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Introduction 

Controlling the Properties of Materials 

Many of the true breakthroughs in our technology have resulted from a deeper 
understanding of the properties of materials. The rise of our ancestors from 
the Stone Age through the Iron Age is largely a story of humanity’s increasing 
recognition of the utility of natural materials. Prehistoric people fashioned tools 
based on their knowledge of the durability of stone and the hardness of iron. In 
each case, humankind learned to extract a material from the Earth whose fixed 
properties proved useful. 

Eventually, early engineers learned to do more than just take what the Earth 
provides in raw form. By tinkering with existing materials, they produced 
substances with even more desirable properties, from the luster of early bronze 
alloys to the reliability of modern steel and concrete. Today we boast a collection 
of wholly artificial materials with a tremendous range of mechanical properties, 
thanks to advances in metallurgy, ceramics, and plastics. 

In this century, our control over materials has spread to include their electrical 
properties. Advances in semiconductor physics have allowed us to tailor the con
ducting properties of certain materials, thereby initiating the transistor revolution 
in electronics. It is hard to overstate the impact that the advances in these fields 
have had on our society. With new alloys and ceramics, scientists have invented 
high-temperature superconductors and other exotic materials that may form the 
basis of future technologies. 

In the last few decades, a new frontier has opened up. The goal in this case is 
to control the optical properties of materials. An enormous range of technological 
developments would become possible if we could engineer materials that respond 
to light waves over a desired range of frequencies by perfectly reflecting them, or 
allowing them to propagate only in certain directions, or confining them within 
a specified volume. Already, fiber-optic cables, which simply guide light, have 
revolutionized the telecommunications industry. Laser engineering, high-speed 
computing, and spectroscopy are just a few of the fields next in line to reap the 
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benefits from the advances in optical materials. It is with these goals in mind that 
this book is written. 

Photonic Crystals 

What sort of material can afford us complete control over light propagation? 
To answer this question, we rely on an analogy with our successful electronic 
materials. A crystal is a periodic arrangement of atoms or molecules. The pattern 
with which the atoms or molecules are repeated in space is the crystal lattice. 
The crystal presents a periodic potential to an electron propagating through it, 
and both the constituents of the crystal and the geometry of the lattice dictate the 
conduction properties of the crystal. 

The theory of quantum mechanics in a periodic potential explains what was 
once a great mystery of physics: In a conducting crystal, why do electrons 
propagate like a diffuse gas of free particles? How do they avoid scattering from 
the constituents of the crystal lattice? The answer is that electrons propagate as 
waves, and waves that meet certain criteria can travel through a periodic potential 
without scattering (although they will be scattered by defects and impurities). 

Importantly, however, the lattice can also prohibit the propagation of certain 
waves. There may be gaps in the energy band structure of the crystal, meaning that 
electrons are forbidden to propagate with certain energies in certain directions. If 
the lattice potential is strong enough, the gap can extend to cover all possible prop
agation directions, resulting in a complete band gap. For example, a semiconduc
tor has a complete band gap between the valence and conduction energy bands. 

The optical analogue is the photonic crystal, in which the atoms or molecules 
are replaced by macroscopic media with differing dielectric constants, and the 
periodic potential is replaced by a periodic dielectric function (or, equivalently, 
a periodic index of refraction). If the dielectric constants of the materials in the 
crystal are sufficiently different, and if the absorption of light by the materials 
is minimal, then the refractions and reflections of light from all of the various 
interfaces can produce many of the same phenomena for photons (light modes) 
that the atomic potential produces for electrons. One solution to the problem of 
optical control and manipulation is thus a photonic crystal, a low-loss periodic 
dielectric medium. In particular, we can design and construct photonic crystals 
with photonic band gaps, preventing light from propagating in certain directions 
with specified frequencies (i.e., a certain range of wavelengths, or “colors,” of 
light). We will also see that a photonic crystal can allow propagation in anomalous 
and useful ways. 

To develop this concept further, consider how metallic waveguides and cavities 
relate to photonic crystals. Metallic waveguides and cavities are widely used 
to control microwave propagation. The walls of a metallic cavity prohibit the 
propagation of electromagnetic waves with frequencies below a certain threshold 
frequency, and a metallic waveguide allows propagation only along its axis. It 
would be extremely useful to have these same capabilities for electromagnetic 
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waves with frequencies outside the microwave regime, such as visible light. 
However, visible light energy is quickly dissipated within metallic components, 
which makes this method of optical control impossible to generalize. Photonic 
crystals allow the useful properties of cavities and waveguides to be generalized 
and scaled to encompass a wider range of frequencies. We may construct a 
photonic crystal of a given geometry with millimeter dimensions for microwave 
control, or with micron dimensions for infrared control. 

Another widely used optical device is a multilayer dielectric mirror, such as 
a quarter-wave stack, consisting of alternating layers of material with different 
dielectric constants. Light of the proper wavelength, when incident on such a 
layered material, is completely reflected. The reason is that the light wave is 
partially reflected at each layer interface and, if the spacing is periodic, the 
multiple reflections of the incident wave interfere destructively to eliminate the 
forward-propagating wave. This well-known phenomenon, first explained by 
Lord Rayleigh in 1887, is the basis of many devices, including dielectric mirrors, 
dielectric Fabry–Perot filters, and distributed feedback lasers. All contain low-loss 
dielectrics that are periodic in one dimension, and by our definition they are one-
dimensional photonic crystals. Even these simplest of photonic crystals can have 
surprising properties. We will see that layered media can be designed to reflect 
light that is incident from any angle, with any polarization—an omnidirectional 
reflector—despite the common intuition that reflection can be arranged only for 
near-normal incidence. 

If, for some frequency range, a photonic crystal prohibits the propagation of 
electromagnetic waves of any polarization traveling in any direction from any 
source, we say that the crystal has a complete photonic band gap. A crystal with a 
complete band gap will obviously be an omnidirectional reflector, but the converse 
is not necessarily true. As we shall see, the layered dielectric medium mentioned 
above, which cannot have a complete gap (because material interfaces occur only 
along one axis), can still be designed to exhibit omnidirectional reflection—but 
only for light sources far from the crystal. Usually, in order to create a complete 
photonic band gap, one must arrange for the dielectric lattice to be periodic along 
three axes, constituting a three-dimensional photonic crystal. However, there are 
exceptions. A small amount of disorder in an otherwise periodic medium will 
not destroy a band gap (Fan et al., 1995b; Rodriguez et al., 2005), and even a 
highly disordered medium can prevent propagation in a useful way through 
the mechanism of Anderson localization (John, 1984). Another interesting 
nonperiodic class of materials that can have complete photonic band gaps are 
quasi-crystalline structures (Chan et al., 1998). 

An Overview of the Text 

Our goal in writing this textbook was to provide a comprehensive description 
of the propagation of light in photonic crystals. We discuss the properties of 
photonic crystals of gradually increasing complexity, beginning with the simplest 
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Figure 1: Simple examples of one-, two-, and three-dimensional photonic crystals. The 

different colors represent materials with different dielectric constants. The defining feature of 

a photonic crystal is the periodicity of dielectric material along one or more axes. 

case of one-dimensional crystals, and proceeding to the more intricate and useful 
properties of two- and three-dimensional systems (see figure 1). After equipping 
ourselves with the appropriate theoretical tools, we attempt to convey a useful 
intuition about which structures yield what properties, and why? 

This textbook is designed for a broad audience. The only prerequisites are a 
familiarity with the macroscopic Maxwell equations and the notion of harmonic 
modes (which are often referred to by other names, such as eigenmodes, normal 
modes, and Fourier modes). From these building blocks, we develop all of the 
needed mathematical and physical tools. We hope that interested undergraduates 
will find the text approachable, and that professional researchers will find our 
heuristics and results to be useful in designing photonic crystals for their own 
applications. 

Readers who are familiar with quantum mechanics and solid-state physics are 
at some advantage, because our formalism owes a great deal to the techniques 
and nomenclature of those fields. Appendix A explores this analogy in detail. 
Photonic crystals are a marriage of solid-state physics and electromagnetism. 
Crystal structures are citizens of solid-state physics, but in photonic crystals the 
electrons are replaced by electromagnetic waves. Accordingly, we present the 
basic concepts of both subjects before launching into an analysis of photonic 
crystals. In chapter 2, we discuss the macroscopic Maxwell equations as they apply 
to dielectric media. These equations are cast as a single Hermitian differential 
equation, a form in which many useful properties become easy to demonstrate: the 
orthogonality of modes, the electromagnetic variational theorem, and the scaling 
laws of dielectric systems. 

Chapter 3 presents some basic concepts of solid-state physics and symmetry 
theory as they apply to photonic crystals. It is common to apply symmetry 
arguments to understand the propagation of electrons in a periodic crystal 
potential. Similar arguments also apply to the case of light propagating in 
a photonic crystal. We examine the consequences of translational, rotational, 
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mirror-reflection, inversion, and time-reversal symmetries in photonic crystals, 
while introducing some terminology from solid-state physics. 

To develop the basic notions underlying photonic crystals, we begin by review
ing the properties of one-dimensional photonic crystals. In chapter 4, we will see 
that one-dimensional systems can exhibit three important phenomena: photonic 
band gaps, localized modes, and surface states. Because the index contrast is 
only along one direction, the band gaps and the bound states are limited to 
that direction. Nevertheless, this simple and traditional system illustrates most 
of the physical features of the more complex two- and three-dimensional photonic 
crystals, and can even exhibit omnidirectional reflection. 

In chapter 5, we discuss the properties of two-dimensional photonic crystals, 
which are periodic in two directions and homogeneous in the third. These systems 
can have a photonic band gap in the plane of periodicity. By analyzing field 
patterns of some electromagnetic modes in different crystals, we gain insight into 
the nature of band gaps in complex periodic media. We will see that defects in 
such two-dimensional crystals can localize modes in the plane, and that the faces 
of the crystal can support surface states. 

Chapter 6 addresses three-dimensional photonic crystals, which are periodic 
along three axes. It is a remarkable fact that such a system can have a complete 
photonic band gap, so that no propagating states are allowed in any direction in 
the crystal. The discovery of particular dielectric structures that possess a complete 
photonic band gap was one of the most important achievements in this field. These 
crystals are sufficiently complex to allow localization of light at point defects and 
propagation along linear defects. 

Chapters 7 and 8 consider hybrid structures that combine band gaps in one 
or two directions with index-guiding (a generalization of total internal reflection) 
in the other directions. Such structures approximate the three-dimensional control 
over light that is afforded by a complete three-dimensional band gap, but at the 
same time are much easier to fabricate. Chapter 9 describes a different kind of 
incomplete-gap structure, photonic-crystal fibers, which use band gaps or index-
guiding from one- or two-dimensional periodicity to guide light along an optical 
fiber. 

Finally, in chapter 10, we use the tools and ideas that were introduced in previ
ous chapters to design some simple optical components. Specifically, we see how 
resonant cavities and waveguides can be combined to form filters, bends, splitters, 
nonlinear “transistors,” and other devices. In doing so, we develop a powerful 
analytical framework known as temporal coupled-mode theory, which allows us to 
easily predict the behavior of such combinations. We also examine the reflection 
and refraction phenomena that occur when light strikes an interface of a photonic 
crystal. These examples not only illustrate the device applications of photonic crys
tals, but also provide a brief review of the material contained elsewhere in the text. 

We should also mention the appendices, which provide a brief overview of the 
reciprocal-lattice concept from solid-state physics, survey the gaps that arise in 
various two- and three-dimensional photonic crystals, and outline the numerical 
methods that are available for computer simulations of photonic structures. 




