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PREFACE

If the last century was the era of electronics, the twenty-first century is probably the
era of photonics. In particular, the miniaturisation of optical components will play an
important role in the success of advanced photonic devices, based on optical waveg-
uides. This book presents the basic concepts of waveguides necessary to understand
and describe integrated photonic devices, from Maxwell’s equations to the modelling
of light propagation in arbitrary guiding structures.

The topics, as well as their depth of analysis in the book, have been established,
benefiting from the experience of several years teaching this subject at the Universidad
Auténoma de Madrid. Since integrated photonic devices have applications in very dif-
ferent areas, such as optical communication, environmental monitoring, biological and
chemical sensing, etc., students following this course may have different backgrounds.
Therefore, after the introductory chapter devoted to presenting the main characteristics
of integrated photonic technology, in Chapter 2 we review the electromagnetic theory
of light. In it the basis of electromagnetic waves is described, emphasising the most
relevant concepts connected to optical waveguides, such as the phenomenon of total
internal reflection.

Subsequent chapters deal with the fundamentals of integrated photonics: the the-
ory of optical waveguides, the coupling mode theory and light propagation in guiding
structures. Although the treatment given to the different topics is based upon funda-
mental principles, numerical examples based on real situations are given throughout,
which permit the students to relate theory to practice.

I am indebted to Professor F. Cuss6, who encouraged me to write this book. I would
like also to thank Professor I. Aguirre and Professor J.A. Gonzalo who carefully read
the manuscript, and to Professor F. Jaque, in particular, who helped me with his
invaluable suggestions.

I also want to express my very special appreciation to A. Bagney for her kind help
in correcting and preparing the book in its final form.
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1

INTRODUCTION TO
INTEGRATED PHOTONICS

Introduction

The term “integrated photonics” refers to the fabrication and integration of several
photonic components on a common planar substrate. These components include beam
splitters, gratings, couplers, polarisers, interferometers, sources and detectors, among
others. In turn, these can then be used as building blocks to fabricate more complex
planar devices which can perform a wide range of functions with applications in opti-
cal communication systems, CATV, instrumentation and sensors. The setting-up of
integrated photonic technology can be considered as the confluence of several pho-
tonic disciplines (dealing with the control of light by electrons and vice versa) with
waveguide technology. In fact, optical waveguides are the key element of integrated
photonic devices that perform not only guiding, but also coupling, switching, splitting,
multiplexing and demultiplexing of optical signals. In this chapter we will introduce
the main characteristics of integrated photonic technology, showing relevant aspects
concerning material and fabrication technologies. Also, we will briefly describe some
basic components present in integrated photonic devices, emphasising the differences
in their design compared to conventional optics. Some examples of integrated photonic
devices (passive, functional, active and non-linear) are given at the end of the chap-
ter to show the elegant solution that this technology proposes for the development of
advanced optical devices.

1.1 Integrated Photonics

Optics can be defined as the branch of physical science which deals with the genera-
tion and propagation of light and its interaction with matter. Light, the main subject of
optics, is electromagnetic (EM) radiation in the wavelength range extending from the
vacuum ultraviolet (UV) at about 50 nanometers to the far infrared (IR) at 1 mm. In
spite of being a very ancient science, already studied by the founder of the School of
Alexandria, Euclid, in his Optics (280 Bc), during the last quarter of the past century,
the science of optics has suffered a spectacular renaissance, due to various key devel-
opments. The first revolutionary event in modern optics was, no doubt, the invention
of the laser by T.H. Maiman in 1960 at Hughes Research Laboratories in Malibu [1],
which allowed the availability of coherent light sources with exceptional properties,
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such as high spatial and temporal coherence and very high brightness. A second major
step forward came with the development of semiconductor optical devices for the
generation and detection of light, which permitted very efficient and compact opto-
electronic devices. The last push was given by the introduction of new fabrication
techniques for obtaining very cheap optical fibres, with very low propagation losses,
close to the theoretical limits (Figure 1.1).

As aresult of these new developments and associated with other technologies, such as
electronics, new disciplines have appeared connected with optics: electro-optics, opto-
electronics, quantum electronics, waveguide technology, etc. Thus, classical optics,
initially dealing with lenses, mirrors, filters, etc., has been forced to describe a new
family of much more complex devices such as lasers, semiconductor detectors, light
modulators, etc. The operation of these devices must be described in terms of optics
as well as of electronics, giving birth to a mixed discipline called photonics. This new
discipline emphasises the increasing role that electronics play in optical devices, and
also the necessity of treating light in terms of photons rather than waves, in particular
in terms of matter—light interactions (optical amplifiers, lasers, semiconductor devices,
etc.). If electronics can be considered as the discipline that describes the flow of
electrons, the term “photonics” deals with the control of photons. Nevertheless, these
two disciplines clearly overlap in many cases, because photons can control the flux of
electrons, in the case of detectors, for example, and electrons themselves can determine
the properties of light propagation, as in the case of semiconductor lasers or electro-
optic modulators.

The emergence of novel photonic devices, as well as resulting in the important
connection between optics and electronics, has given rise to other sub-disciplines within
photonics. These new areas include electro-optics, opto-electronics, quantum optics,
quantum electronics and non-linear optics, among others. Electro-optics deals with
the study of optical devices in which the electrical interaction plays a relevant role in
controlling the flow of light, such as electro-optic modulators, or certain types of lasers.
Acousto-optics is the science and technology concerned with optical devices controlled
by acoustic waves, driven by piezo-electric transducers. Systems which involve light
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Figure 1.1 Evolution of the attenuation in silica glasses. In the 1980s the dramatic drop in the
attenuation coincides with the boom of the optical fibre systems, thanks to the implementation
of new fabrication techniques
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but are mainly electronic fall under opto-electronics; these systems are in most cases
semiconductor devices, such as light-emitting diodes (LEDs), semiconductor lasers
and semiconductor-based detectors (photodiodes). The term quantum electronics is
used in connection with devices and systems that are based on the interaction of
light and matter, such as optical amplifiers and wave-mixing. The quantum nature of
light and its coherence properties are studied in gquantum optics, and the processes
that involve non-linear responses of the optical media are covered by the discipline
called non-linear optics. Finally, some applied disciplines emerging from these areas
include optical communications, image and display systems, optical computing, optical
sensing, etc. In particular, the term waveguide technology is used to describe devices
and systems widely used in optical communications as well as in optical computing,
optical processing and optical sensors.

A clear example of an emergent branch of optics that combines some of the above
disciplines is the field of integrated optics, or more precisely, integrated photonics.
We consider integrated photonics to be constituted by the combining of waveguide
technology (guided optics) with other disciplines, such as electro-optics, acousto-optics,
non-linear optics and opto-electronics (Figure 1.2). The basic idea behind integrated
photonics is the use of photons instead of electrons, creating integrated optical circuits
similar to those in conventional electronics. The term “integrated optics”, first proposed
in 1960 by S.E. Miller [2], was introduced to emphasise the similarity between planar
optical circuits technology and the well-established integrated micro-electronic circuits.
The solution proposed by Miller was to fabricate integrated optical circuits through
a process in which various elements, passive as well as active, were integrated in a
single substrate, combining and interconnecting them via small optical transmission
lines called waveguides. Clearly, integrating multiple optical functions in a single
photonic device is a key step towards lowering the costs of advanced optical systems,
including optical communication networks.

The optical elements present in integrated photonic devices should include basic
components for the generation, focusing, splitting, junction, coupling, isolation, polar-
isation control, switching, modulation, filtering and light detection, ideally all of them

Opto-electronics Electro-optics

Waveguide technology

Non-linear optics Acousto-optics

Integrated photonics

Figure 1.2 Confluence of various disciplines into integrated photonics
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being integrated in a single optical chip. Channel waveguides are used for the intercon-
nection of the various optical elements. The main goal pursued by integrated photonics
is therefore the miniaturisation of optical systems, similar to the way in which inte-
grated electronic circuits have miniaturised electronic devices, and this is possible
thanks to the small wavelength of the light, which permits the fabrication of circuits
and compact photonic devices with sizes of the order of microns. The integration of
multiple functions within a planar optical structure can be achieved by means of pla-
nar lithographic production [3]. Although lithographic fabrication of photonic devices
requires materials different from those used in microelectronics, the processes are basi-
cally the same, and the techniques well established from 40 years of semiconductor
production are fully applicable. Indeed, a lithographic system for fabricating photonic
components uses virtually the same set of tools as in electronics: exposure tools, masks,
photoresists, and all the pattern transfer process from mask to resist and then to device.

1.2 Brief History of Integrated Photonics

For 30 years after the invention of the transistor, the processing and transmission
of information were based on electronics that used semiconductor devices for con-
trolling the electron flux. But at the beginning of the 1980s, electronics was slowly
supplemented by and even replaced by optics, and photons substituted for electrons as
information carriers. Nowadays, photonic and opto-electronic devices based on inte-
grated photonic circuits have grown in such a way that they not only clearly dominate
long-distance communications through optical fibres, but have also opened up new
fields of application, such as sensor devices, and are also beginning to penetrate in the
own field of the information processing technology. In fact, the actual opto-electronic
devices may be merely a transition to a future of all-optical computation and commu-
nication systems.

The history of integrated photonics is analogous to that of other related technologies:
discovery, fast evolution of the devices, and a long waiting time for applications [4].
The first optical waveguides, fabricated at the end of the 1960s, were bidimensional
devices on planar substrates. In the mid-1970s the successful operation of tridimen-
sional waveguides was demonstrated in a wide variety of materials, from glasses to
crystals and semiconductors. For the fabrication of functional devices in waveguide
geometries, lithium niobate (LiNbOj3) was rapidly recognised as one of the most
promising alternatives. The waveguide fabrication in LiNbO; via titanium in-diffusion
was demonstrated at the AT&T Bell Laboratory, and gave rise to the development
of channel waveguides with very low losses in a material that possesses valuable
electro-optic and acousto-optic effects. In the mid-1980s the viability of waveguide
devices based on LiNbOs3, such as integrated intensity modulators of up to 40 GHz,
and with integration levels of up to 50 switches in a single photonic chip had already
been demonstrated in laboratory experiments. A few years later, the standard pack-
aging required in telecommunication systems was obtained, and so the devices were
ready to enter the market. The rapid boom of monomode optical fibre systems which
started in the 1980s was the perfect niche market for these advanced integrated pho-
tonic devices that were waiting in the research laboratories. Indeed, the demand for
increased transmission capacity (bandwidth) calls urgently for new integrated photonic
chips that permit the control and processing of such huge data transfer, in particular



