveguides do not need a rotation when using angled coupling since all phase relations are taken into account in the
calculation of the grating.
The Matlab routines used for calculating the gratings for both designs are available in Appendix A.

6.3.2

Characterisation

Short taper vs. low contrast aperture
Design 2 is evaluated for the two configurations considered in 4.2.3,
short taper and low contrast aperture (Figure 6.11). Figure 6.12 shows
fibre-to-fibre transmission measurements where both input and output
grating are focusing 2D gratings. We have calculated two different gratings with different focal distances corresponding with two low contrast aperture widths. The focal distance for a 2.0 µm aperture is 21.4
µm (qmin =36) and the focal distance for a 0.8 µm wide aperture is 11.9
µm (qmin =20). For both gratings we have also measured the performance for the short taper case. In that case, the taper length to the 500
nm photonic wire equals the above focal distances.
In all these measurements angled coupling in combination with orthogonal waveguides is used. For the grating with the largest focal
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Figure 6.12: Fibre-to-fibre transmission measurements for different focusing
gratings in short taper and low contrast aperture configuration. The reference
curve is measured for a standard (non-focusing) 1D grating.

distance, the low contrast aperture (2.0 µm) and short taper configuration perform equally well. The measured fibre-to-fibre loss of 12 dB includes 0.8 dB propagation loss in the connecting photonic wire circuit.
The coupling loss of a single grating is then 5.6 dB or a coupling efficiency of 27%. This is slightly better than standard 2D couplers without
curved gratings having a coupling loss of 6.7 dB or a coupling efficiency
of 21% [105]. For the grating with the smallest focal distance, the low
contrast aperture (0.8 µm) configuration has 0.75-1 dB higher fibre-tofibre loss (or 0.37-0.5 dB per coupler) than the short taper configuration.
The reason is that the light cannot be focused to a spot as small as the
aperture width (0.8 µm) resulting in excess loss, while in the short taper
configuration, the light is confined and ”guided” towards the photonic
wire by the taper. The ripple on the transmission curves is higher in
the low contrast aperture case, especially for the small aperture, which
indicates that there are reflections at the interface. The grating with the
shortest focal distance in short taper configuration has 0.5 dB excess
loss per coupler as compared to the grating with longest focal distance,
indicating that the ”guiding” taper is too short in the first case.
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Figure 6.13: Influence of defocus for 2D focusing grating couplers.

Focal distance
We have investigated the tolerances on focal distance by varying the
distance from grating to aperture or photonic wire around the value
used in the calculations. The gratings to be considered are based on
design 2 with focal length of 21.4 µm and 11.9 µm, both in low contrast
aperture and short taper configuration. We have measured the transmission for a defocus of -10, -5, -2, 0, +2, +5 and +10 µm. The results are
summarised in Figure 6.13.
For both cases, the optimal focus value is as calculated or slightly
higher. In the longest focal distance design (f =21.4 µm) in short taper
configuration, a defocus of -5 µm results in 1 dB excess loss per coupler,
while a positive defocus (i.e. taper longer than necessary) has nearly
no influence on performance. The taper is in that case long enough
to guide the light onto the wire, without extra loss. A defocus of -10
µm results in very high excess loss, since the taper is very steep in that
case. In the low contrast aperture (2.0 µm) configuration, a defocus of
-5.0 µm results in 1 dB excess loss per coupler and a defocus of +10 µm
in 1.5 dB excess loss per coupler. In the shortest focal distance design
(f =11.9 µm) in short taper configuration, a defocus of -5 µm results in
3 dB excess loss per coupler, a positive defocus of 5 µm in 1 dB excess
loss per coupler, and a 10 µm positive defocus in 2 dB excess loss per
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coupler. In this case, the taper is still too steep. Also, at the focal point
the taper is wider than the focused spot, so its guiding effect is not fully
exploited. For the 5 µm defocus, the taper is a bit steeper than for the
10 µm defocus case, but at the focal point the taper is narrower, so the
guiding effect will be more exploited, explaining the higher transmission in this case. In the low contrast aperture (0.8 µm) configuration,
a defocus of -5.0 µm results in 1dB excess loss per coupler, a positive
defocus of 5.0 µm in 0.5 dB excess loss per coupler, and a defocus of
+10 µm or -10 µm in 2.5 dB excess loss per coupler.
Waveguide angle
In paragraph 6.2, we have demonstrated that the waveguides have to
be rotated inwards when using angled coupling along the bisection line
of the grating. However, this is not the case for focusing 2D gratings using design 2, since the phase relations are included in the calculation of
the grating. For design 1, which does not take into account angled coupling in the calculation, a rotation of the waveguides is still required.
We have fabricated both design 1 and design 2 with focal distance of
11.9 µm for three values of the inward tilt of the waveguides: ψ=0◦ (i.e.
orthogonal waveguides), ψ=2◦ and ψ=3.1◦ . The value ψ=3.1◦ is the optimal value used for standard non-focusing 2D gratings. The transmission is measured when using near vertical coupling at 10◦ . The results
are shown in Figure 6.14 for an input polarisation along the diagonal of
the grating.
For design 1 (calculated for vertical coupling), this angled coupling
results in a phase mismatch, which must be compensated by rotating
the waveguides. Also, by tilting the fibre the wavelength is blue shifted
as compared to vertical coupling, which explains the shorter wavelength of the coupler spectrum. The angle giving best transmission is
3.1◦ . A waveguide angle of 2◦ results in an excess loss of 1 dB per coupling interface, which increases to 7.5 dB for orthogonal waveguides.
For design 2 (calculated for angled coupling) the orthogonal waveguide case is optimal. A waveguide angle of 2◦ results in an excess
loss of 2 dB per coupling interface, which increases to 5.5-7.5 dB for a
waveguide angle of 3.1◦ .
Polarisation Dependent Loss
Ideally, the PDL should be low over a wide wavelength range. Due to
the tilt of the fibre, however, this is not the case as described in section
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Figure 6.14: Influence of angled coupling on the waveguide angle. (a) Design 1, calculated for vertical coupling and measured for angled coupling. (b)
Design 2, calculated and measured for angled coupling.
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6.1.2. We have verified this experimentally on a 2D focusing grating
designed for near vertical coupling (design 2) at 10◦ with f =21.4 µm in
short taper configuration with orthogonal waveguides. We have done
the measurement both for θ=10◦ and θ=8◦ , in order to investigate also
the influence of the fibre angle.
The wavelength dependence of the PDL makes the alignment of
the fibre not straightforward. We have carried out following procedure to obtain the results described below. First, a linear input polarisation along the diagonal of the grating is selected using a reference 1D grating. Using this input polarisation the fibres are aligned
for maximum transmission and the wavelength dependence of the grating coupler is measured. Then, the fibres are realigned for minimum
PDL at the measured peak wavelength. Afterwards, a longer wavelength is chosen where the PDL will be high and the input polarisation
is changed for maximum and minimum transmission, each time measuring the wavelength dependence of the grating coupler. Both curves
are shifted in wavelength (as simulated in Figure 6.4b) and at the wavelength λcross where they intersect, the PDL is minimum. Afterwards,
the fibre alignment is further refined for minimum PDL at λcross , obtaining the final fibre alignment.
Now, the PDL is measured at discrete wavelengths, while keeping
the same fibre alignment. At each wavelength, the polarisation is set for
maximum and minimum transmission and the ratio between both determines the PDL. Figure 6.15 shows this maximum (magenta squares)
and minimum (blue circles) transmission values as a function of wavelength for both fibre angles. Afterwards, we have set the wavelength
to a value where the PDL is high and measured the wavelength dependence for two polarisations giving maximum (Figure 6.15 solid black
curves) and minimum (Figure 6.15 dashed red curves) transmission.
These curves experimentally demonstrate the simulated behaviour in
Figure 6.4b. The discrete measured points swap between both curves
at the intersection wavelength λcross .
For θ=10◦ , the wavelength shift between both curves is 18 nm (Figure 6.15a), while for θ=8◦ , this shift is 10 nm (Figure 6.15b). These measurements confirm that the PDL is more wavelength dependent if the
fibre angle deviates more from vertical position. At the wavelength
where maximum and minimum transmission curves intersect (λcross ),
the PDL is zero in theory. For longer wavelengths the ratio between
maximum and minimum transmission, and thus PDL, will rapidly in-
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Figure 6.15: Wavelength dependence of the coupling for two input polarisations having maximum and minimum transmission. (a) θ=10◦ . (b) θ=8◦ .
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Figure 6.16: Wavelength dependence of the PDL, obtained by dividing maximum and minimum transmission curves from Figure 6.15 and by measuring
maximum and minimum at discrete wavelengths.

crease. For shorter wavelengths both curves lie closer to each other and
the PDL increases more slowly.
In Figure 6.16 the wavelength dependence of the PDL is shown for
both fibre angles. The PDL is obtained by dividing the maximum and
minimum transmission values measured at discrete wavelengths for
different polarisations in Figure 6.15. However, the PDL can also be
obtained by dividing the two continuous curves from Figure 6.15 (and
take the absolute value).
In this case the wavelength dependence of two grating couplers is
measured. The minimum fibre-to-fibre PDL is 0.4 dB at λcross (instead
of zero), which is caused by slight asymmetry of the coupling configuration (fibre alignment, differences in both waveguide arms). However,
the wavelength window with low PDL is very narrow. Decreasing the
fibre angle further would increase that wavelength window, but vertical position (and angles close to it) can not be used due to reflections.
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Figure 6.17: Layout of the sample implementing polarisation diversity from
fibre to detector

6.4

6.4.1

Polarisation diversity integrated circuits in InP
membrane
Fibre-to-detector polarisation diversity

Based on the integration scheme described in 3.4.3, we have implemented polarisation diversity from fibre to detector in InP membrane
using standard 2D grating couplers. This way, we are able to characterise the PDL of a single grating coupler unambiguously. The layout
is shown in Figure 6.17.
A 2D grating is put at the intersection of two (near) orthogonal
waveguides, which are now recombined in a photodetector instead of
another 2D grating. The photocurrent is measured at the detector while
changing the polarisation randomly. The ratio Imax /Imin defines the
Polarisation Diversity Loss (PDL).
We have measured the PDL at discrete wavelengths (but fixed fibre
position) for two angles of the fibre, θ=10◦ and θ=8◦ . In Figure 6.18 the
wavelength dependence of Imax and Imin is shown for both fibre angles.
This measurement is similar to the discrete points in Figure 6.15.
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Figure 6.18: Wavelength dependence of the photocurrent when optimising
the polarisation for maximum and minimum transmission, for two angles of
the fibre. (a) θ=10◦ . (b) θ=8◦ ).
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Figure 6.19: Wavelength dependence of PDL from fibre to detector.

Again, the wavelength shift between both curves increases when
deviating more from vertical position and as a result, the PDL is more
wavelength dependent for larger fibre angles. The wavelength dependence of the PDL is shown in Figure 6.19 for both angles. For θ=10◦ , the
minimum PDL is 0.2 dB, and the PDL is smaller than 1 dB over more
than 45 nm. For θ=8◦ the minimum PDL is slightly higher (0.4 dB), but
the PDL is less wavelength dependent. The wavelength dependence
is smaller compared to Figure 6.16. Here, we measure the wavelength
dependence of a single grating coupler. The wavelength shift between
maximum and minimum curves is also smaller as compared to Figure
6.16 (5 nm for θ=8◦ compared to 10 nm in Figure 6.16). The external responsivity is 0.23 A/W for θ=10◦ and 0.3 A/W for θ=8◦ , the difference
being attributed to the waveguide angle which can not be optimal in
both cases.

6.4.2

Polarisation diversity demultiplexer with integrated detectors

In previous sections, the performance of different types of polarisation diversity grating couplers was studied in different configurations.

124

Polarisation diversity circuits

Figure 6.20: Layout of the polarisation diversity PhC demultiplexer with integrated photodetectors.

Here, we will use standard 2D gratings for obtaining a functional polarisation diversity circuit in bonded InP membrane.
The functional device is the photonic crystal demultiplexer from
section 5.3.1. The layout of the sample is shown in Figure 6.20. The
demultiplexer is duplicated, one in each waveguide arm, and the corresponding channel outputs and through signals of both demultiplexers are combined into a common integrated detector.
Figure 6.21 shows the detector photocurrent for three 10-nm spaced
channels and the through signal. The detector of channel 4 was damaged. The PDL measurement is shown in Figure 6.22, again for the 3
channels and the through signal. The minimum PDL is 1.1 dB. The
channel extraction wavelengths are at the fast increasing branch of the
PDL curve. However, by changing the grating parameters (hole size,
etch depth or period) or the TAMIS parameters it is possible to position the channels around the minimum PDL value and on the slowly
increasing branch. The PDL is higher for this complex device because
it is more difficult to achieve identity between the two arms for the respective input polarisations, each arm including a single mode bend, a
strip waveguide-to-PhC transition and common detectors.
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Figure 6.21: Detector output for the polarisation diversity PhC demultiplexxer
(not normalised to the grating coupler, linear scale).

Figure 6.22: PDL as a function of wavelength for the polarisation diversity
PhC demulitplexer.
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Conclusions

In this chapter, we have demonstrated polarisation diversity integrated
circuits using 2D grating couplers. First, the performance of the grating
couplers was assessed. Grating couplers in BCB bonded InP membrane
with a gold bottom mirror showed a coupling efficiency of 47% in polarisation diversity configuration. Focusing versions were demonstrated
for Silicon-on-Insulator, resulting in an 8-fold length reduction of the
coupling structure as compared to standard versions. Special attention was given to the influence of near vertical coupling. The PDL of a
single InP membrane grating coupler was determined through a fibreto-detector configuration in InP membrane and resulted in a minimum
PDL of 0.2 dB. The PDL stays below 1 dB over a wavelength range of 45
nm. Finally, a complete polarisation diversity demultiplexer chip with
integrated photodetectors was demonstrated. This resulted in normal
demultiplexing behaviour and a minimum PDL of 1.1 dB.

Chapter 7

Coherent receiver
In this chapter we will describe a coherent receiver on InP membrane,
based on the concepts developed in the previous chapters. We start
with a theoretical description of coherent lightwave systems and then
present the practical implementation and characterisation.

7.1

Coherent receivers

In the previous chapters, the devices were characterised using direct
detection on integrated photodiodes. In that case, only the amplitude
of the signal can be measured, while all phase information is lost. Another detection method, frequently used in radio and microwave communication systems, uses homodyne or heterodyne detection. For optical implementations of this type of detection the phase coherence is
very important, and these receiver systems are therefore referred to as
coherent receivers.
Coherent receivers were widely studied in the late 1980s early 1990s,
but the development of the optical amplifier delayed its commercial
breakthrough. Main advantage of the coherent detection approach is
an improved receiver sensitivity, which can be up to 20 dB as compared
to direct detection. Furthermore, the fibre bandwidth can be used more
efficiently by achieving an increased spectral efficiency of WDM systems. The basics of coherent lightwave systems is well described in
[106], we will lift out the important aspects here.
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Figure 7.1: Coherent detection.

7.1.1

Basic concepts

In a coherent detection system, the optical signal is combined with a
CW (continuous wave) local oscillator signal before detection occurs at
a photodetector (Figure 7.1).
The optical signal is written as:
Es = As exp[−j(ω0 t + φs )]

(7.1)

with ω0 the carrier frequency, As the amplitude and φs the phase. The
field associated with the local oscillator can be written as:
ELO = ALO exp[−j(ωLO t + φLO )]

(7.2)

with ALO the amplitude, ωLO the frequency and φLO the phase. The
fields are assumed to be identically polarised, and therefore the scalar
notation is used. The photodetector responds to the optical intensity,
which is given by
P = K|Es + ELO |2
(7.3)
with K a constant factor. Applying (7.3) with (7.1) and (7.2) results in:
p
(7.4)
P (t) = Ps + PLO + 2 Ps PLO cos(ωIF t + φs − φLO )
with Ps =KA2s , PLO =KA2LO and ωIF =ω0 -ωLO . The frequency νIF =ωIF /2π
is called the intermediate frequency (IF) .
Homodyne detection
In homodyne detection ωLO =ω0 and the photocurrent measured at the
detector is given by:
p
(7.5)
I(t) = R(Ps + PLO ) + 2R Ps PLO cos(φs − φLO )
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with R the responsivity of the detector. If we consider the case φs =φLO
the homodyne signal becomes:
Ip (t) = 2R

p
Ps PLO

(7.6)

In the direct detection case, the photocurrent is given by I(t) = RPs (t),
indicating that with homodyne detection the average electrical power
is enhanced by a factor of 4PLO /P s , with P s the average optical power.
As PLO can be made much larger than P s , the power enhancement
can be very large (more than 20 dB). Although the shot noise is also
enhanced, this results in a substantially higher Signal-to-Noise Ratio
(see further).
However, (7.5) reveals a phase sensitivity of the photocurrent. In
practice, φs and φLO vary randomly over time. By using a phase-locked
loop, the phase difference can be kept nearly constant, but its implementation is rather complicated.
Heterodyne detection
In heterodyne detection ωLO differs from ω0 such that ωIF is in the microwave region. We get:
I(t) = R(Ps + PLO ) + 2R

p

Ps PLO cos(ωIF t + φs − φLO )

(7.7)

As PLO  Ps , R(Ps + PLO ) is nearly constant and can be removed by
using bandpass filters. The last term is the heterodyne signal. The local
oscillator still amplifies the received signal, resulting in a SNR improvement which is 3 dB smaller than in the homodyne case due to the AC
nature of the heterodyne photocurrent. However, a phase locked loop
is no longer needed but phase fluctuations need to be controlled by using narrow linewidth lasers for the sources. In practice the heterodyne
detection method is mostly used.

7.1.2

Advantages of coherent detection

The advantage of coherent detection can be made more clear when
looking at the SNR. Both shot noise and thermal noise contribute to the
noise of the receiver. The variance σ 2 of the photocurrent fluctuations
is given by:
σ 2 = σs2 + σT2
(7.8)
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with σs2 = 2q(I + Id )∆f the contribution of the shot noise, where I is
given by (7.5) or (7.7) and Id the detector dark current. ∆f is the effective noise bandwidth of the receiver. The thermal noise is proportional
to the temperature T and ∆f . Since PLO  Ps , I can be replaced in
(7.8) by RPLO for both homodyne and heterodyne detection.
In the heterodyne case, the SNR is given by:
SN R =

2 >
< Iac
2R2 P s PLO
=
σ2
2q(RPLO + Id )∆f + σT2

(7.9)

PLO can be made large enough that the receiver noise is determined by
the shot noise, which makes the SNR:
SN R ≈

RP s
q∆f

(7.10)

This equation indicates that by using coherent detection the receiver
can work in the shot noise limit, even when using p-i-n detectors which
are typically limited by thermal noise.

7.1.3

Balanced detectors

The introduction of the local oscillator has however a drawback, as it
introduces intensity noise. Therefore, another term needs to be introduced in the equation of the SNR:
SN R =

2R2 P s PLO
2 (RIN )∆f
2q(RPLO + Id )∆f + σT2 + 2R2 PLO

(7.11)

where the last term in the denominator is related to the Relative Intensity Noise (RIN) of the local oscillator. As described in the previous
paragraph PLO should be large enough in order to make the receiver
operate in the shot noise limit. But large PLO results in large intensity
noise, which now scales quadratically with PLO .
This problem can be solved by using balanced detectors. A schematic
view of a coherent detector with balanced detectors is shown in Figure
7.2. The signal containing the information is mixed with the local oscillator using a 3 dB coupler. The optical fields at the output of the 3 dB
coupler are given by [107]:
1
1
E1 = As exp(−j(ω0 t+φs ))+ ALO exp(−j(ωLO t+φLO −π/2)) (7.12)
2
2
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Figure 7.2: Coherent detection with balanced detectors. Photocurrents at both
detectors are subtracted, eliminating a large part of the intensity noise.

1
1
E2 = As exp(−j(ω0 t+φs −π/2))+ ALO exp(−j(ωLO t+φLO )) (7.13)
2
2
The photocurrents are then given by:
p
1
I1 = R(Ps + PLO ) + R Ps PLO cos(ωIF t + φs − φLO + π/2) (7.14)
2
p
1
I2 = R(Ps + PLO ) − R Ps PLO cos(ωIF t + φs − φLO + π/2) (7.15)
2
After subtracting both currents only the intermediate frequency signal
remains, and as a result, the LO intensity noise associated with the DC
term is eliminated. The intensity noise associated with the IF-term is
not eliminated, but due to the square root dependence of this term on
PLO , this is less severe. Another advantage of the balanced receiver
approach is the fact that all power (signal and local oscillator) is used,
while in a single arm implementation a 3 dB power penalty occurs in
practice.

7.1.4

Polarisation

Equation (7.1) and (7.2) use scalar notation, since we have assumed
identical polarisation for both the signal and the local oscillator. However, if this is not the case the beat term in equation (7.4) is reduced, and
disappears if the polarisation states of the signal and the local oscillator
are orthogonal (complete fading).
As the polarisation state of the local oscillator is determined by the
laser, it remains fixed. The problem lies in the polarisation state of the
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Figure 7.3: Polarisation diversity coherent detector. BPF=Band Pass Filter,
LPF=Low Pass Filter.

signal, which varies over time. The polarisation problem in coherent
receivers has been tackled by several approaches. One approach uses
electronic tracking and feedback control to match both polarisations
[108]. Another approach uses polarisation scrambling or spreading to
change the polarisation of the signal randomly during a bit period (fast
variations), which on average results in the same power received for
each bit [109]. The most widely used method is polarisation diversity. A schematic view of such a polarisation diversity coherent receiver
(without balanced detectors) is shown in Figure 7.3. The photocurrents
in both detectors are given by:
I1 = R

p

I2 = R

2Ps PLO cos θ cos(ωIF t + φs − φLO )

p

2Ps PLO sin θ cos(ωIF t + φs − φLO )

(7.16)
(7.17)

with θ an angle determined by the polarisation state of the signal. If
fIF and the IF-bandwidth are much larger than the signal bandwidth,
phase noise and polarisation fluctuations, it is proven in the appendix
of [110] that the lowpass part of I12 + I22 is given by:
lowpass {I12 + I22 } = R2 Ps PLO

(7.18)

which is independent of the polarisation state of the signal (indicated
by θ) and phase noise.

7.2

Practical implementation

A lot of practical realisations of coherent receivers or parts of it have
been described in literature. Non-integrated polarisation diversity coherent receivers have been described in [111] (with balanced detectors)
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and [112] (with single detectors). However, we will focus on integrated
versions.
The first demonstrations of heterodyne receiver chips featuring integrated laser, 3 dB coupler and single photodiodes have been reported
in [113, 114]. A more recent implementation is reported in [115]. The
first integrated polarisation diversity coherent receiver chip with balanced detectors is demonstrated in [116]. In work by Deri, both low
speed [117] and high speed operation [118] of a monolithically integrated polarisation diversity receiver with balanced detectors is described. In that case, the local oscillator laser is not integrated onto
the chip.
Receiver chip layout
We have implemented a coherent receiver chip on InP membrane (300
nm) without integrating the local oscillator laser. We will use an external tunable laser as the local oscillator. The integration scheme described in section 3.4.3 is used for integrating the detectors. An MMI
3 dB coupler (Figure 7.4a) is used for mixing the signal and the local
oscillator. Its design is similar to the design in section 5.2.3. Simulation results are shown in Figure 7.4b-c. The central section has a width
W=4.5 µm, input- and output waveguides are 1 µm wide. The waveguides are positioned at ±W/6 and the optimal length of the central
section is 11.74 µm.
The basic layout of the coherent receiver is shown in Figure 7.5. The
signal containing the information and the local oscillator are coupled
into the chip using grating couplers and mixed with an MMI coupler.
The outputs of the MMI feed the integrated detectors.

7.3
7.3.1

Measurements
Detector bandwidth

For heterodyne detection, the detector bandwidth should extend to at
least IF+Rb , with Rb the bitrate [110]. A scheme of the setup for measuring the detector bandwidth is shown in Figure 7.6. The light of a
tunable laser is modulated and coupled into a waveguide using a grating coupler. The light in this waveguide is coupled refractively to the
underlying detector. The layout of the detector contact pads is adapted
for measuring with an RF probe. As the interconnections are relatively
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Figure 7.4: MMI 3 dB coupler. (a) Fabricated device. (b) Simulation result with
two inputs excited. The length of the central section is not optimal showing
multiple images. (c) Simulation results with one input excited, for optimal
central section length.

Figure 7.5: Basic layout of the coherent receiver chip. Detectors are not connected for on-chip current subtraction.
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Figure 7.6: Setup for detector bandwidth measurement. An RF probe and a
“bias T” is used to deliver the DC bias and extract the RF signal.

short, we have not used coplanar waveguide transmission lines on the
chip. The DC reverse bias voltage for the detector is separated from the
RF-signal using a “bias T”. The electrical RF-signal from the detector is
measured at an oscilloscope.
The modulator at INTEC is limited to frequencies around 9-10 GHz.
The frequency response of the detector up to 9 GHz is shown in Figure
7.7, from which the 3 dB bandwidth is estimated to be around 10 GHz.
Since we have no information on internal resistances and parasitic effects, it is difficult to indicate the bandwidth limiting factor. A similar
detector structure described in [119] (footprint of 5 x 10 µm2 , intrinsic
absorbing layer of 700 nm) has an expected 3 dB bandwidth of around
25 GHz, which is in their case limited by the carrier transit time.
The optical signal and the corresponding electrical signal at the detector, for an input frequency of 9 GHz, are shown in Figure 7.8a-b. Eye
diagrams for 2 GHz, 4 GHz, 6 GHz and 8 GHz modulation are shown in
Figure 7.9a-d. From the bandwidth measurement we would expect eye
closing at frequencies above 10 GHz, while the measured eye closes
already at 8 GHz. The measurement suffers from a lot of noise, both
for low and high frequencies. However, the amplitude of the electrical signals in Figure 7.9 is only slightly decreasing when increasing the
modulation frequency. There is also timing jitter,which is indicated by
the width of the crossing of rising and falling edge (shown in Figure
7.9c). As the modulation frequency increases, this time error represents
a larger portion of the cycle, causing the horizontal closing of the eye.
Noise contributions come from the input tunable laser source, detector shot noise, load resistor thermal noise and possibly environmental
contributions. Amplifying the electrical signal before the oscilloscope
did not improve the measurement, which indicates that oscilloscope
noise is negligible here. We did not adapt the contact layout for 50
Ω impedance matching, which might also be the cause of some of the
above problems due to unwanted reflections.
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Figure 7.7: Frequency response of the detector.

Figure 7.8: (a) Optical input signal. (b) Electrical output signal at the oscilloscope.
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Figure 7.9: Eye diagrams at different modulation speeds. (a) 2 GHz. (b) 4
GHz. (c) 6 GHz. (d) 8 GHz.

7.3.2

Intermediate Frequency response

By mixing the optical signal with the local oscillator in the MMI coupler the intermediate frequency (IF) signal is obtained. The setup for
measuring the intermediate frequency response is similar to Figure 7.6
except for the oscilloscope which is replaced by an electrical spectrum
analyser. Two tunable lasers are used for the optical signal and the
local oscillator respectively. In Figure 7.10, we superimpose the measured intermediate frequencies obtained by sequentially changing the
wavelength difference of both tunable lasers. From this figure, a 3 dB
IF-bandwidth of around 10 GHz is deduced.
Modulated signal
In practice, the information to be submitted is encoded in the modulation of the signal. We have transmitted a 101010. . . optical signal as
shown in Figure 7.11a, where the duration of a bit is 0.25 ns. The measured frequency content of this (optical) pattern is shown in Figure
7.11b. The main frequency is 2 GHz, the harmonics having different
amplitudes are spaced at 2 GHz.
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Figure 7.10: Intermediate Frequency response obtained by varying the wavelength difference between signal and local oscillator.

In Figure 7.11c the frequency response of the detector is shown
when only the modulated signal is transmitted and measured at the
detector (LO tunable laser off, direct detection). The 2 GHz frequency
is measured, together with the strongest harmonics whose spacing is
4 GHz. The weakest harmonics do not extend above the noise floor.
When turning the local oscillator on, the intermediate frequency signal appears together with the lower sidebands and the direct detected
frequencies.
The presence of all these frequencies proves the correct operation
of the mixing. However, in order to see this number of direct detected
higher harmonics, the optical signal needs to be sufficiently strong for
the harmonics to extend above the noise floor. In this case, the difference in power between signal and local oscillator could not be made
high enough to see the advantage of coherent detection1 .
However, in practice the modulated signal is much weaker. In Figure 7.12 we show the heterodyne detected signal for a weak 1.5 GHz
signal and a much stronger local oscillator. In Figure 7.12a the higher
harmonics do not extend above the noise floor in this case. There is a
1

The power of both tunable lasers was set at maximum, resulting in contributions
of signal and local oscillator which are of the same order of magnitude.
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Figure 7.11: Coherent detection with strong modulated signals. (a) Optical
signal to be transmitted. (b) Frequency content of the optical signal. (c) Direct
detected signal (LO off). (d) Coherent detected signal (LO on), DD=Direct
Detection.
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Figure 7.12: Coherent detection with weak modulated signals. (a) The directed detected term extends just above the noise floor (b) The signal is too
weak to be directly detected.

14 dB difference in power between the direct detected 1.5 GHz signal
and the lower sideband of the IF-signal. When further decreasing the
power of the signal, the direct detected term completely disappears,
while the IF-signal is still clearly detected (Figure 7.12b). Due to wavelength instability of the tunable laser for different output powers the
IF-frequency is shifted 500 MHz between both measurements.
The demodulation of the signal is typically performed electronically, which we have not done here. This demodulation often consists
of bandpass filtering the IF-signal and its first lower sideband, then
mixing both using a square law device and finally filtering to baseband.
An example of such a complete receiver is described in [115].

7.3.3

Common Mode Rejection Ratio (CMRR)

The Common mode Rejection Ratio (CMRR) is a measure for the local
oscillator noise suppression. If the photocurrents of both detectors at
the outputs of the 3 dB coupler are I1 and I2 , the CMRR is defined as
[118]:
|I1 − I2 |
CM RR = −20 log10
(7.19)
(I1 + I2 )/2
The CMRR is mainly determined by the splitting ratio of the 3 dB coupler and the identical efficiency of the photodetectors. For a perfect
50/50 splitting ratio and identical photodetectors, the local oscillator
noise associated with the DC photocurrent is completely suppressed
(see section 7.1.3).
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Figure 7.13: Characterisation of MMI+detectors using the local oscillator input. (a) photocurrent at both detectors. (b) CMRR calculated using (7.19).

Figure 7.14: Interconnections for on-chip current subtraction.

We have characterised the splitting ratio of the combination of MMI
+ detectors using the local oscillator input. The detectors are not connected for balanced operation. The result is shown in Figure 7.13a.
There is a peak wavelength shift of 5 nm between both detector photocurrents. (7.19) can be used to calculate the CMRR. The calculated
CMRR stays below 10 dB over a broad wavelength range.
On-chip current subtraction
For current subtraction on the chip, both photodetectors need to be connected and biased as shown in Figure 7.14.
However, for the layer structure used in this work on-chip current
subtraction was not possible, the reason being indicated in Figure 7.15.
Due to residual conductivity of the n-doped InP membrane waveguide,
a low resistance path occurs across one photodiode resulting in high
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Figure 7.15: Interconnection for on chip current subtraction. Red arrows indicate a leakage path for one photodiode due to residual waveguide conductivity.

photocurrents even for small bias voltages. A possible solution would
be to make a narrow (few tens of nm) slot in both output waveguides
of the MMI, which would interrupt the electrical connection without
causing too much excess optical loss. Another solution is making a detector design where detector and waveguide are electrically separated.
When using photodiodes which are not interconnected, the photocurrent of both photodiodes can still be subtracted using an external
0-180 ◦ shifted splitter combiner [120, 121].

7.3.4

Polarisation diversity

Polarisation diversity can be elegantly implemented using 2D grating
couplers as shown in Figure 7.16. The photocurrent on each detector
pair should first be subtracted for local oscillator noise suppression.
Afterwards both IF-photocurrent signals should be squared and added
electronically for polarisation independent operation (see section 7.1.4).
We have not measured the PDL of this device, since for aligning the
fibers it is necessary to know the output of both detector pairs simultaneously. This would require a complete version (with electronics),
which was not possible at the time of measuring. However, the polarisation diversity implementation is similar to what is described in
Chapter 6, and the same results are expected.
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Figure 7.16: Polarisation diversity coherent receiver.

7.4

Conclusions

In this chapter we have demonstrated a coherent receiver chip on InP
membrane. We have first given a theoretical description of coherent
lightwave systems. Among others, improved receiver sensitivity is the
main advantage of coherent detection. Then a practical implementation
of a coherent receiver was described. The 3 dB bandwidth of the integrated detectors was determined to be around 10 GHz. By mixing the
optical signal with a local oscillator signal an intermediate frequency
(IF) signal is generated, the IF being the frequency difference between
both. Current subtraction of balanced detectors, which is required for
local oscillator noise suppression, was not possible due to residual conductivity of the InP membrane waveguide. For a complete coherent receiver, including polarisation diversity and demodulation to baseband,
further electronic signal processing is required.
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Chapter 8

Conclusions and
perspectives
8.1

Conclusions

Optical communication has the potential for being the answer to the
ever increasing demand for bandwidth. Like in electronics, integration and miniaturisation are key words towards optical communication at an acceptable price. They are also key words for summarising
this work. The other important aspect is the choice for InP as the base
material, which is motivated by the possibility for implementing active
functionality in an efficient way.
We have used a reliable bonding technique using the polymer BCB
for obtaining a high vertical index contrast InP membrane structure.
This enables to make ultra-compact components for achieving a high
integration density in InP material, in contrast to classical substrate
type InP layer structures.
Two important problems in integrated optics have been tackled: fibre coupling and the inherent polarisation sensitivity of optical components on the chip. With regards to fibre coupling, we have transferred
existing designs for Silicon-on-Insulator (SOI) grating couplers to InP
membrane. This is possible due the the similar vertical refractive index contrast of both layer structures. Furthermore, we have described
and experimentally demonstrated a substantial performance increase
of these grating couplers both in terms of coupling efficiency and compactness. By including a bottom mirror into the layer structure, a coupling efficiency of 69% and 60% has been obtained experimentally for
SOI and InP membrane gratings, respectively. Focusing gratings are
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used for omitting long adiabatic transitions in the coupling structure,
resulting in an 8-fold length reduction. With regards to the polarisation
problem, the same improvements have been implemented for 2D polarisation diversity grating couplers. A detailed experimental analysis of
the influence of angled coupling has been presented.
These concepts on fibre coupling and polarisation diversity have
been applied for demonstrating a series of integrated devices in bonded
InP membrane. Both wire based and photonic crystal based devices can
exist next to each other on the chip. Photonic wire based devices like
ring resonators and power splitters and a photonic crystal based demultiplexer sustain our technological effort. Furthermore, we have implemented a complex fabrication scheme for integrating efficient waveguide detectors which have been used for characterising some of the
integrated devices. The final demonstration is a coherent receiver chip
with integrated detectors.

8.2

Perspectives

The series of well performing devices on InP membrane presented in
this work prove that the used and developed technology has reached a
satisfying level of maturity. Improvement on propagation loss can be
expected from optimising the processes for pattern definition (lithography and etching).
On the device side, some photonic integrated circuit building blocks
are still missing. We have integrated well performing p-i-n detectors
onto the InP membrane platform but other active devices like lasers
(e.g. for the local oscillator in a coherent receiver) and amplifiers are
also required for achieving a complete transmitter/receiver chip. The
main difficulty is the electrical contacting of membrane devices, due to
the presence of the optical mode near the contacts. The low thermal
conductivity of BCB, causing heating of the active devices, might be
another problem.
Further improvement is required on the polarisation diversity implementation. Especially the wavelength dependence of the PDL needs
to be reduced or even totally removed. One approach could be to
switch to perfectly vertical coupling, in which case the second order
reflection needs to be suppressed. This can be done by changing the
grating design through inserting additional slits [122], but this might
impose stringent fabrication tolerances. The other option is to compensate for the different coupling for both orthogonal polarisations. This
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will require extensive 3D simulations, where we have met the limits of
computational resources. When using FDTD with an acceptably small
grid step, the memory requirements are extremely high and optimising
structures using optimisation algorithms takes unacceptable time. Performing parallel calculations on a cluster of simulation machines can
be a solution. During the last months of this PhD, this kind of simulations have been started at INTEC, but further improvement on memory
and stability is required. However, by approximating the structure to
a more simple one, a lot of physical insight can already be gained in
some cases, as we have demonstrated for focusing 2D grating couplers.
A first step towards simplifying complex grating structures by reducing the 3D problem to a 2D problem has been described in the master’s
thesis of Elewout Hallynck [123].
Packaging of the chips with stable fibre inputs and outputs is another remaining task. We have tried to simply glue fibres onto the chip,
but the results were not satisfying. The alignment of the fibres was
not stable over time, and therefore a more robust approach is required.
Also the wire bonding of the active devices needs special care as the
force applied onto the membrane when making the bond might be too
high.
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Appendix A

Calculation of polarization
diversity focusing gratings
In this appendix, we give the formulas and Matlab routines that can be
used for calculating focusing polarization diversity grating couplers.

A.1

Design 1 (θ=0◦ )

This routine implements the required equations for overlaying the two
orthogonal 1D-focusing gratings for design 1 (θ=0◦ ).

function F = design1(x, q1, q2)
nt=1;
lambda=1.56;
neff=2.67;
qmiddle=33
L=qmiddle*lambda/neff;
F=[q1*lambda-neff*sqrt(x(2)*x(2)+x(1)*x(1));
q2*lambda-neff*sqrt((x(1)-L)*(x(1)-L)+(x(2)+L)*(x(2)+L));];
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Calculation of polarization diversity focusing gratings

Design 2 (θ=10◦ )

This routine implements the required equations for overlaying the two
orthogonal 1D-focusing gratings for design 2 (θ=10◦ ).
function F = design2(x, q1, q2)
nt=1;
lambda=1.55;
theta=10*pi/180;
neff=2.73;
qmiddle=33
L=qmiddle*lambda/(neff-sin(theta)*cos(pi/4)*nt);
F=[q1*lambda+sin(theta)*cos(pi/4)*nt*(x(1)+x(2))
-neff*sqrt(x(2)*x(2)+x(1)*x(1));
q2*lambda+sin(theta)*cos(pi/4)*nt*((x(1)-L)+(x(2)+L))
-neff*sqrt((x(1)-L)*(x(1)-L)+(x(2)+L)*(x(2)+L));];

A.3

Calculate the intersection points

This routine is used to calculate the intersection of the overlay of both
gratings. A first rough approximation of the solution needs to be given,
from which Matlab calculates the right intersection coordinates. These
coordinates are written to a text file.
clear all;
close all;
matrix_z=[];
matrix_y=[];
i=1;
for q1=21:1:45
for q2=21:1:45
j=q2-20;
x0= [11,-5];% Approximation of the solution
options = optimset(’Display’,’off’);
x = fsolve(@(x) design1(x,q1,q2), x0, options);

A.3 Calculate the intersection points
matrix_z(i)=x(1);
matrix_y(i)=x(2);
i=i+1;
clear x
end
end
gratingfile=[’2Dgrating_z.cmd’];
fid=fopen(gratingfile, ’wt’);
fprintf(fid, ’%s\n %1.4f\n %1.4f\n’, matrix_z);
gratingfile=[’2Dgrating_y.cmd’];
fid=fopen(gratingfile, ’wt’);
fprintf(fid, ’%s\n %1.4f\n %1.4f\n’, matrix_y);
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