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Abstract

As information technologies are adopted by more people to accomplish a greater
variety of tasks, the need for optical telecommunication networks with higher
capacity and flexibility grows. In addition to improving throughput by increasing
transmission rates and the number of wavelength channels, novel network
architectures using optical burst or packet based switching are investigated
because they allow a more efficient use of transmission capacity and they enable
the reorganisation of wavelength connections according to traffic demands. The
implementation of such networks requires fast, broadband, transparent, and
scalable optical space switches. Although research on optical space switches has
been on going for decades, no solution that meets all of the above requirements
has been reported yet. The work presented in this thesis introduces a novel
optical space switch configuration based on tuneable integrated Fabry-Perot filters
working at oblique incidence and investigates their performance.

A design method to implement this new switch concept is described and
demonstrated with the fabrication and characterisation of optical prototypes. The
prototypes are implemented in GaAs/AlGaAs planar waveguides and they are
designed to be operated using the electro-optic effect. Deep etching is used to
create the switch features and a comprehensive optimization of the waveguide
structure is conducted to minimize radiation losses. To maximize the number of
wavelength channels that can be controlled with a small refractive index
modulation, the switches have a 200 GHz comb frequency response that
transmits/reflects one out of every two channels on the ITU 100 GHz grid. Thus,
shifting their frequency response by one channel spacing is sufficient to change
the state of every channel. Furthermore, four Fabry-Perot cavities are coupled to
obtain a flat and wide theoretical passband of more than 50 GHz. A Gaussian
beam propagation analysis is performed to determine the minimum beam waist
required to avoid distortion. Wavelength response measurements and bit error
rate tests at 10 Gb/s are presented. To assess the scalability of this switch design,

crossbar and shuffle Benes layouts were optimized.



Sommaire

Alors que de plus en plus de gens utilisent les technologies de I’information pour
accomplir une variété¢ croissante de taches, le besoin pour des réseaux de
télécommunication optique plus flexibles et de plus grande capacité est
grandissant. En plus d’augmenter la vitesse de transmission et le nombre de
canaux disponibles, de nouvelles architectures utilisant la commutation optique
par rafale ou par paquet sont en développement puisqu’elles permettent une
utilisation plus efficace de la capacité de transmission et qu’elles rendent possible
la réorganisation du réseau en fonction des variations des demandes de service.
L’implémentation de tels réseaux nécessite des commutateurs optiques rapides,
transparents, a large bande et extensibles. Bien que la recherche sur les
commutateurs optiques est cours depuis des décennies, aucune des solutions
proposées jusqu’a maintenant ne posseéde toutes ces qualités. Le travail présenté
dans cette thése décrit une nouvelle configuration de commutateurs optiques
utilisant des filtres Fabry-Perot intégrés et accordables qui fonctionnent a
incidence oblique et explore leur performance.

L’approche utilisée pour concevoir ce nouveau commutateur est expliquée
et démontrée par la fabrication et la caractérisation de prototypes optiques. Ces
prototypes sont construits dans un guide d’onde planaire en arsenic de gallium et
ils sont congus pour étre opérés a 1’aide des effets électro-optiques. De profondes
gravures sont utilisées pour créer les composantes du commutateur et une étude
sur D’optimisation de la structure du guide d’onde est faite dans le but de
minimiser les pertes par radiation. Afin de maximiser le nombre de canaux
opérables avec une faible modulation de I’indice de réfraction, les commutateurs
possédent une réponse en peigne espacée de 200 GHz qui transmet/réfléchit un
canal sur deux de la grille de 100 GHz de I’'ITU. Donc, il est seulement
nécessaire de déplacer la réponse du filtre par I’équivalent de I’espacement entre
deux canaux afin de pouvoir modifier 1’état de n’importe quel canal. De plus,
quatre cavités Fabry-Perot sont couplées pour obtenir une bande passante plate et
large qui peut en théorie dépasser 50 GHz. Une limite pour la largeur minimum

d’un faisceau gaussien qui permet d’éviter au filtre de causer de la distorsion est



¢établie. Des mesures de la réponse en fréquence et du taux d’erreur sur les bits a
10 Gb/s du commutateur sont présentés. Afin de déterminer I’extensibilité¢ du
nouveau commutateur, des matrices basées sur I’architecture en barres croisées et

Benes sont congues.
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Chapter 1

Introduction

1.1 Why Optical Space Switching?

In telecommunications, the advent of semiconductor lasers and optical fibres
made light the preferred information carrier on medium and long distances [1, 2].
The wide bandwidth of optical fibres, which in theory could transmit half a billion
telephone conversation simultaneously [3], moved the bottlenecks of data
transmission to the network nodes. Today, the majority of routing operations
necessary to establish connections between nodes are carried out electronically.
This requires the conversion of incoming optical signals to electrical ones, which
must be converted back to light after processing. This process is referred to as
optical-electrical-optical (OEO) switching.

The role of OEO switches goes beyond the simple routing of data: they are
used to amplify, retime, and reshape optical signals; they can perform wavelength
conversion; they allow data management and performance monitoring at the bit
level; and they can perform tasks specific to a transmission protocol, such as data
aggregation and synchronization in SDH or SONET networks [4, 5]. This
versatility is what makes OEO switches attractive and hard to replace.
Nevertheless, the increase in capacity of optical networks, motivated by the ever
growing demand generated by novel Internet services [6-8], is constantly
increasing the pressure on electronic components. For instance, successful

transmission at 100 Gb/s on a single wavelength channel has already been
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demonstrated in a field trial [9]. To put that in perspective, in 1992 the aggregate
bandwidth for a whole switching office was less than 15 Gb/s [10]. Moreover, the
introduction of dense wavelength division multiplexing (DWDM) multiplied the
number of electronic processing units required at each node [11]. The
combination of high bit rates and increasing number of wavelength channels led
to expensive switching systems that require copious amount of power. For
example, a fully configured CISCO CRS-1 multi-shelf router can handle up to
1152 line cards running at 40 Gb/s and consumes 0.86 MW of power [8]. This is
equivalent to the power generated by a small industrial wind turbine [12].

The development of optical techniques to compensate for signal
degradation, such as optical amplifiers and dispersion compensating fibres,
extended the reach of optical networks to thousands of kilometres without need
for electronic regeneration. This opened the door to the concept of “all-photonic”
networks in which optical signals are transmitted between their ingress and egress
points without ever being converted to electrical ones.

Before going further, it is necessary to define some terminology since the
words optic and photonic are often used interchangeably but they can mean
different things to different people [1]. In this work, the terms all-photonic
networks and optical switching refers to networks or devices in which data signals
always remain in the optical domain but that have electrical control signals. On
the other hand, the expression all-optical refers to networks and switches in which
light is used for both data and control signals.

The most cited argument for eliminating OEO in optical networks is that
all-photonic networks are transparent [1, 4-8, 11, 13, 14], i.e. they can transmit
data without knowledge of the bit rate or the protocol used. In theory, this makes
all-photonic networks easy and affordable to upgrade because only the electronic
components at edge nodes need to be modified to implement new protocols or
faster bit rates. However, in practice network transparency is limited by the

characteristics of its components [1]. For instance, possible modulation formats
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could be limited by the passband of optical filters present in a network. Even if
full transparency is not achieved, which could be the case if some OEO is kept to
perform traffic grooming or monitoring, introducing optical switching can
improve a node performance by increasing its throughput, decreasing its size,
power consumption, heat dissipation, and cost [1, 5, 11, 15, 16]. Furthermore,
optical switching provides control at the wavelength level, which service
providers could take advantage of to offer new services [6]. Therefore, the main
motivation for incorporating optical switching in telecommunication networks is
to reduce both capital expenditure (by reducing the need for fast electronics) and
operational expenditure (by decreasing the transmission cost per bit).

Research in optical switching for telecommunication applications started in
the 1970s but it began to attract considerable interest in the late 1980s, after
optical fibres were introduced in transmission systems [1]. Despite the numerous
potential solutions proposed and investigated, few optical space switching
technologies are commercially available today. Those that have reached the
market are limited either in their switching speed, such as micro-electro-
mechanical (MEMS) devices, or in their port count, such as electro-optic (EO)
switches [7]. This thesis investigate a novel optical space switch configuration
aimed at combining the scalability of MEMS with the fast switching times of EO
switches. = The proposed device relies on a tuneable Fabry-Perot filter
implemented in a planar waveguide, and its principle of operation and main
characteristics are described in section 1.3. However, before providing more
details on the switch, it is necessary to define requirements against which the new
configurations and existing technologies can be evaluated. This is done in the
next section, which explains the context in which the research reported in this

thesis was conducted.
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1.2 The Agile All-Photonic Networks Research Initiative

Optical networks can be classified into four categories based on their ability to
reconfigure their wavelength connections [8, 16]:

— Static networks in which wavelength connections are fixed. These
include networks that perform routing using exclusively OEO
switching.

—  Circuit-switched networks in which wavelength connections are
established between nodes before they begin exchanging
information. Such connections require round-trip signaling and
the reservation of the resources.

— Burst switching networks in which electronic routers at the
network edges assemble incoming data into bursts before sending
them into the network with a header cell allowing intermediary
nodes to route the bursts properly. Once the egress node is
reached, the information contained in the burst is disassembled
and forwarded to the intended receivers.

— Packet switching networks in which packets are sent on the
network as soon as they arrive to the ingress node. The main
difference between burst switching and packet switching is the
speed requirements they impose on header processors and
switches. Since there is no data aggregation in packet switching,
they need faster processing speeds.

Each of the network types described above has different switching speed
requirements. Obliviously, static networks do not possess any optical switches
and their wavelength paths must be reconfigured manually, which may require
days or weeks. Circuit-switched networks maintain their light path for a
relatively long time and thus they can be implemented with devices that have

milliseconds switching times, such as MEMS and thermo-optic switches (further
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details on switching technologies are given in chapter 2). Burst switching
networks typically need switches faster than a millisecond whereas packet
switching networks have the most stringent requirement since they cannot tolerate
switching delays longer than a few nanoseconds [8].

In terms of maturity, static and circuit-switched networks are already
commercially available. However, significant technological issues still need to be
solved before burst and packet switching networks can be deployed. Burst and
packet switching are advantageous because they enable statistical multiplexing
since they use resources only when data is being transferred [15, 16]. Thus they
can increase the degree of utilisation of wavelength channels by sharing them
between multiple users or nodes according to the traffic demands.

To address these challenges, the National Sciences and Engineering
Research Council of Canada (NSERC) launched in 2003 the Agile All-Photonic
Networks' (AAPN) strategic research network. The work presented in this thesis
was supported in part by this research initiative. The AAPN goal was to develop
a flexible transparent optical network capable of reconfiguring its light paths in a
microsecond. The data transmitted through the network is aggregated in 10 us
frames and, unlike burst switching networks, a variant of optical time division
multiplexing (OTDM) called slot by slot switching is used as a basis for its
scheduling algorithm. Synchronization is implemented to avoid contention issues
since no optical buffering is available in the network. The decision of excluding
optical buffers was motivated by the lack of practical solutions to implement that
function in the near future. Wavelength conversions were not included for the
same reason. A star topology with a 64x64 optical space switching fabric at its
centre (see Fig. 1.1) was chosen for its compatibility with OTDM scheduling and

its robustness to various traffic distributions [14].
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~"64x64 Core Node ™
Optical Switch Fabric

Electronic

Edge Nodes
1xM Selector

Switch
Fig. 1.1: Agile All-Photonic Network star topology (adapted from [17])

In the AAPN, electrical to optical conversions occur only in edge nodes,
which also perform all traffic management tasks. A single wavelength is used
within the star but multiple stars working at different wavelengths can be overlaid
to increase network capacity. To create an efficient network with the topology
described above, the core switch must meet the following requirements:

—  64x64 port count

— Switching time less than a microsecond

— Insertion loss below 10 dB

— Low crosstalk and signal distortion (since there is no OEO

regeneration)

— Capable of working at multiple wavelengths (for overlaid star

topologies)

These requirements served as a starting point to define the research
presented in this thesis. They led to a novel optical space switch based on
tuneable integrated Fabry-Perot filters used at oblique incidence. The main
objective of the investigation conducted here was to determine if these filters
could be used to form switch fabrics that are both fast and scalable. Switch
fabrics meeting these requirements represent a key enabling technology for the

development of the next generation of optical networks.
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1.3 Integrated Fabry-Perot Optical Space Switches

A simple optical space switch can be obtained by moving a mirror in and out of
the propagation path of a light beam (see Fig. 1.2). However, this requires
mechanical movement to modify the direction of propagation of light. The speeds
required in optical burst and packet networks are extremely challenging, if not
impossible, to achieve with mechanical actuation no matter what is the size of the
mirror. Nonetheless, a moveable mirror presents multiple characteristics that are
desirable in an optical space switch. First, it creates transparent switch fabrics
since reflections of a mirror are not bit rate or modulation dependent. Most
mirrors are broadband. Furthermore, they can be low loss and have limited
crosstalk with proper beam collimation. Therefore, a device relying on a fast
actuation mechanism and that possess the same advantages as a mirror would be

an efficient building block for space switch fabrics.

(a) Output 2 (b)

Input 1 | |, Output 1 Output 1

Moveable Mirror
Input 2 Input 2

Fig. 1.2: Schematic of a simple 2x2 optical space switch in (a) bar state and in (b) cross state.

The fastest way to control optical beams with electrical signals is to
modulate a material refractive index by altering the density or disposition of its
charge carriers. Depending on the material used, this can be achieved through a
number of phenomena, including electro-optic (EO), Franz-Keldysh, or plasma
effects [18], and in certain materials, such as III-V semiconductors, multiple

effects can interact [19]. However, the refractive index modulation provided by
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these effects is relatively small, especially when those involving an increase in
optical absorption are avoided. For the purpose of this project, index modulations
obtainable solely with the linear EO effect were considered. The linear EO effect
creates a change in refractive index by redistributing bond charges inside a
material upon the application of an electric field [20]. Since no extra charges are
injected, EO effects do not cause absorption losses and they can be modulated at
several gigahertz.

Once the actuation mechanism is chosen, the challenge is to figure out a
way to use it to perform space switching in a way that provides the same benefits
as those described for a perfect mirror. This is the goal pursed in the development
of the optical space switch presented here. In addition to the criteria mentioned
above, the switch is expected to work over an entire wavelength band; to provide
over 20 dB of crosstalk isolation and extinction ratio; and to be compatible with
the 100 GHz ITU grid. Since EO effects are polarization dependent, the switch is
designed to work with only one polarization state.

To create the equivalent of a fast moveable mirror, it must be possible to
change the device response with the small refractive index change provided by
EO effects. Both Bragg mirrors and Fabry-Perot (FP) cavities can be tuned by
changing their refractive index. How this can be used to create an optical space
switch is illustrated in Fig. 1.3 with an integrated Fabry-Perot filter. Depending
on the voltage applied across the filter, it will either transmit or reflect an incident
beam. An overview of the salient features of integrated Fabry-Perot optical space

switches is given below.
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(@)

Fig. 1.3: Schematic illustrating the operation of an integrated Fabry-Perot optical Space switch
with the electro-optic effect. In (a) no voltage is present and the switch transmits the input beam
whereas in (b) a voltage is applied, which modulate the filter refractive index, and the switch
reflects the input beam.

The small index change achievable with EO effects allows the tuning of the
wavelength response of Bragg mirrors or FP cavities by about only 1 nm.
However, that bandwidth can be extended in FP cavities by decreasing their free-
spectral range to create a comb response that transmits/reflects one out of every
two channels of the grid targeted for the switch (see Fig. 1.4). This way, tuning
the FP cavity response by the equivalent of one channel spacing is sufficient to

redirect any channels covered by the comb response.

(a) - (b)

Reflected (odd) ‘ M *Reflected (even)
l | l l ransmitted (even) | I I |

nputs . Filter with “inputs Filter with
Negative Voltage Positive Voltage

Fig. 1.4: Illustration of an electro-optic comb Fabry-Perot switch response when (a) a negative

voltage is applied and (b) when a positive one is applied.

A single high-order FP cavity with mirror reflectivity high enough to form a
comb filter with at least a 20 dB contrast between adjacent channels has a
Lorentzian wavelength response, as shown in Fig. 1.5. The transmission peaks
are very narrow and this can cause distortion in signals modulated at high bit
rates. As mentioned above, the ideal wavelength response would be like that of a

perfect mirror, which is flat and wide. To increase the passband width, multiple
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high-order FP cavities are coupled to form the comb filter. Fig. 1.5 shows an

example of the improvement possible with coupled cavities.
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Fig. 1.5: Wavelength transmission response for Fabry-Perot filters with a single cavity and with
multiple coupled cavities.

Since EO effects are dependent on the strength of the applied electric field,
reducing the volume over which the refractive index must be changed lowers the
required voltage. This decreases the power needed to actuate the switch and
facilitate the design of the controlling electronics. Therefore, the FP filter is
implemented in a planar waveguide to confine light vertically, which reduces the
distance between electrodes. The absence of confinement in the horizontal
direction simplifies the switch layout since light beams can overlap without
suffering losses, as is the case with channel waveguides crossing.

A high index contrast is required to form broadband cavity mirrors, which
maximize the bandwidth of the comb filter. This is achieved by deep etching the
planar waveguide. However, deep etching eliminates vertical confinement and
creates regions where radiation losses can be significant. Thus, the planar

waveguide structure must be optimized to limit these losses.
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1.4 Original Contributions

The work done over the course of the research project described in this thesis led

to the following original contributions. The information in parenthesis indicates

the relevant thesis chapters.

These contributions are reported in various published and submitted
conference proceedings and journal articles, as well as a US provisional patent

[21-28].

Development of a simulation and optimization methodology for
the design of integrated filters with deep-etch features working at
oblique incidence. (chapters 3 & 5)

First study of losses in deep etched waveguides that
simultaneously considered the layer structure of the waveguide,
its index contrast, and the depth of the etched features. (chapter 4)
First analysis establishing a lower limit on the Gaussian beam
waist required to preserve the plane wave response of integrated
coupled cavity Fabry-Perot filters as a function of incidence angle.
(chapter 5 and appendix A)

Design of the first integrated Fabry-Perot optical space switch.
(chapter 6)

First implementation of integrated Fabry-Perot optical space
switch prototypes. (chapter 6 and appendix B)

First characterisation of 2x2 integrated Fabry-Perot optical space
switches, including their wavelength response, temperature
sensitivity, and their ability to transmit 10 Gb/s data signals.
(chapter 6)

First scalability analysis of integrated Fabry-Perot optical space
switch fabrics. (chapter 7)
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1.5 Thesis Organization

The remaining of the thesis is organised as follows. Chapter 2 reviews optical
space switch technologies that are relevant to this project, either because they
share some features with or because they are competing solutions to the design
introduced here. In chapter 3, an overview of the design challenges faced during
this project is presented along with the solutions that are proposed. Chapter 4
explains the planar waveguide optimization method developed to minimize
radiation losses in deep-etched features and shows the results that were obtained.
Chapter 5 discusses the filter design and the impact fabrication constraints have
on its performance. It also includes the derivation of a lower limit on the input
beam waist that maintains the plane wave response of the filter.

In chapter 6, the layout of a 2x2 optical prototype is explained and
experimental results of its characterisation are presented. They include its
wavelength response; measurements of loss, crosstalk and extinction ratio for 50
channels on the ITU 100 GHz grid; and bit error rate measurements for a 10 Gb/s
signals propagating through the prototype switch. Chapter 7 investigates the
scalability of integrated Fabry-Perot optical space switch fabrics for both crossbar
and shuffle Benes architectures. Lastly, chapter 8 concludes with an analysis
comparing integrated Fabry-Perot optical space switches with other switch

implementations and discusses future work and possible improvements.
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Chapter 2

Optical Space Switch
Technologies

2.1 Introduction

Research in optical switching has been on going for several decades, and
numerous approaches have been proposed and investigated. The amount of
literature on the subject is tremendous and therefore this review is limited to the
approaches relevant to the work presented in this thesis. Micro-electro-
mechanical and thermo-optic switches are discussed because they are currently
the most common technologies deployed in commercial networks. Also, the
architectures used for the scalability study reported in chapter 7 are based on the
layout of micro-electro-mechanical switches.  Electro-optic switches and
semiconductor optical amplifier based ones are included because they are
promising candidates for the next generation of optical space switches since they
can achieve sub-microsecond response times. Lastly, resonator based switches
are presented because their operating principles are similar to integrated Fabry-
Perot optical space switches. Descriptions of other switch technologies not
covered in this review, including acousto-optic, opto-mechanical and liquid-
crystal switches, can be found in these references [1-5]. The following sections
explain the operating principles, material platforms, and common configurations

of the technologies mentioned above. A table compiling the performance of
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typical implementations of the different switching technologies is presented in the

conclusion along with a discussion of each approach merits and drawbacks.

2.2 MEMS Switches

Micro-electro-mechanical systems (MEMS) are miniature devices fabricated on
silicon wafers with processes similar to those employed to build electronic
circuits. Moveable micro-mirrors are by far the most common MEMS devices
used in optical space switches [5-29]. Other configurations have been proposed,
including devices that use diffraction gratings [30], prisms [31], or the
displacement of optical fibres [32] to perform switching. However, only switches
based on micro-mirrors are discussed here because they are the most mature
optical MEMS technology and some have layouts compatible with integrated
Fabry-Perot optical space switches.

The first MEMS mirror was fabricated at IBM in 1980 [20] but it took 15
years before research on their use in telecommunication began [17]. Different
actuation mechanisms have been demonstrated, including piezoelectric [7],
electromagnetic [23, 31], and electro-thermal [26] but electrostatic actuation is the
most used [2, 10-12, 14, 16, 18, 22, 24, 29]. Electrostatic forces are created
between conductors having different electric potentials. Thus, the position of a
MEMS mirror can be adjusted by varying the voltage applied across its
electrodes. Electrostatic actuators are advantageous in large port-count switch
fabric because they dissipate little power and electrostatic fields are easily
shielded with materials commonly used in MEMS fabrication processes. Most
MEMS switches have response times between 10 s and 10 ms [2].

Optical MEMS switches are often classified in two categories: two-
dimensional (2-D) and three-dimensional (3-D) switches. Typical layouts for 2-D
and 3-D switches are shown in Fig. 2.1. Two-dimensional switches establish
connections between a line of inputs and a line of outputs whereas 3-D switches

work with planes of inputs and outputs.
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Fig. 2.1: Typical layout for (a) 2-D and (b) 3-D MEMS switches using micro-mirrors (adapted
from [24])

In 2-D MEMS switches, collimated input beams propagate above and
parallel to the MEMS chip surface. Light beams are controlled by inserting
mirrors in and out of their path, usually at 45° with respect to the direction of
propagation of light. The main advantage of 2-D MEMS switches is their digital
operation, which simplifies control. In the common crossbar configuration, the
number of switching elements scales as the square of the number of ports and thus
the MEMS array size increases rapidly. Furthermore, since MEMS switches are
free-space systems, the input beam size must also increase with the number of
ports because the propagation distances inside the switches get larger. Thus,
bigger input beams, which diverge less rapidly, are needed to limit insertion loss
and crosstalk. This requires larger mirrors which are harder to fabricate. Mirror
curvature can be a significant source of losses in MEMS switches. Another issue
with crossbar switches is that the optical path length inside the switch varies
depending on the connection being setup. Assuming a pitch p between adjacent
micro-mirrors, the shortest path in the switch is 2p whereas the longest one is
(2N-1)p where N is the number of ports [18]. As a result, insertion losses are also
connection dependent. This combination of factors limits 2-D MEMS crossbar
switches to about 32 input and output ports [2, 19, 24]. Other layouts have been
proposed to mitigate these issues, including BeneS, Spanke-Bene$ [15], and

shuffle Benes [18] architectures, but none have been implemented.
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Three-dimensional MEMS switches, also called beam steering switches, use
analog tilting mirrors to connect two fibre arrays. In a typical switch (see Fig.
2.1(b)), a collimated input is reflected off a first mirror towards a second mirror
associated with the desired output [2, 5, 12, 19, 21, 24, 25, 28]. The second
mirror compensates the angular deviation induced by the first one in order to
maximize coupling with the output fibre. This configuration requires only two
mirrors per port and is highly scalable. A fabric with over a thousand ports has
been demonstrated [12].

The main factors limiting the scalability of 3-D MEMS switches is beam
diffraction and mirror tilt angle [2]. To work around these issues, systems
including a Fourier lens [9], a concave mirror [13], or a roof top mirror [27] were
designed. However, the most challenging aspect of 3-D MEMS switches is the
precise control that is required on the mirror tilt angle. The angular repeatability
must be within 0.1° [5]. This means that the hundreds of volts typically required

to actuate tilt mirrors must be controlled with 10 mV precision [8].

2.3 Thermo-optic Switches

A simple way to modulate a material refractive index is to change its temperature.
Variations in temperature affect a material refractive index by changing its
electronic polarizability and its density [2]. For instance, changes in temperature
modify the electronic polarizability of silica by shifting its resonant frequencies
[33] (i.e. the same resonant frequencies that are associated with chromatic
dispersion [34]). In the case of polymers, the decrease in density due to thermal
expansion is the main cause of the refractive index change. In thermo-optic
switches there is a trade-off between switching speeds and power efficiency since
the speed of a switch is limited by its ability to generate and dissipate heat. A fast
switch will dissipate heat rapidly and thus requires the continuous generation of
large amounts of heat to remain in certain states. A switch requiring less power

can be obtained with materials that have a low thermal conductivity since they
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can capture heat more efficiently but that comes at the cost of slower switching
speeds. Moreover, heating in thermo-optic switches is achieved with electrical
micro-heaters and therefore switching times are limited by the speed of the
electrical-thermal conversion and by the diffusion time.

Today, three material systems are commonly used to implement TO
switches: polymers, silica waveguides and silicon-on-insulator [2]. Polymers
have a large thermo-optic coefficient and a low thermal conductivity, which make
them very efficient. Thus, they provide the largest index modulation of the three
material platforms. Furthermore, they are cheap and can easily be deposited in
thin-films on glass or silicon substrates by spin coating.

Silica waveguides, also referred to as planar lightwave circuits (PLC), are
fabricated through flame hydrolysis deposition or chemical vapour deposition
[35]. Their TO coefficient is approximately an order of magnitude less than
polymers but their thermal conductivity can be ten times larger [2]. Therefore,
switch configurations that require large index contrasts are implemented with
polymers but those that can be operated with small index changes are built in PLC
to achieve faster switching times thanks to the high thermal conductivity.
Moreover, PLCs have lower propagation losses than polymer waveguides. Silica
waveguides with losses lower than 0.01 dB/cm [35] have been demonstrated
whereas the lowest propagation loss achieved in polymer waveguides is 0.1
dB/cm at 1550 nm [36].

In recent years, TO switches were demonstrated in silicon photonics [37-
40]. The high index contrast achievable with silicon-on-insulator (SOI) structures
allows for sharp waveguide bends, which lead to compact devices, and it is
possible to integrate CMOS circuits with optical switches on the same chip [40].
Furthermore, silicon has a TO coefficient comparable to that of polymers [37] and
a thermal conductivity a hundred times larger than silica [2]. This makes possible
the implementation of TO switches with sub-microsecond switching times [40].

Silicon also has the unique capability of being used as an optical waveguide and
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resistive electrode simultaneously by adjusting its doping. This ability was used
to design a TO switch a with 600 ns switching time [38]. However, coupling and
propagation losses are higher in silicon waveguides than in PLC or polymer
waveguides.

Although a bulk thermo-optic beam deflector has been reported [41], the
majority of TO switches are channel waveguide devices. The most common
configurations include digital optical switches (DOS) [42-47], and Mach-Zehnder
interferometers (MZI) [37-39, 48-54]. A DOS consists of a Y-junction with
heaters on each of its branch, as shown in Fig. 2.2(a). The split angle is small
(typically between 0.1° and 0.15°), which leads to switches that are millimetres
long [42, 44, 45]. DOS are based on adiabatic mode evolution and switching is
controlled by increasing the refractive index of the desired output waveguide [2]
with respect to the other waveguide branch. The refractive index difference
required in DOS is relatively large and thus they are usually implemented with
polymers. Their main advantage is their digital response, which does not require
precise control of the temperature. Also, they are wavelength and polarization
independent [45]. The largest switch fabric built with DOS is 16x16 [43].
Scalability is limited by the DOS length.

(a) (b) Phase Shifting Region
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Fig. 2.2: Schematic of the most common thermo-optic switch configurations: (a) digital optical
switch and (b) Mach-Zehnder Interferometer switch.

A Mach-Zehnder Interferometer consists of two 3 dB couplers, which can
be directional couplers or multi-mode interferometers, and of a phase shifting
region made of two decoupled waveguides (see Fig. 2.2(b)). Switching is

achieved by controlling the phase difference between the two signals in the phase
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shifting region by modulating the refractive index of the waveguides. Depending
on the phase difference, constructive interference will occur in one of the two
output waveguides [2]. Because they are based on interference, MZI requires
smaller refractive index change than DOS and are the switch configuration most
often used in silica waveguides [49, 50, 52-54]. The largest TO switch fabrics
demonstrated so far is a 32x32 PLC switch with 2048 MZI [53]. MZI have also
been implemented with polymers [48, 51], which results in devices with low
power consumption. The drawback of the great sensitivity of MZI switches is
that they require precise temperature control. Furthermore, their performance can

be wavelength and polarization dependent [2].

2.4 Electro-optic Switches

A faster way to modulate a material refractive index than changing its temperature
is to modify the position and/or density of charge carriers inside it. Depending on
the nature of the material, this can be achieved in a number of ways. In
noncentrosymmetric crystals [55] and specially designed polymers [56], applying
an electric field can change the refractive index by redistributing the bonded
charges, and it can also cause slight deformations of the ion lattice. This is called
the electro-optic (EO) effect. It can either be linear or quadratic according to the
index modulation dependence on the applied electric field. The quadratic effect is
also referred to as the Kerr effect and it is usually ignored in the presence of the
linear EO effect (also called Pockels effect) since the linear effect is much
stronger. Furthermore, EO effects are anisotropic and thus the refractive index
change they create varies with the direction of propagation of light with respect to
the crystal lattice and with the light polarization. Generally, the modulation of the
effective refractive index in an optical device is obtained from an electric field
applied in a specific direction, and it couples with only one of the electro-optic
coefficients of a material. Thus, the refractive index change can be estimated

with this simple equation (see [55] for more details):
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An =%n3rE (2.1)

where 7, n and E are the appropriate electro-optic coefficient, refractive index and
electric field component, respectively. Linear EO coefficients are usually on the
order of tens of pm/V in the most active materials, which lead to maximum
refractive index modulation of about £0.001. This is an order of magnitude less
than thermo-optic effects. However, EO effects are extremely fast and they can
achieve switching times of less than a nanosecond [4].

The most used EO material is lithium niobate (LiNbOs3) [57-73] because of
its high EO coefficient (133 = 32.6 pm/V [74]) and because low loss waveguides
can be created in it by titanium diffusion or proton exchange [2]. Furthermore, it
is possible to invert domains by electrical poling to maximize the refractive index
contrast and simplify control [62, 69-71]. The drawback is that titanium and
proton exchange waveguides have a low index contrast, and thus they require
large bending radii which lead to large devices. Also, careful electrodes
fabrication is required to avoid voltage drifts and pyroelectric effects [2].

EO switches have also been demonstrated in polymers [56, 75-78], which
can have EO coefficients higher than LiNbO; [56]. However, most of them are
proprietary, which limits their availability. Unlike TO polymers, stability is an
issue with EO polymers [60, 79]. Another material than has interesting EO
properties is lead-lanthanum-zirconate-titanate (PLZT) [80-82]. Its EO
coefficient is high (612 pm/V [83]) and it can be polarization independent [80].
However, it presents serious fabrication challenges [84].

Linear electro-optic effects are present in compound semiconductors but
their EO coefficients are smaller than LiNbO;3 [55]. Nevertheless, since the
refractive index change induced with the linear electro-optic effect is proportional
to the cube of the material refractive index, it is possible to obtain index
modulation of the same order as LiNbOs thanks to the high refractive index of
semiconductors. In III-V semiconductors, the EO effect is typically obtained with

a P-I-N structure that is reverse biased [85] and several other electronic
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phenomena can contribute to the refractive index modulation. The presence of an
electric field changes the depletion region width, which results in a modification
of the refractive index due to, in order of importance, electro-optic, band filling,
Franz-Keldysh, and plasma effects when the incident wavelength is far from the
absorption edge of the material [86]. The band-filling effect causes a change in
the effective band-gap energy due to variations in carrier density [87]. As a
result, the absorption edge shifts and this creates a refractive index change
through the Kramers-Kronig relation. The absorption edge is also displaced by an
increase in the tunnelling probability resulting from the tilt in the band edges
caused by the application of an electric field [86]. This is called the Frank-
Keldysh or electrorefractive effect. As in the case of the band filling effect, the
refractive index modulation is a consequence of a change in absorption. The
plasma effect, sometimes referred to as the free carrier effect, is another way to
obtain a refractive index change by varying the optical absorption coefficient of a
material. The change in absorption is obtained by varying the quantity of free
carriers with which photons can interact. In reversed bias P-I-N structures, free
carriers are removed from the depletion region and thus are less likely to absorb
incoming photons [86].

A refractive index modulation can also be obtained by injecting carriers into
a waveguide [79]. In this case, the refractive index change can be two orders of
magnitude larger that with EO effects. The drawbacks are that speed is limited by
carrier recombination times and that insertion losses increase when a current is
present. Current modulation is often used in InP devices [88-93] because of the
large index contrast it provides. Moreover, it is used in silicon photonics [94, 95]
since silicon is a centrosymmetric crystal and thus it does not exhibit the linear
electro-optic effect.

In devices with multiple quantum wells, the quantum-confined stark effect
(QCSE) can create refractive index modulations. The presence of an electric field

perpendicular to the quantum wells structure shifts the wells excitonic peaks,
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which modifies the absorption coefficient and lead to a refractive index change
[85]. Switches were built based on this phenomenon [96, 97] but it is used mostly
in modulators [87].

Several electro-optic space switch configurations have been demonstrated
in bulk or planar waveguides, including prism deflectors [62, 70, 71, 75, 80, 82,
98, 99], Bragg diffraction switches [65, 66, 69], and phase arrays [64, 91, 100-
103]. Prism deflectors use the EO effect to create triangular regions of alternating
high and low refractive index (see Fig. 2.3(a)). Refraction occurs at each
interface, causing an angular deviation of the beam. The amount of deviation is
controlled by varying the strength of the applied electric field, which sets the
index contrast between the triangular regions. In LiNbQOs, the triangular regions
can be permanently poled (as long as the crystal remains below its Curie
temperature) to increase the index contrast between them [70]. The shape of the
electrode envelope can be optimized to maximize beam deflection for a given
electric field. Horn-shaped [98] and parabolic [71] electrodes have been
proposed. Prism deflectors have been demonstrated in ferroelectric crystals both
in bulk [70, 71] and in planar waveguide configurations [104]. Planar waveguide
devices were implemented in PLZT [80, 82], polymers [75], and InP [99]. In the
InP devices, current injection was used instead of the EO effect.

Bragg diffraction switches use a thick phase grating generated with
interdigitated electrodes or poled domains to deflect incoming beams, as shown in
Fig. 2.3(b). Unlike prism deflectors they can only change the beam direction by a
specific angle. Planar waveguide switch fabrics were reported in LiNbOs [65, 66]

as well as a free-space implementation [69].
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Fig. 2.3: Planar electro-optic switch configurations: (a) prism deflector, (b) Bragg diffraction
switch, and (c) phase array.

In phase arrays, the input beam is steered by controlling its spatial phase
profile. This is achieved with an array of electrodes that samples the beam at
different points, as illustrated in Fig. 2.3(c). The beam propagation can be
perpendicular or parallel to the electrodes [102]. The perpendicular configuration
can only be implemented in free-space. In that case, the beam incident on the EO
substrate experiences a varying phase change at different locations, thereby
creating the equivalent of a phase diffraction grating that can be electrically tuned.

Thus, it is possible to steer the light beam by changing the grating effective
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period. In the more common parallel configuration, phase arrays are similar to
Bragg switches in the sense that they work like thick phase gratings. However,
the phase change across the beam is varied either by applying different voltages to
the electrodes [101, 102] or by having electrodes of different lengths [64, 100,
103]. As a result, it is possible to steer the beam over a continuous range of
angles, as with prism deflectors. Parallel phase arrays were implemented as free-
space switches in ferroelectric crystals [101, 102]. Guided-wave configurations
usually combine planar and channel waveguides [64, 91, 100, 105]. The input
beam is coupled to an array of channel waveguides over which the electrodes are
located. The channel waveguides end into a planar waveguide where the different
beam components (each now having a different phase) recombine, leading to the
desired beam deflection. Guided-wave phase arrays based on the linear EO effect
were demonstrated in LiNbO3 [64] and GaAs [103, 105]. A device using the
QCSE to modulate the refractive index of GaAs quantum wells [100] and another
one using current injection in InP [91] were reported.

The first EO switches using channel waveguides were directional couplers
(DC) because of their simple structure and low loss characteristics [106]. DC
consists of two single mode waveguides placed close to each other so that their
mode overlaps, as shown in Fig. 2.4. This couples the waveguides, and as a
consequence, power launched into one waveguide will transfer to the other after
propagation over a certain distance called the coupling length. Light will transfer
back into the first waveguide after propagating for another coupling length and
this process will repeat itself as long as the separation between the waveguides is
not changed. In a directional coupler switch, the device length is equal to one
coupling length, such that light from one input appears at the opposite output.
The switch is then in a cross state. To put it in a bar state, a refractive index
contrast is created between the waveguides with the EO effects. This modifies the
waveguides coupling and with the appropriate index contrast it is possible to

avoid power transfer into the second waveguide.
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Fig. 2.4: Schematics of directional coupler switches with: (a) conventional electrodes and (b) 48
electrodes

Although there are conceptually simple, DC switches are difficult to build
because of the tight fabrication requirements needed to obtain devices of exactly
one coupling length. Nevertheless, DC switch fabrics based on the linear EO
effect have been demonstrated in LiNbO; [81, 84, 107], III-V semiconductors
[108-110] and polymers [77, 78]. Current injection [93] and the QCSE [96] have
also been used to control directional couplers. By splitting the electrodes in at
least two sections (see Fig. 2.4(b)), it is possible to relax fabrication tolerances
and reduce crosstalk [59]. This configuration is called a reversed A/ directional
coupler. The added degree of freedom obtained with the split electrodes allows
electro-optic control of the coupling coefficient over a wide range. This approach
was used in switch fabrics implemented in PLZT [81], GaAs [110], and LiNbO;
[58].

Fabrication can also be simplified by using Mach-Zehnder interferometer
switches since the coupling and phase shifting regions are separated, as explained
in section 2.3. Furthermore, the small index modulation needed to operate MZI
switches makes them suitable for EO implementation, which leads to devices
much faster than those relying on the thermo-optic effect. Switching times as fast
as 200 ps have been reported in EO MZI [79]. They have been demonstrated in
LiNbOs [57, 68, 72] and III-V semiconductors [111-113]. Devices using current
injection were fabricated in InP [92, 114] and silicon [95]. One implementation
relying on the QCSE was also reported [97]. Electro-optic effects were also used
to actuate digital optical switches. The devices implemented in polymer [76] or
LiNbOs [61, 63, 67, 73] relied solely on the linear EO effect whereas those built

in InP used current injection [88-90].
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2.5 Semiconductor Optical Amplifier Switches

A semiconductor optical amplifier (SOA) can be viewed as a laser cavity with
low or no optical feedback. They are usually made of InGaAsP epitaxial layers
grown on InP substrates, and it is possible to integrate different passive and active
components, such as lasers [115] or arrayed-waveguide gratings [116], on the
same chip. Current injection in the SOA generates free carriers and creates a
population inversion, which provides optical gain through stimulated emission
[79]. When no current is present, light is absorbed. This ability to switch
between gain and absorption enables SOAs to achieve extinction ratios larger than
40 dB. Polarization independent operation can be obtained with careful design of
the gain region in bulk SOAs or appropriate strain in multiple quantum well
structures [2]. When a small level of feedback is present, usually from reflections
of the cavity facets, the SOA is a Fabry-Perot amplifier, which has multiple peaks
in its gain spectrum. In the absence of feedback, the SOA is called a travelling-
wave amplifier and it has a broad and smooth gain profile. Therefore, travelling-
wave amplifiers are the preferred configuration for switching applications. The
reflectivity at the end facets of an SOA can be reduced with anti-reflection
coatings, tilting the SOA waveguide, or using buried facets.

The advantages of using SOAs as switching elements are their high
extinction ratio, the possibility of compensating losses, and their broad bandwidth
[117]. However, SOAs introduce noise, nonlinearities, and they can have
significant power consumption. Furthermore, gain variations with changes in
injected power can lead to signal distortion, reduction in extinction ratio, and
generate crosstalk due to cross-gain modulation in WDM signals [79]. This can
be mitigated with gain-clamping the SOAs [118].

SOA switch fabrics typically have a broadcast and select architecture in
which multiple 1xN tree switches made of passive 3 dB couplers are
interconnected [115, 118-123], as shown in Fig. 2.5(a). SOAs are located

between the input and output tree switches where they act as on/off gates and
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compensate for splitting losses. Input signals are split and sent to every output
switches, where the SOA corresponding to the desired signal is turned on. This
architecture enables the broadcast of signals to many outputs but this is achieved
at the cost of high splitting losses. Moreover, the number of SOAs required in
broadcast and select switches based on the tree architecture scales as the square of
the number of ports. The largest monolithic switches reported are 4x4 fabrics
[120, 122]. Silica waveguides have been integrated with SOA arrays to reduce
propagation losses [121, 123]. An optical fibre shuffle network was used with
1x8 hybrid silica-InP switches with gain-clamped SOAs to build an 8x8 fabric
[118]. The largest broadcast and select switch built to date is a 32x32 fabric but it
was designed for radio over fibre applications [124] and it used an hybrid tree-
Benes architecture to reduce the number of SOAs. Monolithic 1x8 switches were
designed for a 256x256 fabric but the fabric performance has not been reported
yet [125]. The switch size can be significantly reduced if waveguide crossings are
integrated in the SOAs. This has been demonstrated with quantum dot SOAs
[119].

It is also possible to build crossbar switches with SOAs [126, 127]. As
illustrated in Fig. 2.5(b), active couplers are used to interconnect passive
waveguides laid out as a grid. When current is injected in the couplers, their
refractive index matches that of the passive waveguides and light is transferred
into them. When no current is present, there is not only an index mismatch
between the waveguides but any light that couples in the SOAs is absorbed.
Furthermore, the gain of the couplers can be adjusted to equalize the differential
path losses typical of crossbar switches. Two implementations have been
reported so far and both are 4x4 switches. In the first, passive and active
waveguides were fabricated side-by-side using regrowth and a curved waveguide
was used to connect active couplers [127]. In the second (shown in Fig. 2.5(b)),

an active layer was grown over a passive guiding layer, creating vertical couplers
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[126]. Total internal reflection mirrors were etched to connect the two SOAs
forming active couplers.
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Fig. 2.5: Semiconductor optical amplifier 4x4 switch fabrics: (a) broadcast and select, and (b)
active vertical-coupler (adapted from [126]).

2.6 Resonator Based Switches

This section presents optical space switches based on wavelength tuning of
resonators. These devices often use the same actuation mechanisms as the
switches described above but they have been grouped together in a separate
section because they share the same optical working principles as the switch

introduced in this thesis. Therefore, they are the switch configurations that are the
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most similar to integrated Fabry-Perot optical space switches. The first category
of resonator switches consist of previous implementations of space switches based
on Fabry-Perot filters whereas the other one describes the latest integrated

resonator switches made with micro-rings.

2.6.1 Fabry-Perot Switches

A typical Fabry-Perot (FP) filter consists of two partially reflecting mirrors
separated by a small gap. Light incident on a FP filter will experience multiple
reflections within that gap. If the optical length of the cavity formed by the two
mirrors is an even multiple of the light half-wavelength, it will be transmitted
through the cavity. If the cavity optical length corresponds to odd multiples of the
light half-wavelength, then the light is completely reflected by the filter. The
resonant wavelengths (Ag) of an ideal FP filter are given by:

_ 2nL

/1RM

(2.2)

where 7 is the cavity refractive index, L is its length, and M is a positive integer
representing the resonance order. At a specific wavelength, switching between
reflection and transmission can be achieved by changing the FP cavity optical
length either by moving the mirrors, modulating the cavity refractive index, or
varying the angle of incidence.

Because of their bistable response, Fabry-Perot filters with cavities made of
nonlinear materials are often used as gate switches in all-optical logic [128, 129]
and modulation experiments [130-132]. Optical space switches based on FP
filters have been proposed, the simplest configuration being a 1x2 free-space
device in which a collimated monochromatic input beam is projected at oblique
incidence onto a tuneable FP cavity made through thin-film deposition on a
transparent substrate (see Fig. 2.6) [133-135]. The FP cavity can be made of
semiconductor, ferroelectric, or liquid crystal material and its refractive index can
be modulated through electro-optic, thermo-optic, piezoelectric, or all-optical

effects. The number of ports can be increased to form an 1xN switch by using
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multiple non-coupled FP cavities [136]. Switches with light propagating at
normal incidence on FP cavities have also been reported but they require
circulators to separate the input and reflected beams [137]. Normal incidence
devices with filters fabricated in channel waveguides were demonstrated [138,
139]. To avoid using circulators, FP switches working at normal incidence were
used as gate switches in a broadcast and select architecture [140]. However,
unlike SOAs they cannot compensate for splitting losses.
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Fig. 2.6: Free-space Fabry-Perot switch schematics with cavity in (a) transmission and in (b)
reflection.

2.6.2 Micro-ring Resonator Switches

Waveguide rings form travelling-wave resonators with wavelength responses
similar to Fabry-Perot resonators. Fig. 2.7 shows typical layouts for 1x2 and 2x2
switches using micro-rings. The resonant wavelengths of a ring can be found in
the same way as those of a FP filter except that the length L and the refractive
index 7 in equation 2.2 must be replaced by the ring half-circumference and the
group index of its guided mode, respectively [141]. Furthermore, matrix methods
similar to those used with FP filters have been developed to optimize the
wavelength response of micro-ring filters [142, 143]. Micro-rings are usually tens
of micrometers in diameter and thus they must be implemented with high contrast

waveguides to minimize bending loss. Silicon-on-insulator is the most used
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platform to demonstrate micro-ring devices [142-148] but devices built in silicon
nitride [149, 150] and III-V semiconductors [151] have also been reported. The
drawback of high contrast waveguides for telecommunication applications is that
their large modal mismatch with optical fibres makes coupling challenging.
Moreover, the tight confinement of high index contrast waveguides means that the
separations between micro-rings and channel waveguides or other micro-rings
must be small (on the order of hundreds of nanometres) to achieve evanescent

coupling. This leads to stringent fabrication requirements.
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Fig. 2.7: Schematics of micro-ring switches: (a) single and (b) double ring layouts. Note that for
the double ring switch, the inputs are shown in different colours only for clarity. Usually they have
the same wavelength.

In micro-ring switches, the output port is selected by controlling the
coupling between the input waveguide and the ring. If the input wavelength
resonates with the ring, the signal is transferred to the waveguide on the opposite
side of the ring. When this is not the case, the signal continues to propagate in the
input waveguide. Tuning of the wavelength response of micro-rings can be

achieved with plasma effects obtained either electrically [142, 147, 151] or
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optically [142, 144, 148], thermo-optic effects [145, 146, 149], or by moving a
membrane [150] or the coupling waveguides [152] with MEMS actuators.
Tuning over 20 nm has been reported with the TO effect [145].

The coupling of multiple rings was realized to improve the passband shape
of micro-ring filters [153], improve temperature tolerance [148], and reduce
switching jitter and speed [147]. Filters with up to 11 coupled rings were
implemented to achieve a flat passband with very sharp edges [153]. To extend
the number of wavelength channels over which a micro-ring switch can operate,
its free spectral range was reduced to about 0.85 nm by increasing the ring
diameter to 200 um, which created a comb response [144]. This switch was
tested with 20 different 100-GHz channels in the C-band modulated at 10 Gb/s
[142].

2.7 Conclusion

Table 2.1 below lists the insertion loss, crosstalk, polarization dependent loss
(PDL) and switching time for typical implementations of the switches described
above. MEMS switches are the most scalable and they have low insertion loss,
crosstalk and PDL. Since MEMS mirrors have been used in commercial displays
for several years, their reliability has been proven and packing technologies are
mature. Unfortunately, MEMS have the longest switching times of all approaches
reviewed here. Furthermore, as their number of port increases, MEMS switches
become bulky since they are free-space devices.

Reliable integrated switches using the thermo-optic effect have been
demonstrated with up to 32x32 ports. Their insertion losses and crosstalk levels
are higher than MEMS devices but they are still acceptable for commercial
applications. Their switching time is slightly faster but most devices require more
that a millisecond, which is too slow for optical burst networks. Nevertheless,
switches built in SOI waveguides have achieved sub-microsecond switching

times. This could make TO switches an attractive solution for optical burst
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network if coupling loss between optical fibres and high index waveguides are
improved.

Although the switching time is not reported for many of the electro-optic
devices listed in Table 2.1, the response time of most EO switches is limited by
the driving electronics and thus they can be used in burst and packet switched
networks. However, they have high insertion loss and crosstalk levels, and, with
the exception of DOS, they exhibit strong polarization dependence. Therefore,
EO switches can provide speed but much work is still required to improve their
optical performance.

Because of their gating behaviour, semiconductor optical amplifier switches
provide low crosstalk. With careful design, it is possible to obtain net gain after
propagation through the switch and they have response times almost as fast as EO
switches. The issue with SOA switches is scalability. In simple tree
architectures, the number of SOAs required increase rapidly. In other
architectures in which multiple SOAs share the same optical paths, the
accumulation of amplified spontaneous emission noise can be problematic.
Integration, which is required to reduce cost, is difficult because of the need for
passive and active waveguides on the same layer. Vertical coupling can be used
to avoid that but the SOAs must be carefully design to minimize facet reflectivity
to preserve the bandwidth of the amplifiers.

Despite the numerous Fabry-Perot switch configurations proposed, none of
them has been thoroughly characterised for operation in an optical
telecommunication network. The free-space implementations suggested so far are
too bulky to be scalable and the integrated ones require circulators to separate the
input and reflected beams. Lastly, micro-rings are compact and they can be
actuated rapidly. However, they need to be fabricated with high contrast
waveguides, which have high coupling losses to fibres, and they have very tight

fabrication requirements.
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Therefore, even the most mature and promising optical space switching
technologies available at this time are not able to meet the requirements for
optical burst and packet switching networks. In general, the technologies with the
appropriate optical performances are not fast enough whereas the fast ones have

excessive loss, crosstalk or they are polarization dependent.

Table 2.1: Performance comparison of different type of optical space switches

Switch Type Port Count Inser:Z)Bn)Loss Cr(:cslgt)alk PDL (dB) Sw_li_:::nh;ng
MEMS
2-D 8x8 [10] 5.0 <-40 N/A <6ms
16x16 [29] 3.1 <-50 0.4 7 ms
3-D 64x64 [13] 1.9 <-60 N/A <10 ms
1100x1100 [12] 2.1 N/A <0.1 ~10 ms
Thermo-Optic
DOS 8x8 [47] 10.7 -30 0.5 1.0 ms
16x16 [43] 6.0 <-30 Low N/A
MZI 8x8 [54] 5.1 <-43 0.3 2.0ms
32x32 [53] 6.6 -55' <05 0.7 ms
Electro-Optic
Prism 8x8 [82] 15.0 N/A Small <1us
Phase Array 64x64 [105] 14.5 <-25 Pol. Dep. 20 ns 2
DC 8x8 [108] 8.7 <-21 Pol. Dep. N/A
16x16 [107] ~10.5 -20 Pol. Dep. N/A
Mzl 4x4 [113] 5.0 <-15 +0.5 200 ps
8x8 [72] <11.4 <-20 <1.0 N/A
DOS 4x4 [79] 15.0 <-13 Pol. Indep. N/A
8x8 [73] 8.0 <-16 Pol. Indep. N/A
SOA
Active coupler 4x4 [126] 0-5 dB gain <-65 Pol. Dep. 1.5ns
Broadcast 8x8 [118] <14.0 <-32 <0.9 N/A
Micro-ring 1x2 [144] 10.0 <-15 Pol. Dep. 1ns

T Extinction ratio
2 Includes drive electronics
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Chapter 3

Design Challenges in
Integrated Fabry-Perot
Optical Space Switches

3.1 Introduction

The design of a novel device always brings with it a series of challenges and
trade-offs that must be evaluated and solved. To complement the brief
introduction to integrated Fabry-Perot optical space switches given in chapter 1,
the overview presented in this chapter highlights the issues faced during their
development and the procedure followed in their design. The solutions to the
challenges described here are discussed in more detail in the following chapters.
In the next section, the switch working principles are reviewed and they are
followed by a discussion on the design challenges. Fig. 3.1 shows a schematic of
the prototype implemented to demonstrate the novel switching device that
identifies its different components and in which chapter their conception is

explained.
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Fig. 3.1: Schematic of the integrated Fabry-Perot optical space switch demonstrator (to scale)
showing the different challenges faced during its design.

3.2 Working Principles

In its simplest form, an integrated Fabry-Perot (FP) optical space switch can send
an incoming beam to one of two output ports depending on the state of a tuneable
Fabry-Perot filter (i.e. reflective or transmissive) with respect to the incident light
wavelength. The filter is implemented in a planar waveguide, and since light is

propagating at oblique incidence on the filter, no circulator is required to separate
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the input and reflected beams, as is the case with the previous integrated FP filter
implementations described in chapter 2. Furthermore, a single filter can form a
2x2 switch, as shown in Fig. 3.1, since inputs can be located on both side of the
filter. Larger fabrics are obtained by using multiple filters laid out in ways similar
to 2-D MEMS switches.

As explained in chapter 1, the next generation of optical networks will
require fast optical switches to perform burst or packet switching. Therefore, the
integrated Fabry-Perot optical space switch concept was developed to be
compatible with electro-optic (EO) actuation. As a result, it is possible to change
the switch state with the small refractive index modulation achievable with EO

effects.

3.3 Design Challenges

Once the configuration of the switching element is found (a FP filter) and that the
actuation mechanism is selected (EO effects), the first challenge in the
investigation of integrated Fabry-Perot optical space switches is to choose a
suitable material platform for their implementation. GaAs is preferred over
LiNbO; and EO polymers because it can provide high index contrasts and planar
waveguides are readily available. High index contrasts are obtained by etching
through the planar waveguide. However, light propagating in the etched regions
forming the filter mirrors experiences diffraction, which causes radiation losses.
Therefore, the planar waveguide structure needs to be optimized to minimize
these losses. A thorough study considering all the waveguide parameters and the
dimensions of the etch regions is presented in chapter 4. The waveguide structure
has to be determined before completion of the filter design because the effective
refractive index of the waveguide is required to calculate the filter dimensions.

To build an efficient space switch, the FP filter must be able to work with
multiple wavelength channels and its transmission passband should be broad and

flat to avoid signal distortion. Unfortunately, EO effects can only shift a FP filter
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transmission peak by approximately 1 nm, which is not sufficient to accommodate
multiple channels. This problem is solved by reducing the free-spectral range of
the FP filter to form a 200 GHz comb response. As a result, the filter
transmits/reflects one out of every two wavelength channels on the ITU 100 GHz
grid. Therefore, it is possible to change the switch state for all channels included
in the comb filter response with the small shift in wavelength response provided
by EO effects. Multiple channels can be switched as band of “even” or “odd”
channels by a single device or they can be routed individually (each by a different
filter) if they are demultiplexed before reaching the switch fabric. Switching
bands of wavelengths could be useful in a router with multiple switching stages.
For instance, one band of wavelengths could be forward directly to the next node
while another is sent to a second switch fabric for further processing. Moreover, a
50 GHz passband is obtained by coupling several FP cavities. The filter design is
explained in chapter 5 along with the impact of fabrication limits on its
performance.

However, the filter is designed with the transfer matrix method, which
assumes plane wave illumination. Thus, it is necessary to verify the filter
response to the small beams used in integrated optics. This is a difficult task
because light propagation in integrated Fabry-Perot switches is a 3-D problem. In
the horizontal direction (i.e. parallel to the planar waveguide), the effect of
oblique incidence on the filter must be considered while in the vertical direction
the impact of radiation losses in the etched regions has to be accounted for.
Unfortunately, no single simulation algorithm can model all of these aspects. The
switches are too large to be simulated with the finite-difference time-domain
method in 3-D and beam propagation algorithms cannot model interference
occurring in the filter. Therefore, the switch design performance is evaluated by
splitting the simulation problem in two. The effects of propagation through the
filter on Gaussian beams are calculated by combining plane wave decomposition

and the transfer matrix method whereas radiation losses are obtained with the
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Eigenmode expansion method. The Eigenmode expansion method cannot
simulate oblique incidence on the etched regions but since the angles used in
integrated Fabry-Perot switches are small, the normal incidence results should
closely represent what is taking place in the device. The analysis of Gaussian
beam propagation in integrated filters leads to the development of an equation
providing a lower limit on the Gaussian beam waist required to preserve the plane
wave response of the filter and to avoid beam distortion. This investigation is
included at the end of chapter 5. Furthermore, the minimum beam size needed to
conserve the filter performance is sufficient to avoid issues of beam divergence
inside the filter. Thus, horizontal confinement is not necessary in the filter.

The material presented in chapters 4 and 5 provides the basis necessary to
implement an integrated Fabry-Perot optical space switch, which is the subject of
chapter 6. Once the filter design and material are defined, the next challenge is to
design a switch layout that is both practical and feasible. This requires the
development of custom propagation and optimization software capable of both
Gaussian beam propagation and interferometric simulations. The prototype
fabrication will be done as much as possible within McGill facilities and thus the
switch design has to be compatible with the equipment available. This imposes a
number of limitations. First, every feature in the prototype has to have
dimensions realizable with hard contact near UV photolithography. This fixes the
minimum feature size to one micrometer. Only standard reactive ion etching is
available and thus the etch depth is not as large as those possible with inductive
coupled plasma etching. In the prototypes, integrated parabolic mirrors are used
as collimation systems to obtain the large beams required to avoid distortion by
the filter. Tapered channel waveguides are designed with beam propagation
software to maximize coupling in and out of the chip. The prototypes are
described in chapter 6 and it also presents experimental results, including

wavelength response measurements and bit error tests.
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Finally, the knowledge developed during the prototype design is used to
evaluate the scalability of integrated Fabry-Perot optical space switches. Two
architectures are considered, crossbar and shuffle BeneS. The challenge in
developing large port count fabrics with integrated Fabry-Perot optical space
switches is to find the optimal combination of incident angle and input beam

waist that minimize the fabric area. More details are provided in chapter 7.

3.4 Conclusion

The development of the integrated Fabry-Perot optical space switch concept
requires the investigation of planar waveguide structures, Fabry-Perot filter
designs, and integrated optic layout and fabrication techniques. Issues of
radiation losses, filter optimization, simulation approach, and fabrication
limitations must to be solved to evaluate and demonstrate the novel device. This
work requires the fabrication of switch prototypes, for which the optical response
must be characterised. The scalability of integrated Fabry-Perot switch fabrics

must also be evaluated.



Chapter 4

Planar Waveguide
Optimization

4.1 Introduction

Broadband mirrors are required in integrated Fabry-Perot optical space switches
to maximize the number of wavelength channels with which they can operate.
The mirrors are formed by etching completely through the planar waveguide,
which provide the largest refractive index contrast possible (see Fig. 4.1).
Unfortunately, beam expansion occurs in the regions where the waveguide is
removed, leading to radiation losses. This problem has been extensively studied
in the context of photonic crystals [1-6] and of high reflectance Bragg mirrors [7-
14]. Tt was shown that both the waveguide index contrast [1-3, 6] and its layer
structure [5, 6] need to be optimized to minimize losses. The trench geometry
also plays an important role [4, 8, 11, 14, 15]. However, the previous reports only
covered one or two of these features, and to the author’s knowledge, this is the
first study to consider them all simultaneously during waveguide optimization.
Only the effects of conical or slated wall trenches were not included.

This chapter is divided in two sections. First, the simulation technique used
to study the impact of the different waveguide parameters is explained. Then, the

simulation results are presented and analysed. It is demonstrated that the planar
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waveguide structure and its refractive index contrast must be optimized

concurrently to minimize radiation losses.

4.2 Simulation Technique

Fig. 4.1 illustrates the planar waveguide structure and defines the variables
considered in the design optimization. Use of a GaAs/AlGaAs structure, in
addition to being readily available, offers many degrees of freedom for planar
waveguide optimization since the thickness and refractive index of every layer of
the waveguide can be adjusted. The study presented below was carried out with
the 2-D Eigenmode expansion algorithm described in [16] at a wavelength of
1550.12 nm (193.4 GHz). In the Eigenmode expansion method, the simulated
structure is enclosed with artificial absorbing boundaries. The Eigenmodes of
each longitudinally invariant section of the structure are solved for (up to a
number fixed by the user), and at junctions between two different sections, the
scattering properties are calculated by imposing the continuity of the tangential
components to the complete set of Eigenmodes. With some algebraic
manipulations, one gets a set of linear equations involving each possible modal
pair made up of one mode from each structure. These equations are solved by
computing an overlap integral over the modal pair and then solving for the

transmission and reflection coefficients.

AlGaAs Top Cladding Thickness T,

GaAs Core Thickness Te Trench | Core-Cladding
Depth D Refractive Index
Contrast A;

AlGaAs Bottom Cladding

Thickness T, = 5.5 um
Trench Width W

GaAs Substrate

Fig. 4.1: Variables used in the planar waveguide optimization
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Although the 2-D Eigenmode algorithm cannot model oblique incidence on
Fabry-Perot (FP) filters, it is able to rapidly simulate a device with multiple
coupled cavities at normal incidence. However, during the planar waveguide
optimization a single trench was simulated to avoid variation in radiation losses
resulting from a change in the frequency response of the device. As waveguide
parameters are scanned, the propagation constant of the guided mode changes and
thus the device response can switch between reflection and transmission. Because
deep-etched trenches themselves act as FP cavities, transmitted wavelengths
resonate within them, and the lack of confinement leads to radiation losses. On
the other hand, light that is reflected from a trench quickly couples back into the
waveguide and hence suffers less loss. In order to ensure that the simulations
were always done with a trench maximizing transmission, and hence provided a
worst case evaluation of radiation losses, the trench width was always equal to an
integer number of half wavelengths. In their investigation on the effect of a
waveguide index contrast on radiation losses, Bogaerts et. al. reported that there
are two regimes in which low losses are achievable [3]. One is in low index
contrast waveguides for which light is slowly diverging in etched areas, and the
other is only attainable in semi-infinite periodic structures with high index
contrast in which it is possible to couple to lossless Bloch modes. Since Bloch
modes do not exist in FP filters, it is sufficient to consider a single trench and low
index contrast to accurately optimize the waveguide structure.

An alternative to using a single trench would be to express the lengths of
the device components in terms of wavelength and to adjust their physical
dimensions according to the guided mode propagation constant at the beginning
of each iteration. However, doing so with modal expansion methods requires
careful adjustment of the simulation parameters since in the regions without
waveguides most of the propagating light couples to high order modes that
interact strongly with the simulation boundaries. As a result, the effective

refractive index in the etched regions can be affected by the boundary conditions
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and the difference in refractive index that this creates can change the state of the

simulated device, especially of it has a narrow and sharp wavelength response.

4.3 Results and Analysis

The graphs in Fig. 4.2 show the radiation loss as a function of refractive
index contrast and core thickness for a trench that is half a wavelength wide (at
1550.12 nm) and etched either 3 wm or 4 um deep. For each index contrast and
core thickness case, the top cladding thickness was varied between 0.5 um and
3.0 um and only the result from the most efficient configuration is reported in Fig.
4.2. The optimum waveguide designs vs. etch depth are given in Table 4.1. As
the etch depth increases, the waveguide configuration that minimizes radiation
losses requires a lower index contrast and a thicker core and top cladding. The
optimum top cladding thickness as a function of index contrast and core thickness
is shown in Fig. 4.3 for a 4 um etch depth. As with the other etch depths, the top
cladding thickness values for the best waveguides with 4 um deep trenches are all
well within the range of scanned values, which ensures that the optimization
routine found the best solutions. Furthermore, single mode operation was verified

for all waveguide configurations considered.

Table 4.1: Optimum GaAs/AlGaAs waveguide configurations vs. trench depth

EtchDepth  SingleTrench | (STACEE e Thickness®  Thickness
(um) Loss (%) (%) Concentration (%) (um) (um)
2 16.6 2.31 14.6 0.0 1.55
3 6.5 1.04 7.2 0.0 2.35
4 3.3 0.68 5.0 0.5 2.55
5 1.9 0.49 3.8 0.8 2.95
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Fig. 4.2: Radiation loss vs. refractive index contrast and waveguide core thickness for (a) a 3 wm,

and (b) 4 um etch depth. The optimum top cladding thickness was found for each waveguide

configuration.



58 Integrated Fabry-Perot Optical Space Switches

24
1.4f
2
1:2H
9 1.6
= 1.2
o
&)
% 0.8r-
E 0.8
0.6f--
04
0.4 ] 0
0.5 1 1.5 2 25 3.5 Top Cladding
Core Thickness (1.m) Thickness (m)

Fig. 4.3: Optimum top cladding thickness vs. refractive index contrast and waveguide core
thickness for 4um deep and half a wavelength long trench.

The results shown in Fig. 4.2 illustrate the complex interactions that must
be considered to minimize radiation losses when designing a waveguide. The
divergence of the beam exiting the waveguide should be minimized to avoid light
from radiating out of the trench. This is achieved by having a wide and smooth
mode profile. On the other hand, the beam needs to be isolated from the trench
floor where substrate leakage can occur, and this requires a compact mode profile.
Thus, the optimum waveguide structure is the one that offers the least diverging
mode profile that does not couple with the substrate. Furthermore, the fact that
there is a unique optimum configuration of refractive index and waveguide layer
thicknesses for each trench depth proves that both the width and shape of the
waveguide mode are important. For instance, Fig. 4.4(a) shows two modes of
equal width (measured at the 1/¢* intensity points) from different waveguides.
The first waveguide has the optimum profile for a 4 um deep trench (see Table
4.1) whereas the second one has a 0.81% index contrast with a 0.35 um top
cladding and 0.75 um core. The optimum waveguide has radiation losses of 3.3

% whereas the other one suffers losses of 14.1 % after propagating through a half



Chapter 4: Planar Waveguide Optimization 59

wavelength trench that is 4 um deep. This difference can be explained in terms of
the angular spectrums of the modes. The spectrum of the mode with the higher
losses is wider (see Fig. 4.4(b)) and hence it has energy propagating at larger
angles than the other mode. Also, since the optimum index contrast varies with

the layer structure, both must be considered simultaneously to find the best

waveguide configuration.
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The reduction in radiation losses gained by etching deeper is shown in Fig.
4.5 and the effect of the cavity order is presented in Fig. 4.6. Radiation losses
decrease exponentially with etch depth and they start to level off around 5 pum.
As expected, losses increase with cavity order and they do so much more rapidly

for shallow etch depths.
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In addition to minimizing radiation losses, the planar waveguide must also
be tolerant to variations in the fabrication process. As can be seen in Fig. 4.2, the
optimum configuration for a 3 um etch is at the limit at which the waveguide
becomes multimode. Thus, it might be desirable to sacrifice some efficiency to
improve fabrication tolerances. Moreover, Fig. 4.2 shows that tolerances increase
for larger etch depths. If the maximum etch depth achievable is not exactly
known before the growth of the waveguide, it is preferable to choose a waveguide
design that is optimum for an etch depth shallower than expected. In Fig. 4.7 the
radiation losses vs. etch depth are shown for the waveguide configurations given
in Table 4.1. If a waveguide designed for a 5 um etch depth is used but only 4
um deep trenches are obtained, radiation losses will be 6.1% higher than with a
waveguide optimized for 4 um trenches. Conversely, if an etch depth of 5 um is
achieved with a waveguide structure designed for 4 um trenches, radiation losses
will only be 1.1% higher than with the optimum waveguide for that depth.
Furthermore, these losses are compounded when multiple trenches are used, such
as in the case of coupled-cavity FP filters, and thus it is important to find the best

realizable waveguide configuration.
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Fig. 4.7: Radiation losses vs. etch depth for the optimum waveguide configurations described in
Table 4.1.
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Radiation losses can be decreased at the expense of a reduction in
reflectivity by filling the trenches with a low index material. For instance, the
loss of a 4 um deep and 1.55 um wide trench can be reduced from 6.9 % to 2.2%
by filling it with silicon dioxide even though that transforms a second order trench
(when filled with air) into a third order one (with SiO, filling). Radiation losses
can even be completely eliminated if a waveguide made of low index materials is
formed inside the trenches, provided that the modes supported by both the high

and low index waveguide match [2].

4.4 Conclusion

This study demonstrated that the index contrast and layer thickness of a planar
waveguide must be considered simultaneously to minimize radiation losses.
Furthermore, the depth of the etched features is also an important factor in the
waveguide optimization. If at the time of growth of the epitaxial layers the
maximum depth achievable is unknown, it is best to choose a waveguide
configuration for a conservative estimation of the etch depth because the gain in
efficiency provided by having the optimum waveguide for a deep etch are less

than the loss suffered when the required depth is not obtained.
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Chapter 5

Integrated Off-Axis
Fabry-Perot Filter Design

5.1 Introduction

Fabry-Perot (FP) interferometers have found application in many areas of science
and engineering since their introduction in 1897 [1]. In optical
telecommunications, they are commonly used as wavelength selective filters to
isolate channels. In integrated Fabry-Perot optical space switches, FP filters
operate as switchable reflectors that reflect or transmit light beams depending on
the refractive index of their cavity. By using tuneable FP filters at oblique
incidence, one can create optical space switches with layouts similar to 2-D
MEMS switches but in which the switching mechanism can be thermo-optic,
electro-optic, or all-optical (see Fig. 3.1). This way, it is possible to avoid speed
limitations inherent to moving parts while having a simple and scalable
architecture. However, FP filters must be carefully engineered to provide a
wavelength response that is broad and sharp in order to offer transparency to bit
rates.

The optimization presented in chapter 4 found the waveguide structures that
minimized radiation losses as a function of etch depth. In this chapter, the
effective refractive index of the optimum waveguide for the 4 um etch depth (i.e.
3.367 at 1550 nm) is used in the transfer matrix method to design an FP filter

suitable for a broadband switch. To take into account waveguide and material
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dispersion in the filter design, the effective refractive index was obtained for
wavelengths between 1527 nm and 1639 nm on a 0.1 nm interval. This chapter
begins with a description of the filter configuration and of the performance
requirements. Then the refinement of the filter structure is explained followed by
the evaluation of the impact of the fabrication constraints. The chapter ends with
an analysis of Gaussian beam propagation at oblique incidence in integrated FP

filters, and a formula for the minimum Gaussian beam waist required as a

Input Ports*
Collimating Mirror

™~

function of incident angle is presented.

/ (i

Tunable Coupled
Cavity Fabry-Perot Filter

Output Ports

Fig. 5.1: Schematic of a 3x3 switch with tuneable coupled cavity Fabry-Perot filters in a crossbar
configuration.

5.2 Filter Requirements

To create efficient space switches, the filter response must have a flat and wide
passband with sharp transitions between its regions of high transmission and
reflection. This is achieved by coupling multiple FP cavities [2-4]. Furthermore,
to make the switch practical, it must work over a broad wavelength range.
Unfortunately, the refractive index modulation provided by fast phenomena, such

as electro-optic or non-linear optical effects, is too small to shift a FP filter
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transmission peak over several channels. To extend the bandwidth over which the
switch can operate, the filter free-spectral range (FSR) was designed to produce a
comb response that transmits/reflects one out of every two channels on the desired
frequency grid. One drawback of this technique is that FP filters loose their
ability to work as demultiplexers. To demonstrate the integrated FP filter switch
concept, a filter was designed to meet the following objectives:
— The clear transmission bandwidth (i.e. -0.5 dB) should be flat (i.e.
ripples < 0.5 dB)have a linear phase, and be greater than 50 GHz;
— The comb response should have a 200 GHz pitch so that the
switch is compatible with the 100 GHz ITU grid;
— The on/off ratio should be greater than 20 dB;
— The switch should work over the entire C-band;

— The switch has to work with only one polarization.

5.3 Filter Design

The relationships between the mirror reflectivity and the cavity length defined in
[4] were used to obtain a preliminary design and to constrain the number of
variables during optimization. Initially, the outer mirrors were made of a single
trench whereas the inner ones had two since, according to [4], the inner mirrors
must have a higher reflectivity than the outer ones. This design was refined using
a commercial software based on the transfer matrix method (TMM) in which the
planar waveguide was modeled by its effective refractive index. The principle
behind the TMM is to solve the differential formulation of Maxwell equations by
assuming plane wave illumination on a stack made of layers with different
refractive index. The TMM uses the continuity of the tangential fields as
boundary conditions. The resulting equations are then cast in matrix formalism.
A complete derivation is available in [3, 5]. By using tensors for the permittivity
and permeability, a general algorithm capable of handling anisotropic media can

be obtained [6, 7].
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It became apparent that a single trench would be sufficient to implement the
inner mirrors since the widths of the two trenches used in the first design
iterations were not close to a multiple of quarter wavelengths. Using only one
trench to define the inner mirrors increased bandwidth by improving cavity
coupling and reducing radiation losses. Bandwidth here is defined as the
wavelength range over which the switch achieves an extinction ratio larger 20 dB.
The design with mirrors made of two trenches has a maximum bandwidth of 36
nm and transmission losses of 0.9 dB whereas with mirrors having a single trench,
the switch can cover the entire C-band (40 nm) and has a maximum loss of 0.2
dB, assuming a 5 um etch depth. Furthermore, the tolerance to variations in
trench width is higher for mirrors defined by a single trench, as shown in Fig. 5.2.
To model accurately what takes place during fabrication, the width that was
added/removed to a trench was removed/added to the neighbouring cavities.
Variations larger than 220 nm destroyed the response of the switch implemented
with mirrors having two trenches. Reducing the number of trenches in the inner
mirrors doubled the tolerance to variations in width, as shown in Fig. 5.2(b).
Also, errors in trench width that are consistent across the entire filter will shift its

wavelength response up (for larger trenches) or down (for smaller trenches).
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Fig. 5.2: Normalized transmission response of the filter as a function of the error in trench width
for (a) a design with double trench mirrors and (b) a design with single trench mirrors.

Four cavities are needed to obtain a clear bandwidth greater than 50 GHz.
This is more than 10 times the clear bandwidth of a single cavity comb filter with
a similar rejection ration of the adjacent channels. Because of the small FSR
required to get the desired comb response, the cavities needed to be long, which
leads to large filters. Furthermore, as demonstrated in [2], the passband width
decreases with increasing cavity order. Thus, more cavities are required in comb
filters to obtain a 50 GHz passband than in single channel filters. However, small

FSRs provide sharper responses for the same mirror reflectivity [8]. The increase
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in passband gained by having multiple cavities provides many advantages that
outweigh the increase in size. First, it allows the switch to handle signals with
higher modulation rates. It is more tolerant to wavelength drift in input signals
and to temperature variations [9]. Also, it relaxes the control needed on the
switching mechanism. Although chromatic dispersion cannot be avoided in
autoregressive filters [10], with careful design its peaks can be moved towards the
passband edges and a region with low and linear dispersion can be achieved in the
centre of the passband. Thus, a wide passband is useful to mitigate dispersion.
Moreover, when designing FP filters, a trade-off must be made between the
rejection ratio and dispersion. This is done by adjusting the mirror reflectivity.
Fig. 5.3(a) shows the transmission spectrum of two filters with four coupled
cavities but with different mirror reflectivity. The filter with the high reflectivity
mirrors has a sharper response and a higher rejection of the adjacent channels but,
as shown in Fig. 5.3(b), it suffers from stronger chromatic dispersion. Lastly, as
explained below, a large passband allows small beams or beams with a greater

angle of incidence to travel through the filter undistorted.
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5.4 Impact of Fabrication Constraints

In addition to meeting the performance requirements cited above, the filter design
must also be compatible with the fabrication process. Table 5.1 shows the ideal
dimensions for the four cavity design at normal incidence. Some trenches are
very small and might not be realizable with a given fabrication process. One
possible way to circumvent this issue is to increase the trench width by integer
multiple of half wavelengths. However, this increases radiation losses, which in
turn reduces the extinction ratio below 20 dB. It also increases the cavity
coupling sensitivity to wavelength, which causes ripples in the passband that
increase as the incident wavelength gets farther from the design value (see Fig.
5.4). Enlarging the trenches defining the filter mirrors from first to second order
increases radiation losses by 0.87 dB in transmission and 0.49 dB in reflection
when the filter is implemented with 4 um deep trenches. For 5 um trenches, the
loss increase is 0.54 dB in transmission and 0.31 dB in reflection. The impact on
the bandwidth is much worse since the range over which of the on/off ratio
exceeds 20 dB decreased from the whole C-band (40 nm) to only 12 channels (8.8
nm) for both etch depth. If 3 um trenches are used, the first order filter also
works over the entire C-band, with losses of 0.65 dB and 0.12 dB in transmission
and reflection, respectively. However, it is impossible to obtain 20 dB of
extinction for any channels with the second order design at that etch depth. The
maximum extinction ratio is 16.1 dB for transmitted channels. With the first order
design, the bandwidth over which the extinction ratio is 20 dB starts to decrease
for etch depths of less than 2 um and disappears completely below 1.5 pum. Note
that the losses and passband width reported in Table 5.1 are average values

calculated by considering only the channels within the switch bandwidth.
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Table 5.1: Characteristics of four cavity filters at normal incidence

Filter 1st order mirrors 2nd order mirrors
Structure Region Type Index Thickness (nm) Thickness (nm)
1st mirror Trench 1.000 55 1605
1st cavity Waveguide 3.367 210 873 210413
2nd mirror Trench 1.000 597 1371
2nd cavity Waveguide 3.367 210 821 210 839
3rd mirror Trench 1.000 493 1061
3rd cavity Waveguide 3.367 210 821 210 839
4th mirror Trench 1.000 597 1371
4th cavity Waveguide 3.367 210 873 210413
5th mirror Trench 1.000 55 1605
3 um etch 0.65/0.12 NA
ﬁ‘;’:r:zfnﬁ’s';?jfk(gf@mon) 4 um etch 0.34/0.07 1.21/0.56
5 um etch 0.21/0.06 0.75/0.37
3 um etch 52.6 NA
Passband Clear Bandwidth (GHz) 4 um etch 54.2 50.8
5 um etch 55.7 52.6
3 um etch > 40 0.0
Switch Bandwidth (nm) 4 um etch > 40 8.8
5 um etch > 40 8.8
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Fig. 5.4: Wavelength response in transmission and reflection for filters with (a) first and (b)

second order mirrors.
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Radiation losses not only reduce efficiency but also affect the wavelength
response. The response of the filter described in Table 5.1 was calculated at
normal incidence with the Eigenmode method for mirrors implemented with first
and second order trenches (see Fig. 5.4). The radiation losses are slightly higher
for the longer wavelengths of the passband, and this creates a slope in the

passband.

5.5 Beam Propagation in Integrated Off-axis Filters

The filter wavelength response was designed assuming plane wave illumination at
normal incidence, which is very different from the small beams used in integrated
optics (see Fig. 5.5). To evaluate the impact of finite size beam on the filter
response, Gaussian beams were propagated through the filter with the TMM by
decomposing them into their angular components. Fig. 5.6 shows the filter
wavelength response around 1550.12 nm for beams with different fractions of
their angular spectrum power included within the clear bandwidth of the filter
angular response. Even with 99.99% of the angular spectrum of the incident
beam located within the clear bandwidth of the filter angular spectrum, the plane
wave response is not completely recovered but it is enough to obtain a passband
greater than 50 GHz. Once this relationship between the filter and the angular
spectrum of the incident beam is established, it is possible to relate the angular
bandwidth of the filter with the minimum beam waist required to avoid
degradation of the filter response and beam distortion:

_2:1.945-4,
ﬂ'Bneff

(5.1)

o

where @, is the 1/e Gaussian beam waist, @ is the clear angular bandwidth of the
filter in radians, and n.y is the effective refractive index of the planar waveguide.
The constant 1.945 is the beam waist multiplication factor within which 99.99%
of the plane wave spectrum power in is contained for a one-dimensional Gaussian

beam. The derivation of this equation is provided in appendix A. Although the
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choice of 99.99% is probably a good rule of thumb for the ratio between a filter
angular bandwidth and the angular spectrum of an incident Gaussian beam, the
exact number required to recover the plane wave response of a filter is dependent
on its response shape. The motivation to find a relationship between the filter and
the beam angular spectrum is that the former changes with the angle of incidence.
Hence, equation 5.1 provides a way to find the appropriate beam size as a

function of incident angle.
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Fig. 5.5: Schematic showing Gaussian beam propagation in an integrated Fabry-Perot filter
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Fig. 5.6: Transmission efficiency vs. wavelength for input beams with different fractions of their
angular spectrum within the clear bandwidth of the filter angular spectrum.
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Although a filter wavelength response can be conserved as the angle of
incidence is changed by scaling its normal incidence dimensions by one over the
cosine of the new angle, the width of its angular response decreases rapidly as the
incident angle increases. This is because the optical path difference caused by a
given angular difference increases with the angle of incidence. The minimum
beam waist required for undistorted propagation as a function of incident angle
for the first order filter described in Table 5.1 is shown in Fig. 5.7. Because the
increase in beam width is very rapid, the incident angle of the filter must be small
to keep the beam size compatible with integrated optics. Adjusting the
dimensions of the filter maintains the optical path difference between the
interfering beams but it does not compensate for the changes in reflectivity at the
interfaces, and thus this limits the angular range over which a given design can be
used. That is why the curve in Fig. 5.7 approaches an asymptote for angles larger
than 10 degrees. In that range the filter response widens because the filter phase
is altered by the variations in reflectivity. Also, the maximum incident angle is
limited by total internal reflection (TIR) between guided and etched regions. For
GaAs-air interfaces, TIR occurs for incident angle larger than 17.2°.
Nevertheless, the filter angular bandwidth continues to decrease as the incident
angle increases even if it is implemented with a lower index contrast, and thus, the

constraint on the incident angle still exists for low index contrast filters.
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Fig. 5.7: Minimum 1/e Gaussian beam width for undistorted propagation through the four cavity
filter described in Table 5.1 as a function of incident angle.

In previous studies of Gaussian beam propagation in thin-film filters, four
impairments were identified [11-14]: lateral beam shift, waist magnification,
angular shift, and focal shift. Lateral beam shift, which is the difference in the
beam centroid position between that predicted by simple ray propagation and that
created by interference, increases with the incident angle and must be taken into
account when positioning the input and output ports of a device including off-axis
FP filters. However, the waist magnification, angular shift, and focal shift caused
by the FP filters described here are well below one percent of their original
values. According to [13], nonspecular phenomena in multilayer dielectric stacks
are significant in the regime in which their responses vary rapidly. Therefore, the
wide and flat passband provided by the coupled cavities attenuates these
undesired effects. At oblique incidence, the filter response may vary with
polarization. This is the case with the FP filter presented here and it was
optimized to work only with the TE polarization of the planar waveguide.
Furthermore, working off-axis can lead to polarization conversion. To evaluate
whether this occurred in these integrated filters, their wavelength response was
simulated with the TMM formulation developed by Hodgkinson and Wu [6], and

it predicted that no polarization conversion would take place.



78 Integrated Fabry-Perot Optical Space Switches

5.6 Comparison with Experimental Results

In order to verify the design and optimization approach developed here, simulated
results are compared with experimental ones obtained from the prototypes
described in chapter 6 and fabricated using the process explained in appendix B.
The dimensions of the fabricated device were measured from scanning electron
micrographs, and they were used with the Eigenmode method to simulate the
prototype wavelength response (see Fig. 5.8). No other fitting parameters were
used. As shown in Table 5.2, over-etching increased the width of the trenches
and it shifted the prototype response to the L-band and reduced cavity coupling.
Furthermore, second order trenches were used to implement the filter mirrors in
the prototype to satisfy the minimum feature size requirement of the
photolithographic process. The shape of the simulated wavelength responses is
similar to the experimental one, which indicates that the simulation approach is
valid. Unfortunately, misalignments of the input and output waveguides caused
significant insertion loss, and thus the radiation losses cannot be compared
directly. The results in Fig. 5.8 were adjusted by subtracting the collimation
system loss measured without the presence of a filter. Nevertheless, the average
loss difference between the transmitted and reflected signals predicted by the
Eigenmode method (0.9 dB) and measured experimentally (1.2 dB) agree. More

details on the prototype wavelength response are presented in chapter 6.

Table 5.2: Designed and measured trench width.

Difference
Trench Expected Width (nm) Measured Width (nm)

(nm) %

1 1610 1647 37 2.3

2 1373 1459 86 6.3

3 1267 1294 25 2.1

4 1373 1459 86 6.3

5 1610 1635 25 1.6
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Fig. 5.8: Prototype wavelength response measured experimentally and simulated with the
Eigenmode expansion method in (a) transmission and (b) reflection.

5.7 Conclusion

This chapter presented the approach used to develop a FP filter designed as a
tuneable reflector for broadband integrated optical space switches. An initial
design was conceived from previous work on multi-mirror FP interferometers and
was later refined with a commercial thin film design software. This led to a
device containing four coupled cavity filters with a 200 GHz comb response, a
transmission passband larger than 50 GHz, and a theoretical on/off ratio greater
than 20 dB over the entire C-band. The clear bandwidth obtained with multiple
cavities is over an order of magnitude larger than for a filter with a single cavity.
Having a wide passband allows the filter to handle higher bit rates and makes it
more tolerant to wavelength drift in the input signal. Although mirrors

implemented with first order trenches provide better cavity coupling and a larger
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bandwidth, a design with larger second order trenches was conceived to be
compatible with fabrication tools available at the McGill microfabrication
laboratory. However, having larger trenches reduced the bandwidth by 82% and
increased the transmission and reflection losses by 0.6 dB and 0.3 dB,
respectively, for 5 um deep trenches.

Working off-axis requires that careful attention be paid to the incident beam
size because the angular spectrum of FP filters decreases quickly with increasing
incident angle. To avoid distortion, including waist magnification, focal shift, and
angular shift, 99.99% of the beam angular spectrum must be included in the clear
bandwidth of the filter angular spectrum. However, lateral beam shift is always
present and it must be considered in the switch layout.

Using the TMM for filter optimization and combining it with Eigenmode
expansion to evaluate radiation losses is a valid approach to design integrated oft-
axis filters, as it was demonstrated by comparing simulation results with
experimental data. Thanks to its comb response, the filter presented here can
work with multiple wavelength channels and requires only a refractive index

modulation of 0.053% to switch between reflection and transmission.
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Chapter 6

Optical Prototype Layout
and Characterisation

6.1 Introduction

Two 2x2 prototypes of integrated Fabry-Perot optical space switches were built in
GaAs/AlGaAs planar waveguides to validate and demonstrate the design and
simulations presented in chapters 4 and 5. In order to simplify the fabrication
process, only the optical system of the switch, which includes input and output
channel waveguides, collimating mirrors and the filter, was implemented. To
obtain fully functional electro-optic switches, the doping profile of the planar
waveguide should be adjusted to form a P-I-N structure and ohmic contacts would
have to be deposited on the switches. Nevertheless, the prototypes were
characterised in both reflection and transmission for 50 wavelength channels on
the 100 GHz ITU grid by using the thermo-optic effect as the switching
mechanism. Bit error tests on signals reflected and transmitted by a prototype
were also performed at 10 Gb/s.

This chapter begins with a description of the layout and of the components
of the prototypes. Section 6.3 presents the results of the wavelength response
measurements along with the characterisation of the ITU channels, which
includes insertion loss, crosstalk, and extinction ratio. The bit error rate tests are
reported in section 6.4. Further details on the fabrication process, including

explanations on the mask design and etch recipe, are provided in appendix B.
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6.2 Prototype Layout

The light path in the devices is as follows (see Fig. 6.1(a)). The light from a
lensed fibre is coupled into a channel waveguide on the left side of the die. An
180° curve was introduced to position the inputs and outputs on opposite sides of
the chip to simplify testing. The input waveguide terminates at the focal point of
a total internal reflection (TIR) parabolic mirror used to collimate the beam that
propagates in the planar waveguide. The collimated light is reflected at 90° and
sent to the integrated Fabry-Perot switch, whose normal is titled by 1.2° with
respect to the direction of propagation of the beam. If the light is reflected by the
filter, it is focused into an output channel waveguide placed just below the input
by the same mirror that collimated it. Otherwise, when the input signal is
transmitted by the filter, it is coupled into another output channel waveguide by a
second parabolic mirror located on the other side of the filter. To obtain a 2x2
switch, a second input waveguide is added below that output. The trade-offs

involved in the design of each component are explained below.

6.2.1 Planar Waveguide

The waveguide structure shown in Fig. 6.1(c) was grown by metal-organic
chemical vapor deposition on n+ GaAs substrates. It consists of a 0.6 um
AlposGagosAs over cladding, a 2.1 um GaAs core, and a 5.5 um Alp0sGagosAs
under cladding. The epitaxial layers were not doped since the prototypes were
implemented to evaluate the optical design only. The refractive indices of the
core and claddings are 3.374 and 3.345, respectively. The effective refractive
index of the planar waveguide is 3.365 for the TE polarization, which is the only
one considered during the filter design. A 125 nm aluminum layer was deposited
on the filters to simulate the presence of electrodes for future electrically
controlled implementations of the switch. This aluminum layer accounted for any

loss an electrode could induce. The refractive index and thickness of the epitaxial
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layers were optimized to minimize radiation losses in the etched areas, as
explained in chapter 4. In building the prototypes, a waveguide design with
greater tolerance to variations in index contrast and over cladding thickness was
selected in preference to the design with minimum radiation loss described in
chapter 4, and a conservative 4 um estimate was assumed for the etch depth. This

modification of the waveguide did not significantly increase radiation losses.
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nment Waveguides
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Fig. 6.1: Pictures of a switch prototype: (a) complete device, including alignment waveguides, (b)
enlargement of the top input and output waveguides, and (c) SEM micrograph of the cross-section
of a mirror defining the cavities showing the planar waveguide epitaxial layers.
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6.2.2 Input and Output Channel Waveguides

Channel waveguides that are 3.0 um wide and defined by 2.0 um wide and 2.5
um deep trenches on each side are used to route the input and output signals to
and from the collimating mirrors. A shallower etch depth was required to
implement the channel waveguides because the deep etch used to form the filter
and collimating mirrors would have created multimode waveguides even if their
width was reduced to the minimum feature size of the photolithographic process
(i.e. 1.0 um). Thus, the channel waveguides and the filter had to be fabricated in
separated etch, which introduced a critical alignment step. The channel
waveguide was designed to optimize the overlap between the fundamental TE
mode and a Gaussian beam. The optimum overlap is 97% with a Gaussian beam
having a 1.1 um beam waist (1/e radius). In addition to providing a high level of
coupling with the lensed fibre, this ensures that the beam has a profile close to the
Gaussian beam approximation assumed during the filter and collimating mirror
design. A 0.7 dB/cm propagation loss was measured experimentally with the cut

back method for straight channel waveguides (see Fig. 6.2).
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Fig. 6.2: Experimental results from the loss measurements with the cut-back method.
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When the prototype is operated as a 2x2 switch, there is a slight difference
in the location of the output beam waist at a given output waveguide depending
on whether the filter is in transmission or reflection. This is because the
interference taking place in the filter affects the beam differently depending on
whether transmission or reflection occurs. Therefore, the output waveguides were
tapered to accommodate these small variations in position. Beam propagation
simulations indicated that the most efficient taper width was 3.5 um. The
tapering down to 3.0 um was done linearly over 1.0 mm. This ensured that at
least 92 % of the two possible output signals would couple into the channel
waveguide. Similar tapers were used at the die edge to increase the alignment

tolerance of the lensed fibres.

6.2.3 Collimating Mirrors

As explained in chapter 5, 99.99% of the plane wave power spectrum of the
incident beam must be contained within the clear bandwidth of the filter angular
response in order to preserve the filter wavelength response. Since the filter used
here has an angular clear bandwidth of 0.7°, the incident beam must have a 1/e
beam radius of at least 47.0 um. In the prototypes, the beam radius was slightly
larger (51.7 wum). Because of the large beam size required, TIR parabolic mirrors
were chosen as the collimation system. The system should be as compact as
possible, and this is achieved by locating the input beam at the mirror focal point.
This can be derived from the magnification formula for a Gaussian beam [1]:

m=2 S 6.1)

“ x>+ 1) 2
! A

where M is the magnification; @ and @y are the initial and final 1/e beam waist

radius; f'is the focal length; x; is the distance between the initial waist @; and the
focal point; and 4 is the wavelength in the waveguide. The distance between the

input waist and the mirror is equal to x;+f, and from equation (6.1) it is minimized
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when x; is zero for a given magnification. Under that condition, equation (6.1)
can be simplified to find a straightforward relationship between the parabolic

mirror focal length and the required input and output waist:

e (6.2)
P .
Using the parabola equation in polar coordinates:
po_ 24 (6.3)
1+cos(0)

where a is the distance between the focus and the parabola apex (see Fig. 6.3) and
@ is measured from the parabola axis of symmetry, it is possible to establish a
relationship between the angle € and the mirror focal length f, since a=2f,.
Combining equations (6.2) and (6.3) gives the focal length required for the
collimation system as a function of angle:

o,
1 (@ 0;,0) =—"— (1+cos(8)) (6.4)

To simplify layout and to ensure total internal reflection at the waveguide-trench

interface, the angle € in equation (6.4) was set to 90°, which translated to a 45°
angle of incidence () with respect to the parabola normal at that point. Thus, to
enlarge the 1.1 um beam from a channel waveguide to 51.7 um, a mirror with a
focal length of 193.9 um is needed. The operation of the parabolic mirrors was
validated experimentally by observing the trenches for scattered light with an

infrared camera but none was detected, as can be seen on Fig. 6.4.
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Collimated Light
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Fig. 6.3: Schematic illustrating the parabolic mirror layout

Parabolic
Mirror

First Filter Mirror Radiation Loss from the First Filter Mirror

Fig. 6.4: Picture of a TIR parabolic mirror taken with (a) visible light illumination and (b) without
external illumination. The bright spot visible in (b) is the infrared light that radiates out of the
trench forming the first mirror of the filter. No infrared light is leaking from the parabolic mirror,
which indicates that TIR is keeping light inside the planar waveguide.
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6.2.4 Filter

The filter consists of four coupled high order cavities delimited by five mirrors,
each made of a single second order deep-etched trench. The design dimensions
are listed in Table 5.1. Second order trenches were used to implement the mirrors
to satisfy the 1.0 um minimum feature size of the photolithographic process. This
increases radiation loss from 0.2 dB to 1.0 dB in transmission and from 0.1 dB to
0.4 dB in reflection, according to Eigenmode expansion simulations. However,
the most significant consequence of using second order trenches is on the number
of channels for which the theoretical extinction ratio is greater than 20 dB since it
decreases from 50 (i.e. the entire C-band) to only 12, as explained in chapter 5.
The small discrepancies between the switch performance reported here and those
given in chapter 5 are caused by the difference in the number of channels
considered for each analysis. In chapter 5, the performance was evaluated by
considering only the channels with an extinction ratio greater than 20 dB, which is
the criterion used to define the switch bandwidth. In this chapter, all 50 channels
are taken into account to match the experimental data.

To obtain a compact device, the smallest incident angle at which the outputs
are separated from the inputs must be found because the minimum beam waist
required to maintain the plane wave response of the filter increases rapidly with
the angle of incidence. Thus, having a small incident angle keeps the filter as
narrow as possible. Furthermore, minimizing the beam width reduces the size and
focal length of the parabolic mirrors. To compute the output position as a
function of incident angle on the filter, the beams emitted from the input
waveguides were propagated to the parabolic mirrors using Gaussian beam
equations and ray tracing. However, to account for interference effects occurring
inside the filter, such as lateral beam shift, waist magnification, and angular beam
shift, the beams at the filter inputs were decomposed into their plane wave
spectrum and propagated with the transfer matrix method described in [2]. This

propagation algorithm was the basis of an optimization software that searched for
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the most compact layout for the 2x2 switch as a function of input beam waist and
filter angle. In addition to the output waist positions, it calculated the dimensions
of the parabolic mirrors, as well as the filter width.

In the prototypes, the distance between the mirrors and the focal point is
388.4 um (i.e. twice the focal length calculated in the previous section). The
mirror and filter width must be at least 254 um to capture 99.9% of the beams
intensity but, as can be seen on Fig. 6.1(a), they have been extended to facilitate
the measurement of their etch profile. An incident angle of 1.2° was sufficient to
provide at least 10 um of separation between the edge of the input and output

beams (measured at the radius containing 99.9% of the beam power).

6.3 Prototype Characterization

Two identical dies, each having seven 2x2 switches with slightly different filter
dimensions, were fabricated (see appendix B for fabrication details). All switches
were tested and the performance of the best device on each die is reported. The
optical response of the two selected prototypes was measured in transmission and
reflection for channels on a 100 GHz grid in the L-band by modulating the filter
refractive index with the thermo-optic effect. A schematic of the test set-up is
shown in Fig. 6.5. To control the temperature of the devices, they were mounted
on a custom holder with a thermo-electric cooler, and a thermistor was fitted on
top of them. A temperature variation of 5.8° C was necessary to change the filter
state for a given channel. The holder (shown in Fig. 6.6) was put on a manual
alignment stage located between two piezoelectric stages on which polarization-
maintaining (PM) tapered-lensed fibres were mounted. The polarization axes of

the fibres were oriented along the TE polarization plane of the planar waveguide.
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Fig. 6.5: Schematic of the experimental set-up used for the wavelength response measurements
showing power levels and insertion losses.
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Fig. 6.6: Picture showing a switch prototype mounted on a custom holder. The thermo-electric
cooler and thermistor are not in this picture because they would have hidden the chip.



Chapter 6: Optical Prototype Layout and Characterisation 93

6.3.1 Wavelength Response

The wavelength response of the prototypes was measured with a broadband
source and an optical spectrum analyser. A free-space polarization module was
inserted between the broadband source and the input PM fibre to ensure that only
the desired polarization state coupled into the input waveguide. The measured
spectra are shown in Fig. 6.7 and Fig. 6.8 for both the transmitted and reflected
outputs. The response of only one input is included in Fig. 6.7 because the first
prototype broke before it could be completely characterised. The expected
wavelength response calculated with the Eigenmode expansion method from the
filter design values is shown in Fig. 6.9 for comparison. Over-etching of the
trenches forming the filter mirrors to between 25 nm and 86 nm occurred during
fabrication, which shifted the filter response into the L-band. The reflection and
transmission spectra are normalized to a 0 dBm input (excluding coupling losses).
A device without a filter (i.e. with collimating mirrors alone) was fabricated on
the same die as a prototype and its response is also shown in Fig. 6.7 and Fig. 6.8.
Since the device without a filter also exhibited a high level of losses, it confirmed
that the losses are due to the collimation system and channel waveguides. The
most likely cause is a misalignment between the waveguides and mirror masks.
Simulations indicated that a lateral misalignment of = 1.1 um induced at least 20
dB of losses. Moreover, the difference in wavelength response between the two
inputs of the second prototype support this explanation since errors in alignment
can lead to different incident angles for each input. A fraction of the loss
(approximately 4 dB) is due to bending losses in the input waveguide. Although
the horizontal refractive index contrast of the channel waveguides is high, light in

the bend can leak into the substrate since the vertical contrast is weak.
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Fig. 6.7: Measured wavelength response of the first prototype. Only the response for input 1 is
shown because the device broke before it could be completely characterised. The reflection
spectrum is shown in blue, and the transmission spectrum in red. The green line shows the
throughput of the collimation system without a filter.
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Fig. 6.8: Measured wavelength response of the second prototype: (a) shows the response of input 1
and (b) that of input 2. The reflection spectrum is shown in blue, and the transmission spectrum in
red. The green line shows the throughput of the collimation system without a filter.
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Fig. 6.9: Expected wavelength response for the switch prototype based on Eigenmode expansion
simulations with the filter design values. The reflection spectrum is shown in blue and the
transmission spectrum in red.

Fabrication errors reduced the free spectral range (FSR) below 200 GHz.
The characteristics of the wavelength response of the fabricated filters are listed in
Table 6.1, including their FSR and their transmission passband width.
Nevertheless, it was possible to simultaneously fit 25 ITU channels in the
reflection or transmission clear bandwidth of the filters. Since the filters can work
with either the “odd” or “even” channels of the 100 GHz grid, they can handle
any of the 50 channels in the L-band. The minimum clear bandwidth is 23.1 GHz
while the average is close to 30 GHz for the three inputs. This is significantly less
than the 55.5 GHz predicted by Eigenmode expansion simulations for the filter
design values. This discrepancy is due to the reduction in cavity coupling caused
by fabrication errors. The effects of the decrease in coupling can also be seen in
the large ripples of the reflected signal at the wavelengths at which transmission is
maximized in Fig. 6.8. Nonetheless, the minimum 3 dB bandwidth is 72.8 GHz,
which is almost to seven times greater than the 10.6 GHz 3 dB bandwidth
reported for a single micro-ring comb filter switch [3]. The first prototype has the
sharpest response, since it has the widest clear passband but the narrowest 3 dB

one.



96 Integrated Fabry-Perot Optical Space Switches

Table 6.1: Characteristics of the frequency response of the fabricated filters

Clear Passband (GHz) 3 dB Passband (GHz)
Device Input FSR (GHz)
min avg. max min avg. max
1 1 199.6 27.2 31.7 36.2 59.6 68.3 78.4
5 1 199.6 231 29.9 36.1 72.8 83.3 95.1
2 199.3 24.7 29.2 35.1 73.4 83.5 94.8
Expected Values 200.0 49.9 55.5 62.7 64.6 70.4 75.5

The average channel insertion loss for the best 1x2 switch, which is
obtained with input 2 of the second prototype, was 19.3 dB in reflection and 20.5
dB in transmission. The difference in loss between the reflected and transmitted
signals, which originates in the higher radiation loss that transmitted signals
experience because they interact with more trenches, was 1.2 dB on average. This
is consistent with simulation results based on the dimensions of the fabricated
filters which predicted a difference of 0.9 dB. Furthermore, as shown in Fig.
6.10, it was possible observe the difference in radiation losses with an infrared

camera.

(b) (c)

Fig. 6.10: Pictures of a filter taken (a) with visible light illumination and with infrared light (b)
transmitted or (c) reflected by the filter.
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The loss, crosstalk, and extinction ratio for the 50 channels in the L-band
are shown in Fig. 6.11 for the first prototype and in Fig. 6.12 for the second. The
expected performance calculated from simulations based on the filter design
values are presented in Fig. 6.13, and the average values for all devices and
simulations are reported in Table 6.2. The reason why insertion losses are higher
in reflection rather in transmission for the first prototype is that the output
waveguide facet of the reflected signal was damaged during the alignment of the
tapered fibre. Unfortunately, the 20 dB extinction ratio that the filter was
designed for was not obtained for any wavelength channel because of the decrease
in coupling caused by fabrication errors. The difference between the performance
of the odd and even channels comes from the asymmetry in the wavelength
response which is also caused by the reduction in cavity coupling. Tolerance
simulations on the trench width have shown that changes larger than =10 nm
significantly degrade the filter response if they are not consistent across the filter.
The large discrepancy between the expected reflected and transmitted signal
average crosstalk and extinction ratio is caused by an increase in the strength of
the reflected signal as the coupling between the Fabry-Perot cavities decreases.
This occurs because when they are not perfectly coupled each cavity behaves as a
single cavity Fabry-Perot filter with a slightly different peak transmission
wavelength. Therefore, having multiple filters with unmatched transmission
response in series creates the equivalent of a broadband mirror, which increases
crosstalk for the transmitted signals and decreases extinction ratio for the reflected
ones.

The filter response observed for the TM polarization over the L-band
showed that most of the input light is reflected (it was designed to work only in
TE). This can also be explained by decoupling of the filter cavities. Because of
the effective refractive index discrepancy between the TE and TM polarizations,
the filter cavities are coupled at different frequencies for the each polarization

state. When the filter is working for one polarization, its cavities are decoupled
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for the other, and thus most of the light having the unwanted polarization will

appear at the reflected output because decoupled cavities behave as a broadband

mirror.

Table 6.2: Average loss, crosstalk and extinction ratios of the prototypes. The values in
parenthesis are the standard deviations.

Loss (dB) Crosstalk (dB) Extinction Ratio (dB)
Device Input
Reflection  Transmission Reflection Transmission Reflection Transmission
1 1 22.0 (0.6) 20.5(0.3) 12.6 (0.9) 13.8 (2.6) 12.4 (2.3) 14.1 (1.2)
2 1 20.2 (0.2) 23.0 (0.6) 17.1(0.8) 6.1(2.8) 8.9 (2.3) 14.4 (1.2)
2 19.3 (0.2) 20.5 (0.5) 15.1 (1.5) 129 (1.7) 14.1 (1.7) 13.9 (1.7)
Expected Values 0.4 (0.0) 1.0 (0.3) 25.4 (0.7) 14.6 (6.6) 15.3 (6.3) 24.7 (0.5)
(a) (b)
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crosstalk, and (c¢) extinction ratio.
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6.3.2 Transmission Experiments

To verity whether the filters caused significant signal distortion, the bit error rate
(BER) of a 10 Gb/s non-return to zero signal was measured as a function of
received power. A schematic of the test setup is shown in Fig. 6.14. A tuneable
laser was adjusted to 1595.49 nm (187.9 THz) and externally modulated with a
2*1-1 pseudorandom bit sequence. This wavelength was used because it was the
operating point at which the filter performance was optimum within the range
covered by the optical sources and amplifiers that were available during this
experiment. An L-band fibre amplifier boosted the signal before it was coupled to
input 2 of the second prototype. This particular device and input was used
because it is the one having the best filter characteristics. The output light was

amplified with a semiconductor optical amplifier (SOA) and then sent through a
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tuneable filter with a 0.55 nm 3 dB passband to remove amplification noise. The
optical signal passed through a variable attenuator connected to a photodiode.
The photodiode electrical signal was boosted with broadband amplifiers before

being sent to a BER tester.

PPG

e @A
Fig. 6.14: BER measurement test setup. (Mod: 10 Gb/s LiNbO; modulator, EDFA: erbium-doped
fibre amplifier, P.C.: polarization controller, TEC: thermo-electric cooler, SOA: semiconductor

optical amplifier, R.F.: radio frequency amplifiers, BERT: bit error rate tester, PPG: pulse pattern
generator)

The measured BER curves are shown in Fig. 6.15. For the measurement
without the switch, the signal was sent through an alignment waveguide adjacent
to the filter on the integrated circuit. The power penalty when the filter is in
reflection is less than 0.5 dB. However, in transmission it was impossible to
obtain a BER better than 107, This is because the extra attenuation suffered in
transmission brought the power at the switch output below -20 dBm, which was
the SOA sensitivity floor, and thus greatly reduced the signal to noise ratio at the
photodiode. The impact of this can be seen on the eye diagrams shown in Fig.
6.16. For the same level of received power, the eye of the transmitted signal has
an opening of 60 mV while that of the reflected one is 70 mV. The difference in
peak power at the output of the device and after the SOA is shown in Fig. 6.17 for
both the reflected and transmitted signals. The 6.8 dB difference between the
reflected and transmitted signal at the device output is much larger than the one
obtained from the wavelength measurement response (i.e. 1.2 dB) and this was
probably due to damage to the transmitted signal output waveguide that could

have occurred during the alignment of the output fibre. Because the switch
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operated in the L-band, no other optical amplifiers were available to further
compensate the loss or boost the input signal. Since most of the attenuation is due
to the collimation system and not the filter, the limitations encountered during this
experiment are probably the results of restrictions in our fabrication process and

are not intrinsic to the device.

% r .' ) T 1 ' ‘
o) | 5 5 4 Reflected
A i ' i i -©-Transmitted
AN - : § 2 Without Filter
. " Ths e e B oo S

Log(BER)

Received Power (dBm)

Fig. 6.15: Bit error rate curves for a 10 Gb/s signal reflected and transmitted by the switch
prototype. The switch impact on the signal can be seen by comparing the BER for a signal send
through an alignment waveguide.
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6.4 Conclusion

The layout and characterisation of 2x2 optical switch prototypes based on the
designs described in chapter 4 and 5 was presented. Because of the large beam
waist needed to ensure that beams propagate undistorted and that the plane wave
response of the filter is preserved, TIR parabolic mirrors were used to collimate
the outputs of channel waveguides before they were sent to the filter. Two etch
steps were required to build the switch because the input and outputs channel
waveguides could not be made narrow enough to be single mode at the etch depth
necessary to implement the filter and parabolic mirrors. This introduced a critical
alignment step which caused high insertion losses. A self-aligned double etch
process could be used to reduce losses due to alignment errors.

Characterisation of the prototypes showed that over-etching shifted the filter
wavelength response towards the L-band. It also reduced coupling between the
filter cavities, which decreased the clear bandwidth by approximately 40 % for
the two devices tested and the maximum achievable extinction ratio by about 9
dB. It also caused ripples in the reflected signal. This demonstrates the
sensitivity of the filter performance to coupling between the cavities. To obtain
the designed filter response, the control on the trench width must be within 10 nm.
This is clearly the most critical aspect in the fabrication of integrated Fabry-Perot
optical space switches. Nevertheless, it was possible to contain 50 wavelength
channels of the 100 GHz ITU grid within the response of the prototypes.
Although the thermo-optic effect was used to characterise the prototypes, the
filters could be tuned with faster mechanisms, such as electro-optic and/or plasma
effects, after optimization of the waveguide doping profile. Data transmission
tests at 10 Gb/s showed that error free transmission is achievable with little power
penalty when the signal is reflected from the prototype device but the combination
of radiation and collimation losses limited the BER to 107 in transmission.
However, this limitation is caused by fabrication errors and it is probably not

intrinsic to the device.
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Gains in efficiency could be obtained by using first order mirrors to
implement the filters. This would practically eliminate radiation losses and
improve cavity coupling, which would extend the switch bandwidth over the
entire C-band. Moreover, with the ability to build smaller features, the channel
waveguides could be fabricated at the same time as the filter and collimating
mirrors, which would reduce losses due to misalignment. Nevertheless, efficient
first order designs require aspect ratios between 20:1 and 40:1, which pose a

significant fabrication challenge.
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Chapter 7

Scalability Analysis

7.1 Introduction

In addition to fast switching speeds and good optical performance, a practical
optical switching technology should also be scalable. Integrated Fabry-Perot
space switches present interesting possibilities in that regard since their planar
waveguide configuration allows the interconnection of switching elements (i.e.
filters) without having to use channel waveguides. Therefore, it is possible to
have light signals crossing each other without suffering losses, which is not the
case in devices implemented with channel waveguides.

The two switch fabrics configurations used to evaluate the scalability of
integrated Fabry-Perot optical space switches are described in section 7.2. The
technique used to minimize the switch fabrics areas is presented next, along with
the optimisation results for devices with 2 to 16 ports. Lastly, the trade-offs in the

design of integrated Fabry-Perot switch fabrics are discussed.

7.2 Possible Switch Fabric Layouts

Integrated Fabry-Perot optical space switches provide a flexible building block to
build various switch fabrics. They can be used to implement crossbar, shuffle
Benes§ or router/selector architectures. In crossbar configurations, they are
suitable for use as wavelength selective switches within reconfigurable optical
add/drop multiplexers (see Fig. 7.1). The shuffle Bene§ configuration is adapted
from work by Ma and Kuo, who developed this architecture for 2-D MEMS
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mirrors [1]. The static mirrors required in the shuffle Bene$ configuration can be
implemented by Bragg gratings when integrated Fabry-Perot switches are used in
place of MEMS, as shown in Fig. 7.1(b). It is also possible to create a colorless
device with integrated Fabry-Perot switches by using interleavers to separate the
incoming signals into groups of “odd” and “even” channels and then processing
each group with different switches. These interleavers can be implemented with
the same filter design as the switches. After being processed by the switches, the
outputs are recombined with another set of interleavers. This concept is illustrated

in Fig. 7.1(c).

7.3 Optimisation Technique and Results

The optimization software described in chapter 6 was extended to handle multiple
ports. It was used to find the layouts requiring the least surface area for both
crossbar and shuffle Bene§ configurations by searching for the optimum input
beam waist and filter angle. To speed up the program, only the longest
propagation path was considered for the crossbar layouts. This technique could
not be applied to shuffle BeneS switches because in this architecture all optical
paths are of equal lengths. Nonetheless, this does not mean that all paths have the
same impact on input beams since filter distortion changes whether the beams are
transmitted or reflected. Although waist magnification, focal shift, and angular
shift are negligible for a single filter, their cumulative effects must be considered
when designing large switch fabrics, especially for transmitted beams which
suffer more from these impairments. They also have larger lateral beam shift.
Therefore, during the shuffle Bene§ optimization, the path requiring the most
filters in transmission mode was used. The optimization results are reported in
Table 7.1 for both configurations. Note that the collimation systems and the input
and output waveguides were not considered in these calculations. All device
parameters, including the filter and planar waveguide configurations, were the

same as those described for the prototypes presented in chapter 6.
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Fig. 7.1: Schematics of integrated Fabry-Perot switch fabrics: (a) crossbar layout configured as a
3x3 wavelength selective switch within a ROADM; (b) 4x4 shuffle Benes switch; and (c) 3x3
colorless switch fabric made of two 3x3 crossbar switches and 6 interleavers. In the ROADM
wavelength selective switch, the added signal can be at a different wavelength than the dropped
one but both must be from the same group (i.e. “odd or” “even”).



110 Integrated Fabry-Perot Optical Space Switches

Table 7.1: Switch fabrics with minimum area

Crossbar Shuffle Benes
Number
of Ports  Fijter angle  Width  Length Arezg Filter angle Width Length Areg
©) (mm) (mm) (mm®) ©) (mm) (mm) (mm°)
1.6 0.9 7.0 6.2 1.2 0.3 0.9 0.2
2.4 2.6 22.1 57.3 2.4 2.7 27.6 74.6
5.0 10.1 52.2 527.0 3.8 9.1 81.2 7371
16 10.8 40.5 1111 4494.5 6.2 30.8 193.8 5965.3

7.4 Design Trade-offs

In the layout of integrated Fabry-Perot switch fabrics, selecting the filter angle is a
trade-off between the ability of the filter to separate the input and reflected beams,
and the minimum beam waist that is needed to preserve the filter wavelength
response. Having a large incident angle reduces the distance required to separate
the incident and reflected beams and thus enables the filters constituting a switch
fabric to be positioned closer to each other. However, as explained in chapter 5,
the beam waist required to maintain the filter wavelength response increases
rapidly with the angle of incidence. As a result, the distance needed between
filters can increase as the incident angle gets larger because the input beams
become bigger. This is a significant difference with 2-D MEMS switches in
which the input beam size is determined by diffraction inside the device, which is
only a function of the propagation distance. Therefore, the optimization routine
goal is to find the incident angle that provides the best compromise between the
ability of the filter to separate signals and the width of the input beams. As can be
seen on Table 7.1, the optimum incident angles are small for all the listed
configurations but they slowly increase with the number of ports. This shows that
the dominating factor in the switch fabric layout is the input beam waist required
by the filters. As the number of ports increases, the distance between the filters
begins to have a more significant impact on the switch fabric area, and as a
consequence, it drives the incident angle to larger values. Also, the small incident

angles in the optimized layout lead to thin and long devices, which can limit the
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number of dies per wafers. Therefore, the configuration that minimizes area is
not necessarily the one that maximizes yield.

Since angular and frequency passband bandwidths are proportional, filters
with large frequency bandwidth are able to work with small input beams.
Therefore, smaller switch fabrics can be achieved with filters having a wide
passband. Fig. 7.2 shows the minimum area as a function of clear bandwidth for a
4x4 crossbar switch. However, the maximum passband width is limited by the
refractive index modulation achievable with a given tuning mechanism and the
frequency grid on which the switch must operate since it must be possible to tune
the filter response by at least the separation between two adjacent channels. On
the other hand, the refractive index contrast used to implement the filters has no
significant impact on a switch fabric area. This is illustrated in Fig. 7.3 which
shows the minimum area as a function of the refractive index contrast used to

implement the filter in 4x4 crossbar and shuffle Benes switch fabrics.
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Fig. 7.2: Area as a function of filter clear bandwidth for a 4x4 crossbar switch fabric.
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Fig. 7.3: Minimum switch area for 4x4 crossbar and shuffle Benes fabrics vs. the refractive index
used to implement the filters.

Due to the constraint imposed by the filters on the input beams, shuffle
Benes layouts require more area that their crossbar equivalent, except for 2x2
switches (only one filter is needed in 2x2 Benes switches). This is not the case
with MEMS switches for which crossbar fabrics are significantly larger than
shuffle Benes ones [1]. Moreover, shuffle Bene$ switch fabrics are rearrangeably
non-blocking whereas crossbar fabrics are strictly non-blocking. Nevertheless,
the fewer number of filters in shuffle Bene§ fabrics can drastically improve
performance. In the worst case scenario, a signal has to propagate through 15
filters in an 8x8 crossbar switch: 14 working in transmission and one in reflection.
Assuming the propagation losses computed with Eigenmode expansion for a filter
with 5 um deep second order mirrors (see chapter 5), this lead to an insertion loss
of 11.6 dB. In an 8x8 shuffle Bene§ switch, the signal goes through at most 5
filters and is reflected by 3 static mirrors. If the static mirrors have the same losses

as filters in reflection, this gives a 5.2 dB loss.
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7.5 Conclusion

Integrated Fabry-Perot switches can be used to build different kind of fabrics.
Crossbar and shuffle Bene$ configurations were optimized in order to evaluate
their scalability. It is the minimum beam waist needed to maintain the filter
response that is the dominating factor limiting a switch fabric minimum area.
Furthermore, 8x8 fabrics (in crossbar configuration) could be fabricated on
standard 3” wafers commonly used with III-V semiconductors. Although shuffle
Benes switch fabrics are larger than crossbar ones, their smaller number of filters

makes them more efficient.
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Chapter 8

Conclusion

8.1 Summary

The increase in throughput of optical telecommunication networks, stimulated by
the growing popularity of the Internet, was achieved by improvements in
transmission bit rates and by the multiplication of wavelength channels.
However, these enhancements to the transmission capacity put pressure on the
electronic routing components of the network nodes. As a result, electronic
routers have become expensive and power hungry machines that might soon be
bottlenecks in optical networks. This issue, in conjunction with the advent of
technologies enabling optical transmission over long distances, has motivated
research towards the development of all-photonic networks in which data signals
always remain in the optical domain between their ingress and egress points.
Doing so reduces the amount of electronic processing required for routing.
Furthermore, all-photonic networks based on burst or packet switching are
flexible and allow efficient use of the transmission capacity. Such networks
require at their core fast, broadband, transparent, and scalable optical space
switches. However, none of the currently available commercial technologies,
such as MEMS or thermo-optic switches, can achieve speeds fast enough for burst
or packet switching. Many other technologies that have been demonstrated in
laboratory experiments, including electro-optic devices or semiconductor

amplifier based switches, possess much faster switching times but they have low
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optical performance or issues of scalability. This motivated the development of a
novel switching concept based on tuneable off-axis Fabry-Perot filters
implemented in planar waveguides, which is the subject of the investigation
reported in this thesis.

The objectives of this work were to assess the practicality and scalability of
this novel concept as an optical space switching technology for the next
generation of optical networks. This was achieved through the development of a
design methodology that resulted in the fabrication of optical prototypes. The
design process began by identifying a suitable material platform. GaAs/AlGaAs
planar waveguides were chosen over LiNbO; and EO polymers because they are
readily available and they can provide the high refractive index contrast that is
necessary to obtain broadband filter mirrors.

A comprehensive optimization of the waveguide structure, which for the
first time simultaneously considered the layer structure of the waveguide, its
refractive index contrast, and the etch depth, was conducted to minimize radiation
losses in trenches created in a planar waveguide. The results of this study
determined the effective refractive index of the planar waveguide, which modeled
the waveguide in the transfer matrix method used for the filter design. A comb
filter response was implemented to enable the switches to work with any channel
in an entire wavelength band while requiring only a small refractive index
modulation. Multiple FP cavities were coupled to create a flat and wide passband
with sharp transition between regions of high transmission and high reflection.
The mirror structure used in the filter was investigated to find out which
configuration maximized bandwidth and minimized radiation losses. The filter
design was adjusted to satisfy the fabrication limits imposed by the tools available
in McGill’s microfabrication laboratory and a study was performed to determine
the minimum Gaussian beam size required to preserve the characteristics of the

plane wave response of the filter.
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After developing a layout that facilitated fabrication and testing, optical
prototypes were implemented and characterised. Over-etching of the mirror
trenches shifted the device wavelength response in the L-band and reduced cavity
coupling. This affected the switches performances but nevertheless it was
possible to measure the insertion loss, crosstalk, and extinction ratio for 50
wavelength channels. Switching between transmission and reflection was
achieved with the thermo-optic effect since the waveguide doping was not
designed to provide electro-optic effects. Bit error tests at 10 Gb/s showed that
the filter impose a very small power penalty in reflection. However, in
transmission the bit error rate was limited to 107, probably because the excess
loss suffered in transmission brought the switch output power below the
sensitivity floor of the optical amplifier located before the photodiode.

Lastly, the scalability of integrated Fabry-Perot space switches was
investigated through the optimization of crossbar and shuffle Benes fabrics with 2
to 16 ports. The dominating factor limiting the minimization of a switch fabric
area is the minimum beam waist needed to avoid distortion. Although crossbar
fabrics are more compact than shuffle Benes ones, the smaller number of filters
required to implement shuffle Benes fabrics can significantly improve the optical

performance of devices with a given port count.

8.2 Comparison with Existing Technologies

The great strength of the design approach developed in this thesis is its flexibility.
By relying on the transfer matrix method to design the switch frequency response,
almost any passband shape can be achieved, as demonstrated with thin-film
filters. Implementing the filters in planar waveguides provided a level of
integrations never achieved in previous off-axis Fabry-Perot switches. It allows
miniaturisation of the components and can reduce cost considerably. However,
integration creates new challenges. Careful design of the planar waveguide is

required to minimize radiation losses. It is also necessary to verify that the light
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beams inside the devices are not distorted by the filters, especially when they are
used at oblique incidence.

In terms of optical performance and scalability, no technologies come close
to the results demonstrated with MEMS switches but they are too slow for burst
or packet switching. Silicon-on-insulator (SOI) thermo-optic switches might be
able to achieve speeds sufficient for burst switching but an efficient and practical
fibre coupling technique needs to be developed. In theory, integrated Fabry-Perot
switches could achieve performance comparable with other electro-optic devices.
Mach-Zehnder interferometers (MZI) have less stringent fabrication requirements,
and if they are implemented with high index contrast waveguides, they could be
more compact than integrated Fabry-Perot switches. Directional couplers (DC)
on the other hand have similar fabrication tolerances than integrated Fabry-Perot
switches but these tolerances are easier to meet since deep etching is not required.
Digital optical switches (DOS) can easily be made polarization independent
because of their digital response but their minimum length is limited by the small
angle needed to achieve low crosstalk. The characteristic that makes integrated
Fabry-Perot switches stand out from the other electro-optic switch designs is their
ability to work with different wavelength bands. MZI and DC can only handle a
single wavelength at the time. Moreover, their control signals need to be
calibrated for every new wavelength that they have to work with. DOS are able to
switch multiple wavelengths simultaneously but they cannot separate them in
different bands. Furthermore, integrated Fabry-Perot switches can have a flat and
wide passband which makes them transparent to a variety of bit rates.

Devices similar to integrated Fabry-Perot switches have been demonstrated
with micro-ring resonators but, as in the case of SOI thermo-optic switches,
coupling with optical fibres is an issue for telecommunication applications.
However, micro-ring switches have shown a lot of potential for on chip

interconnects.
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The possibility of obtaining gain and the very low crosstalk levels provided
by semiconductor optical amplifier switches represent advantageous
characteristics to implement a switch fabric. However, their power consumption
is higher than electro-optic devices and they introduce nonlinearities and noise.
Their scalability appears to be limited to similar port count as integrated Fabry-
Perot switches.

Among the fast switching technologies reviewed in chapter 2, the largest
switch fabric reported is a 64x64 phase array that combined multiple chips. The
biggest single chip fabrics reported are 16x16 arrays, which is larger than the
largest integrated Fabry-Perot switch fabrics that could be implemented on a 3”
wafer (i.e. 8x8 crossbar).

Unfortunately, it is impossible to say that integrated Fabry-Perot optical
space switches represent a clearly advantageous technology to implement switch
fabrics for burst and packet switched networks. Nevertheless, with the
improvements suggested in the next section and if a network architecture was
developed to take advantage of their unique ability to work with different
wavelength bands, integrated Fabry-Perot switches could represent an enabling

technology for the next generation of optical networks.

8.3 Future Work

The work presented in this thesis laid the foundations for the development of
integrated Fabry-Perot optical space switches but the prototypes demonstrated
here could be improved in a number of ways. The first would be to reduce the
insertion loss of the collimation system. Alignment between the photomasks
defining the channel waveguides and the collimating mirrors could be improved
with a self-aligned double etch process or better yet, the channel waveguides
could be defined at the same time as the collimating mirrors. This would require
a lithographic process with a minimum feature size much smaller than 1 um, such

as electron beam lithography or deep UV photolithography. Moreover, the
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bending losses in channel waveguides with a strong horizontal confinement but
with a weak vertical one should be investigated further.  Experimental
measurements of a series of bends with different radius showed that losses
increase more rapidly than the theoretical predictions obtained with two-
dimensional analytical methods. The most likely cause for this discrepancy is that
significant substrate leakage probably occurs in the bends.

The ability to define smaller features would allow the implementation of
first order filter mirrors, which would greatly improve the switch performance. It
would reduce radiation losses in the filter trenches and increase cavity coupling.
However, doing so would also requires improvements in the etch process because
of the high aspect ratios needed. Thus, inductive coupled plasma or chemically
assisted ion beam etching would have to be used. Another way to reduce
radiation losses in the deep etched features would be to use two dimensional
photonic crystals to form the filter mirrors. In this case, the resonances taking
place in the mirrors would occur mostly in the planar waveguide region between
the holes defining the photonic crystal and thus the signal would suffer less
radiation losses. A theoretical investigation of coupled cavity FP filters with
photonic crystal mirrors has been reported in [1, 2].

The demonstration of the fast operation of integrated FP switches with
electro-optic effects also needs to be done. This requires investigation of the
doping profile of the planar waveguide to optimize the refractive index
modulation as a function of applied voltage. There is also a trade-off to be
reached between the achievable refractive index modulation and the extra
insertion loss caused by the added doping. If the GaAs substrate is to be used as
an electrode, then the waveguide should have a P-I-N doping profile (see Fig.
8.1(a)). A process to deposit ohmic contacts on GaAs would have to be
developed since none is available in the microfabrication laboratory. It is possible
to avoid doping the waveguide but that requires the deposition of Schottky metal

contacts on both sides of the epitaxial layers, and thus they have to be transferred
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onto a support substrate [3], as shown in Fig. 8.1(b). The waveguide layers can
be removed from the substrate on which they were grown by adding a layer of
AlAs under the waveguide and using the high etching selectivity between GaAs
and AlAs of H,O:NH4OH [4]. However, it would be a very delicate operation.

(b)

Transfer substrate

p AlGaAs (InP)

i AlGaAs
i GaAs (InGaAsP) Bulk or MQW
i GaAs
n AlGaAs (InP)
n* GaAs (InP) 1 AlGaAs
- n meta} —

Fig. 8.1: Possible GaAs epitaxial configurations to obtain electro-optic effects: (a) P-I-N doping
profile and (b) layers with intrinsic doping transferred onto a support substrate. (BCB:
benzocyclobutane; MQW: multiple quantum wells). Figure adapted from [3].

Unlike the thermo-optic technique used in this thesis to test the prototypes,
which required that the whole chip be heated, employing electro-optic effects
provides a confined tuning mechanism. Thus, slightly different voltages could be
applied to each filter cavity to compensate for fabrication errors. This would
multiply by four the number of control signals required but in a more advanced
implementation, a voltage divider could fabricated on chip and then the
resistances in the divider could be adjusted with laser trimming during the testing
of the devices.

Electro-optic switches are electro-static devices that only consume
significant amount of power when they are changing state. Nonetheless, because
of the high switching rates required in optical networks, it is important to
minimize their power consumption. Having individual control on the filter
cavities could reduce the power consumption of integrated Fabry-Perot switches
because switching could be achieved by decoupling only one or two cavities to
change the filter response from transmission to reflection. As explained in

chapter 6, decoupling the cavities turns the filter into a broadband mirror.
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Lastly, a major drawback of the optical prototypes presented in this thesis is
their polarization dependence. The filter could be made polarization independent
by adjusting their cavity size such that different orders are simultaneously
satisfied for the different polarizations. However, this would also determine the
filter free-spectral range, and it might not correspond to a useful frequency grid.
Subwavelength structures could be added to the planar waveguide to compensate
for the effective refractive index difference between the polarizations. However,
the switches would have to be actuated with a mechanism other than electro-optic
effects since they are polarization dependent. One possible solution would be to
use current injection but that would increase power consumption.

Before optical burst and packet switching can become a reality, more
developments are needed in fast optical space switching technologies. The
solution might not lie in a particular technology but in the combination of many,
as recently demonstrated by a team from NTT and Fujitsu who used both MEMS
and SOA switches to build a 10 Tb/s router that is potentially scalable to 100 Tb/s

[5].
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Appendix A

1-D Gaussian Beam Waist
vs. Filter Angular Spectrum

A.1 Introduction

In chapter 5, an equation was introduced to compute the minimum 1/e Gaussian
beam waist required to avoid distortion and to preserve the plane wave response
of an integrated filter as a function of its clear angular bandwidth. This equation
is:

2-1.945-4,

(A.1)
ﬂ.enﬂfﬁ'

o

where @, is the 1/e Gaussian beam waist, @ is the clear angular bandwidth of the
filter in radians, and n.y is the effective refractive index of the planar waveguide.

This appendix presents the mathematical derivation that led to this equation.

A.2 Beam Waist and Angular Spectrum

The local angular (or plane wave) spectrum of any light beam cross-section is
obtained by taking the Fourier transform of its spatial distribution at a point along

its propagation path [1]:

Alkkyiz) = [ [ECoyiz)e " dxdy (A2)
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where E(x,y;z,) is the light spatial distribution at z,, and k. and k, are angular
frequencies along two different orthogonal axes. For the remaining calculations
z, 1s assumed to be the beam waist location for simplicity. However, in this
mathematical derivation only the angular power distribution is considered. Thus,
the light spatial distribution could be taken at any point on the beam path since the
magnitude of the angular spectrum remains constant as the beam propagates; only
the phase relationship between the different angular frequencies changes. The
angular frequency components are related through:

k:i—”:q/kj+ky2+kf (A3)
where 4, is the light wavelength in vacuum. Since light in integrated Fabry-Perot
optical space switches is confined in the vertical direction by the planar
waveguide, both the magnitude and phase of the vertical angular spectrum are
preserved throughout the devices and the beam incident on the filter can be
considered as one-dimensional. The light spatial distribution at the beam waist is

given by:

E(x)=E_ e (A4)

and equation A.2 can be simplified to:

2

A(k)=E, [e "¢ dx. (A.5)

Using the following identity [2]:
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equation A.5 can be integrated to obtain the angular spectrum amplitude:

2 2
ky @

Ak)=ENrme * . (A7)

Since the Fourier transform of a Gaussian function is also a Gaussian, it is

possible to identify the 1/e point of the angular spectrum £, as being equal to 2/a,.
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Expressing k, in radians and solving for @, provides an equation for the spatial
beam waist required to get a given angular waist ¢. The angular waist is the 1/e
width of the Gaussian beam angular spectrum. Assuming the small angle

approximation since the required angular spectra are narrow:

k, _ sin(@) g 27g
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A.3 Fraction of Power in an Given Angular Range

Finding the amount of power in a given angular range is necessary to establish a
limit on the lost that can be suffered before the beam is severally distorted. This
is similar to the fraction of power that must be contained within an aperture to
prevent modification to the waist size and location of a beam due to clipping. In
the present case, the angular aperture is defined as the angular clear bandwidth of
the filter (i.e. the angular range with over 90 % transmission). The procedure to
find the power contained within a given angular range is similar to the derivation
for the power enclosed in a circle described in [3] except than the beam here is

one-dimensional. The first step is to express the angular distribution in terms of

intensity:
Ko
I(k)=(Ak)) =E’nw’e > (A.10)
The total power P is:
P= [I(k)dk, =27 E} 7 3} (A.11)

and the fraction of power within an angular range *k, is:

1 _ w, k,
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where erf() is the error function. To find the spatial beam waist for which 99.99%
of the angular spectrum power is contained within the angular range tk,, the
expression A4 k, is substituted for &, in the right hand side of equation A.11 and
solved to determine the value of 4. The result is 4 = 1.945. Using this value and
recognising that the clear angular bandwidth of the filter 8 = 2 (4 k,), equation
A.9 becomes:

2:1.945-1,
0 =—"">=""T7°

o

(A.12)
zon,

which is the equation reported in chapter 5.
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Appendix B

Fabrication Process

B.1 Introduction

The fabrication process was developed in the McGill microfabrication laboratory.
Except for the growth of the epitaxial layers, which was done at the Canadian
Photonics Fabrication Centre, all processing steps were performed at McGill. No
processes specific to GaAs existed in the microfabrication laboratory at the
beginning of this project. Cleaning procedures, photolithographic exposures, and
metal sputtering recipes were adapted from work done with silicon wafers.
However, the dry etch recipe was conceived from begin to end for the fabrication
of integrated Fabry-Perot switches.

This appendix is divided in two sections. The first one presents the layout
of the photomask used for the fabrication of the prototypes and discusses their
salient features. The second one describes each steps of the fabrication process in

details, starting with wafer cleaving all the way to aluminum patterning.

B.2 Photomasks

The fabrication of the prototypes requires four photomasks and each of them were
obtained from a different vendor since they all had different tolerance
requirements. A positive photoresist was used in the fabrication process, and thus
the features to be etched into the samples appear as transparent areas (i.e. without

chrome) on the masks. This means that the polygons shown in the following
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figures represent areas without chrome. All masks were created with AutoCAD
2002 using a custom library of functions written in the ARX language. The
AutoCAD files were converted to GDSII format before being sent to the mask
manufacturers.

The first mask was used for edge bead removal. Because of their small size
(18 mm x 18 mm), the samples had to be coated with photoresist on the manual
coater. To remove most of the edge bead, they were exposed with a mask
consisting of a 9 mm x 9 mm square filled with chrome and of small alignment
brackets matching the samples corners. Since the precision of the dimensions of
this mask features was not important, this mask was ordered from Fineline
Imaging, which transfers patterns printed with a plotter onto chrome masks.

The next mask used in the fabrication process has the patterns defining the
filter and collimating mirrors. It consists of 16 cells, each having a filter located
between two collimating mirrors, except for one cell which has only collimating
mirrors. The cells are arranged in a 4x4 layout and the two central rows are
shown in Fig. B.1. Only two consecutive colums can be fabricated on a sample.
Therefore, multiple copies of the alignment pattern used with the waveguide and
electrode masks were put on the filter mask in order to accommodate all column
combinations possible. Furthermore, since the filter mask is the first one used to
create features on the samples, rough alignment patterns were drawn on it to allow
the positioning of the mask with respect to the photoresist square defined during
the edge bead removal. The collimating mirrors are identical in each cell but the
filters have dimensions varying between +400 nm of the design values. Any
width removed/added to a trench was added/removed to the neighbouring
cavities. The variations in the dimensions of the filters are provided in Table B.1.
Having multiple devices with slightly different dimensions helps to mitigate
errors caused by the fabrication process since at the end of the fabrication run the
implementation closest to the desired design can be selected. Because the filter

mask contains the features with the most stringent tolerances, it was ordered from
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a commercial manufacturer (Compugraphics) that guaranteed a critical dimension
tolerance of £30 nm. Fig. B.2 shows the content of one cell with the patterns of
the filter and channel waveguide masks. The pattern of the filter mask is shown

in green whereas the one of the channel waveguide mask is in red.

Device Filter and
Identification =g ~€—Collimating
Number . Mirrors

Alignment Patterns
for Other Masks
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Number Sample Alignment Patterns

—

1 mm

Fig. B.1: Schematic showing the two central rows of the filters photomask.
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Fig. B.2: Schematic showing the filter (in green) and channel waveguide (in red) mask patterns for
a single device.

Table B.1: Variations from the design values of the devices on the filter mask

Die# Variation (nm) Die# Variation (nm) Die# Variation(nm) Die# Variation (nm)

1 -400 5 -120 9 -40 13 400
2 -320 6 -80 10 0 14 320
3 -240 7 80 11 40 15 240
4 -160 8 120 12 N/A 16 160

The channel waveguides were defined by etching 2.0 um wide trenches on
each side of a 3.0 um ridge and they were separated by 20 um (centre to centre) at
the die edges. The 180° bend in the input waveguides has a radius of curvature of
100 um. Six sets of three chevrons were etched between the channel waveguides
to ensure that no light is guided in these regions. The waveguide mask also
included a set eight of waveguides with different lengths to measure propagation
loss below the switch waveguides. Another set of seven waveguides with 180°
bends having radii varying between 20 um to 200 um was added to the mask to
evaluate bending losses. The waveguide mask has 12 copies of the pattern shown
in red in Fig. B.2 lay out in three columns of four rows each. All patterns are

identical except for the one at the bottom of the third column. This pattern was
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designed to work with the device that does not have a filter and thus the position
of its output waveguides was adjusted to match the position of the output waists
for this case. Depending on the filters that had been etched in the sample, either
the first two columns with eight identical patterns was aligned with the sample or
the last two columns were used if the sample had the device without a filter. The
waveguide mask was written with an e-beam writer at INRS in Varennes on a best
effort basis.

The last mask was used to pattern the aluminum layer modeling the
electrodes on the optical prototypes. The electrode pattern is shown in blue in
Fig. B.3. This pattern was repeated eight times and lay out in two columns of

four rows. All patterns were identical. This mask was written with a laser plotter

C

at the Université de Sherbrooke.

=

Electrode Pad

—

1 mm

Fig. B.3: Schematic showing the electrode (in blue), channel waveguides (in red), and filter mask
pattern for a single device.
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The alignment marks shown in Fig. B.4 were used to overlay the
photomasks described above. It consists of a double cross pattern for coarse
alignment and of 0.5 um and 0.2 wm Vernier scales for fine alignment.
Unfortunately, the 0.2 um Vernier scales were hard to resolve with the 10X
objectives mounted on the aligner and only the 0.5 um ones were used. Copies of
the marks shown below were put on each corner of the samples to ensure proper

angular alignment.
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Fig. B.4: Schematic of the alignment marks used to overlay the photomasks. The features in green
are on the filter mask while those in red were on the channel waveguides and electrodes masks.
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B.3 Fabrication Process

The equipment available in the McGill microfabrication laboratory at the time of
fabrication required that two major adjustments be made to state-of-the-art GaAs
fabrication processes described in the literature [1-3]. First, SiO; is usually used
as a hard mask, especially when deep etching is required. Since plasma-enhanced
chemical vapour deposition (PECVD) was not available, hard bake photoresist
was used instead. The other change concerned the reactive ion etching gas. The
only gas available that could etch GaAs was Cl,. Although Cl, provides high etch
rates, SiCly is usually preferred because it can achieve smoother surfaces and that
a polymerisation reaction occurring during etching improves the vertically of deep
features. Nevertheless, through extensive experimentation smooth and vertical
features were obtained with an etch rate greater than 2 um/minutes. Fig. B.5
shows cross-sections of features fabricated during the process development

illustrating the depth, vertically, and quality achieved with the etch recipe.

1
MeGill 2.0kV 5.2mm x18.0k SE(U) | 2 3.00um

Fig. B.5: Scanning electron micrographs showing (a) the cross-section of a filter mirror and (b)
that of a collimating mirror. Because of the collimating mirror curvature, it is possible to see how
smooth the trench walls are.
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The small sample size also limited the equipment available because the
microfabrication laboratory was built to process 6 silicon wafers. Thus, the
projection stepper and the automatic coater could not be used. To fit in the
reactive ion etcher, the samples were fixed to a 6 silicon wafer with a thermally
conductive paste. The etch process is sensitive to residue from SF glass etches
and the vacuum chamber has to be cleaned before working with GaAs if SF¢ glass
has been processed previously. The full fabrication process is described below.
For steps that are repeated, only the parameters that are changed are indicated in

the subsequent iterations.
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Process Step

Description

Cleaving

The 3” wafers were manually cleaved in 9 squares of 18 mm on the side after being scribed
with a diamond pen.

SiO2 Removal

A 500 nm layer of SiO2 was deposited by PECVD at the CPFC laboratory after epitaxial
growth to protect the wafers. It was removed by immersing the samples in a 10%
hydrofluoric (HF) acid solution for 20 minutes.

Cleaning

10 minutes immersion in acetone in an ultrasonic bath followed by another 10 minutes in
isopropyl alcohol (IPA), also in the ultrasonic bath. The samples were rinsed in DI water and
dried with an air gun. Finally, the samples were put 10 minutes in the microwave oxygen
plasma asher at 350 W.

Spin coated the samples with 1.4 um of Shipley 1813 photoresist on the manual coater
(Bidtec). The coater program was:

Photoresist Step Speed (rpm) Acceleration (s) Time (s)
Coating 1 200 0.1 5
2 3950 0.3 30
3 0 0.5 1
Soft bake Heated the samples with a hot plate at 115° C for 60 seconds.
Edge Bead Exp(_)sed the samples with the EBR mask on the EVG contact_aligner. Set thg power to 1QO
Removal (EBR) mJ in congtant power mode. Developed for 40 seconds with t.he automatic coater (Site
Service) without baking. Manually swabbed the samples edges with acetone.
Filter Mask Exposed the samples to 55 mJ with the filter mask.
Exposition
Post Exposure Baked the samples for 80 seconds on a hot plate at 115° C.
Bake (PEB)
Development Developed for 40 seconds and baked 90 seconds at 90° C on the automatic coater hot plate.
Hard bake Baked the samples for 20 minutes on a hot plate at 90° C.
Etched with the Applied Material 5000 in chamber C. The etch program was:
Step Variable Values
Time 15 sec
Power ow
1 Magnetic Field 0 Gauss
Pressure 60 mTorr
Gas 60 CI2: 60 Ar
Time 130 sec
Reactive lon Power 235 W
Etching (RIE)
2 Magnetic Field 70 Gauss
Pressure 60 mTorr
Gas 60 CI2: 60 Ar
Time 10 sec
Power 50 W
3 Magnetic Field 70 Gauss
Pressure Full Throttle
Gas 60 Ar
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Process Step Description

Cleaning See above

Native Oxide The samples were dipped 60 seconds in 10 % HF to remove the native oxide.

Removal

Photoresist See above

Coating and

EBR

Waveguide Exposed the samples to 60 mJ with the waveguide mask.

Mask

Exposition

PEB See above

Development Developed for 45 seconds and baked 90 seconds at 90° C on the automatic coater hot plate.

Hard Bake See above

RIE The time in step 2 was changed to 50 seconds.

Cleaning and See above

Native Oxide

Removal

Photoresist
Coating

Changed the speed in step 2 to 1600 rpm.

Soft bake and
EBR

See above

Electrode Mask

Exposed the samples to 70 mJ with the electrode mask.

Exposition
PEB See above
Toluene Dip Immersed the samples in toluene for 10 minutes.

Development

Developed for 60 seconds without baking.

Sputtering of 125 nm of aluminum. The program for the MRC sputter was:

Variable Value
Aluminum Power 1.15 kW
Sputtering Pressure  22.5mTorr
Speed 13 cm/min
# of scans 2
Liftoff Overnight immersion in acetone
Cleaning See above

Photoresist

Photoresist coat used as a protective layer during aluminum sputtering on the samples back

Coating sides. Changed the speed in step 2 to 1600 rpm.

Soft bake See above

Aluminum Deposition of 250 nm of aluminum on the back of the samples. The number of scans was
Sputtering increased to 4.

Cleaning

See above




