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Introduction

Throughout the last several decades, significant activity has occurred in the
development of photonic devices that can confine, control, and route light on a
scale commensurate with modern electronic devices, namely the nanometer scale.
A key motivation for this activity is the promise of photonic devices, and the corre-
sponding circuits comprised thereof, having a density approaching that of modern
electronic circuits. However, for this promise to be realized, such devices must possess
the ability to confine light on a subwavelength scale, and they must be fabricated in a
material system that is compatible with the microelectronics manufacturing infrastruc-
ture. Although the latter requirement is readily satisfied through a proper choice of
materials, i.e., silicon, the former was historically more elusive. The reason for this
originates from the nature of confinement in conventional materials: Reflective, i.e.,
conducting, materials are lossy at optical wavelengths, whereas refractive, i.e., dielec-
tric, materials do not confine optical modes on a sufficiently small scale. In the search
for a solution, researchers have turned to the field of photonic-crystal (PhC) devices
and their associated photonic-bandgap devices, which offer both low loss and high
confinement, and they can be readily fabricated in silicon.

To a large extent, the field of PhCs can be thought of as having it origins in the
conventional one-dimensional (1D) thin-film stack, wherein layers of two or more
different optical materials are arranged in a periodic fashion. In such devices, it is
well known that certain frequencies are transmitted while others are not. As the
index contrast between the alternating layers is increased, the selectivity of the
transmitted and reflected wavelengths is also increased. When generalized to two
and three dimensions, this selectivity is what gives rise to high mode confinement.

Although 1D thin-film stacks have been known for over a century, their genera-
lization to higher dimensions was not proposed until the 1970s by Bykov [1-4] as a
possible means of inhibiting spontaneous emission. In essence, Bykov proposed the
use of a periodic structure that served to inhibit certain electromagnetic frequencies,
thereby disallowing spontaneous emission. This type of structure has recently come to
be called a “photonic crystal,” and it can inhibit the propagation of light over a certain
band of wavelengths, while allowing other bands to propagate. Such behavior may
giverise to a “photonic bandgap” (PBG), which is analogous to the electronic bandgap
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2 INTRODUCTION

Figure 1.1 Periodic structure of air holes in a high-index finite-height substrate. Such a structure can
prohibit propagation for a certain band of frequencies called a photonic bandgap.

in semiconductor materials (see Section 1.2). An example of a simple, easily fabrica-
ted periodic structure that may exhibit the property of a bandgap is shown in Fig. 1.1.

These devices ultimately became known as PBG structures, as they suppress
band(s) of frequencies from existing within them, the so-called photonic bandgap(s).
In a similar vein, Yablonovitch [5] proposed a structure in which an electronic and
photonic gap are overlapped in energy; such a structure would be incapable of light
emission by recombination, which thereby makes it possible to enhance the perform-
ance of lasers, heterojunctions, bipolar transistors, and solar cells. Subsequent to this
work, John [6] proposed using such structures for the localization of light in strongly
scattering dielectric structures. In each of these cases, the underlying idea was to tailor
the properties of photons (i.e., electromagnetic modes) in a material in a manner ana-
logous to that of electrons in atomic crystals. That is to say, in the electronic case, the
wave functions of electrons interact with the periodic potential of the atomic lattice,
and for a certain range of energies (analogous to frequencies for photons), electronic
states do not exist, thus giving rise to an electronic bandgap. For PhCs, the analog of
the electronic potential in an atomic crystal is the periodic variation of the dielectric
constants of the various constituent materials of the PhC structure. Likewise, because
of the periodic interaction, photonic bandgaps appear, in which certain modes, or fre-
quencies, are forbidden. Futhermore, in such a structure, one can introduce one or
more line or point defects, which locally disrupt the periodic lattice, wherein a loca-
lized mode may exist with a frequency inside the bandgap; such modes are confined
to the region of the defect by virtue of being suppressed within the surrounding lattice.
For this reason, these devices offer extreme mode confinement as well as the ability to
control and route light compactly and efficiently.

With these advances, the field of PhCs, and in particular their realization in silicon-
based materials, has been an active field of research over the last several decades.
During this time, great success has been achieved in identifying suitable periodic
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structures, dielectric materials, and both theoretical as well as experimental demon-
stration and characterization of one-, two-, and three-dimensional (3D) PhC and band-
gap structures. Therefore, it is the goal of this book to provide an introduction to these
advances and to lay the underlying foundation for the design tools and fabrication
processes necessary to promote their continued development.

1.1 HISTORICAL OVERVIEW

To a large extent, the more recent interest in PhCs can be attributed to the early papers
of Yablonovitch [5] and John [6]. Both of these papers were, more or less, theoretical
assertions; following their publication, the quest was on to demonstrate an actual band-
gap device experimentally. To this end, Yablonovitch and Gmitter [7] fabricated a
face-centered-cubic (FCC) lattice on a large scale (microwave frequencies) and
measured the transmission spectra at various angles, in the hope of observing a com-
plete photonic bandgap. Unfortunately, they did not find one. For this reason, theorists
were motivated to investigate the problem systematically [8—12]. Accordingly, they
first attempted to solve Maxwell’s equations in 3D using the scalar-wave approxi-
mation [13], which predicted gaps for FCC the structure, contrary to experimental
results. Subsequent solutions incorporating the vector nature of the electromagnetic
field were developed, based on the plane-wave expansion method [9, 10, 14, 15].
Application of these tools showed that the FCC structure did not have a complete
bandgap [9, 10]. Subsequently, Soukoulis proposed the use of a diamond lattice to
reduce the degeneracy of the FCC lattice, and a complete bandgap was found for
spheres with a dielectric constant of 3.6. Yablonovitch et al. then proceeded to
fabricate the diamond structure by drilling cylindrical holes into the dielectric material
[16]. Transmission measurements for this new structure showed a complete bandgap,
in agreement with theory.

After this initial success, the field of photonic bandgap devices grew at an exponen-
tial rate. Additional structures were proposed to exhibit bandgaps, such as the so-called
“woodpile” structure shown in Fig. 1.2, which also has diamond symmetry. The
appealing aspect of this structure was that it could be made in a layer-by-layer
manner by stacking alumina rods in a criss-cross fashion. To validate earlier theoretical
calculations performed on the structure, different transmission measurements were
collected and were found to agree with theoretical results. Furthermore, this device
was scaled down by stacking perforated silicon wafers in a square pattern, which
extended the frequency of the gap into the terahertz regime [17-20]. To obtain a band-
gap in the infrared regime [21], the woodpile structure was fabricated using silicon
processing techniques. When further scaling was attempted, down to micrometer
and submicrometer regime, alignment between subsequent layers became increasingly
more challenging and resulted in a marked reduction in sample yield.

For micron-scale photonic-bandgap structures, some researchers turned to the
colloidal self-organization of monodisperese spheres [22], knowing that natural
opals exhibit the interesting property wherein color of reflected light changed when
viewed at different angles under white-light illumination. Along these lines, optical
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Figure 1.2 A three-dimensional photonic-crystal structure (woodpile).

properties such as transmission, reflection, diffraction, and dispersion were measured
in artificial opal structures made from monodisperse polystyrene colloids [23-32].
Transmission data showed dips that corresponded to directional stop bands on a wave-
length scale comparable with the spacing of the spheres.

However, a crucial drawback of full three-dimensional and self-organizing
photonic-bandgap structures is that, once fabricated, the bandgap behavior cannot
be easily altered or engineered for a particular function or application. In addition,
the controlled introduction of defects (doping) is hard to achieve, which in the end
has significantly limited their use.

To overcome this limitation, Joannopoulos et al. [33] introduced the planar
PhC waveguide to guide optical light in air along narrow channels and around very
tight bends with minimal loss [34-39]. This structure uses two-dimensional period-
icity that consists of infinitely long silicon pillars in an air background [40]. By intro-
ducing a point defect, Villeneuve et al. [41] were able to design a high-Q nanocavity in
the same structure, which supported a single localized mode. The cavity was made by
introducing a point defect locally into a lattice cell surrounded by a sufficient number
of layers to achieve high Q value. Villeneuve et al. also fabricated a one-dimensional
optical filter from an air-bridge nanocavity that consisted of a channel waveguide and a
one-dimensional PhC suspended in air [42, 43]. Channel-drop filters were later studied
by Fan and colleagues [44, 45], who used two waveguides and an optical resonator
system of two single-mode cavities, and another structure with a single cavity that sup-
ports doubly degenerate hexapole states, to achieve wavelength filtering [46, 47]. Fan
et al. [48] later analyzed the effect of waveguide branching in PhCs using two resonant
cavities with equal decay rates in the branched waveguides. Povinelli et al. [49] pre-
sented a study in which they constructed quasi-two-dimensional (2D) defect modes
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in a three-dimensional (3D) PhC structure [49]. Such modes had a striking similarity
to those found in 2D PhCs in terms of polarization, field profile, and projected
band structures.

Following this work, Johnson studied the effect of finite height on two-dimensional
photonic-bandgap structures in terms of bandgap size and confinement in photonic-
crystal slabs [50]. He found that, when going from infinite- to finite-height photonic-
bandgap structures, the size of the bandgap would shrink about 40% because of
radiation losses imposed by the finite height of the structure. Johnson et al. [51]
also studied the effect of cross talk in waveguide intersections. He used resonant
tunneling to achieve nearly 100% throughput and 0% cross talk between crossing
perpendicular PhC waveguides.

It is also important to point out key contributions to materials systems, such as
[II-V materials. In this area, Scherer and colleagues [52—55] demonstrated photonic-
crystal structures in perforated slabs of GaAsP. They used electron-beam lithography
followed by a sequence of dry etching steps to define PhC structures with 350-nm
spacings in GaAsP and GaAs epilayers. Similar structures were later fabricated also
in InGaAsP, which led to the fabrication of a two-dimensional photonic-bandgap
defect-mode laser designed for a peak emission wavelength of 1.55 micrometers at
room temperature [56-61]. Lee et al. [62, 63] measured the spontaneous emission
power spectrum of the fabricated structure. Theoretical studies of the fabricated
structures were presented by Vuckovi¢ and colleagues [64, 65].

Following this work, Yoshie et al. [66] later characterized different modes within
two-dimensional PhC nanocavities with self-organized InAs quantum dots as an
active material. They observed highly localized donor-mode resonances with
3-5-nm line widths. Additionally, Loncar et al. [67, 68] introduced line defects to
PhC slab structures to resemble an optical wire or waveguide. Meanwhile, Adibi et al.
[69, 70] explored different techniques to control the positions of guided modes as
well as the number of guided modes within a waveguide, eventually leading to the
design of single-mode PhC waveguides in a perforated slab of air holes. Photonic-
crystal waveguides were also presented using coupled cavities by Bayindir et al.
[71-74] and Ozbay et al. [75]. They demonstrated theoretically and experimentally
that photons can propagate through strongly localized defect cavities because of coup-
ling between adjacent cavity modes based on the tight-binding formalism also used in
solid-state physics [76]. They observed a high transmission of electromagnetic waves
through the cavities even when they were placed along an arbitrarily shaped path.

Strong directionally dispersive optical properties in PhCs were studied and
explored for so-called “superprism” applications by Kosaka et al. [77-79], who
demonstrated extraordinary angle sensitivity of light propagation. In this work, a
transmitted beam was swung from —70° to +70° with a slight change in the incident
angle within +7°. This phenomenon implies the presence of a negative effective
refractive [80] index, and it was used for applications such as beam steering, spot
size conversion, and self-collimation [81].

Two-dimensional photonic crystals can be realized by using either a periodic array
of dielectric rods of any shape and/or geometry or a perforated dielectric slab of air
holes. Such structures can be further optimized to achieve either a wider or a narrower
bandgap based on the desired application. Two-dimensional photonic crystals impose
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Figure 1.3 Scanning electron microscopy (SEM) picture of a periodic array of air holes in a suspended
Si membrane (slab photonic crystal).

periodicity in two dimensions, whereas the third dimension either is practically infi-
nitely long (photonic-crystal fibers) or has a finite height (photonic-crystal slabs).
Three-dimensional photonic crystals impose periodicity in all three dimensions. An
example of a three-dimensional photonic crystal is the woodpile structure in Fig. 1.2.

Because they are easier to analyze and fabricate, two-dimensional photonic crystals
have attracted the attention of many researchers and engineers. An example of a fab-
ricated two-dimensional photonic crystal is shown in Fig. 1.3. Planar photonic-crystal
devices, such as splitters [48, 71, 82—84], high-Q microcavities [35, 41, 56, 58, 85—
871, and channel drop/add filters [44, 45, 88, 89], have been investigated both theor-
etically [50, 69, 90] and experimentally [52, 55, 59, 91-94].

1.2 ANALOGY BETWEEN PHOTONIC AND
SEMICONDUCTOR CRYSTALS

Understanding the relationship between electronic band structure and photonic band
structure requires an examination of the basic equations that govern the motion of
electrons and photons, which are called the Schrodinger equation and Maxwell’s
equations, respectively. When applied to the problems of electrons in crystalline
solids and photons in periodic dielectric media, respectively, analogies between the
two governing relations become apparent. To make the most of these analogies, it is
important to examine both the similarities and the differences.

In a semiconductor crystal, electron behavior is governed by quantum mechanics
[95]. The electron is described using the Schrodinger equation

8mm*

Hamiltonian operator
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where / is Planck’s constant, m* is the effective mass [76] of the electron, V(r) is the
potential function, ¢(r) is the wave function of the electron, and E is the total energy.
The wave function ¢(r) in quantum physics can be interpreted as a probability ampli-
tude function, i.e., the probability of a measurement finding the electron within
a volume element dV, located at a position denoted by r, is given by |qp(r)|2dV. For
a crystal lattice, in the absence of defects, the potential is periodic; i.e., V(r) =
V(r 4+ R), where R is a vector that represents the displacement between any two lattice
sites. In this case, solutions ¢(r) take the form of propagating waves called Bloch
waves: plane waves modulated by an amplitude function with the same periodicity
as the crystal lattice (see Chapter 2).

The electromagnetic fields are governed by classic electromagnetic theory [96].
The fields are described using Maxwell’s equations: four coupled equations that
relate the electric and magnetic fields to one another and to any sources of charge
or current present. In the absence of magnetic media, two of these four equations
can be combined to yield

[v x LVX] H(r) = (0/c)*H(r), (1.2)
&(r)
| S

Maxwell operator

where H(r) is the magnetic field, w is the angular frequency, c is the speed of light
in vacuum, and &(r) is the dielectric permittivity. In a photonic crystal, the optical
properties of the medium are periodic, i.e., e(r) = e(r + R), and solutions are also
Bloch waves.

Equations (1.1) and (1.2) are eigenvalue equations with similar forms. Inspection
of the two equations reveals certain analogous features. Each equation describes a
wavelike function in space: ¢(r) and H(r), respectively. Each wave exists in a
medium characterized by a periodic material function: the periodic potential V and
the periodic permittivity &, respectively. These periodic functions each appear
within second-order space-differential operators, the Hamiltonian and Maxwell
operators, respectively, where both of these operators are Hermitian. The corres-
ponding real eigenvalues are the electron energy E and the squared frequency of the
electromagnetic wave w?, respectively.

In both the electronic and photonic cases, because of the coherent superposition of
the partial scattering of the wave at each lattice site, certain bands exist in the eigen-
value spectrum in which propagation is forbidden, which are called bandgaps.
Likewise, in both cases, defects can occur in the periodic medium, which can support
trapped or “localized” states with eigenvalues that would be forbidden in the defect-
free lattice. As the defect density increases, the probability for the trapped wave to
tunnel to a nearby defect site also increases; this permits the propagation of states
with eigenvalues inside the bandgap of the bulk crystal. This effect, which is well
known in semiconductor applications, is called doping, and it is vital to the usefulness
of nearly all semiconductor devices like diodes, transistors, light-emitting diodes
(LEDs), and so on. Not surprisingly, defects are also essential to the usefulness of
many of the proposed applications of photonic crystals (see Chapter 4).
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These analogies between the Schrodinger and Maxwell eigenvalue equations have
allowed researchers to apply to PhCs many useful conceptual tools of solid state
physics, such as Bloch waves, reciprocal space, Brillouin zones, band structure,
conduction and valence bands, and dispersion diagrams. Some of these have already
been mentioned briefly in this discussion; a more comprehensive discussion of all
these tools can be found in Chapter 2.

Having presented the useful similarities between semiconductor and photonic
crystals, completeness demands that we consider the important differences as well.
First is the fundamentally different physical nature of the wave: The magnetic field
is a vector quantity, whereas the electronic wave function can usually be treated as
a scalar (i.e., spin can be ignored). Equation (1.2) contains three scalar equations,
one for each component of the vector field. Scalar-wave approximations can
yield valuable insights into photonic crystals, but for quantitative comparisons with
experiments, a rigorous full vector-wave calculation is required.

Second, no characteristic length scale is inherent in Maxwell’s equations. This
contrasts with the Schrodinger equation, in which fundamental physical constants,
such as Planck’s constant and the electron mass, conspire to create fundamental
scales of length like the Bohr radius. Scaling the dimensions of a particular electronic
problem by a given factor can profoundly change the outcome. The same operation
applied to a photonic problem will change only the frequencies of the solution by
the scale factor; the solution is otherwise unchanged. This important distinction is
of great importance because unlike the atoms that comprise crystalline solids such as
semiconductors, the periodically arranged bits of material that constitute the “photonic
atoms” of a PhC are generally not naturally occurring and must be designed and fabri-
cated. This process has proved challenging at optical length scales (see Chapter 6). The
scale invariance of the Maxwell eigenvalue equation allows proposed structures to be
tested at more accessible microwave scales, with confidence that desired properties will
be retained if an identical structure is fabricated on a smaller scale (provided that the
optical material properties are retained as the frequencies are scaled).

Third, an important distinction exists between the two respective eigenvalues.
Because the photonic eigenvalue is proportional to the squared frequency, and
Ephoton = hw /27, there are no negative-energy photonic solutions; i.e., no truly
bound states are allowed. Nevertheless, it is possible to realize microcavities in PhCs
with very high Q values, with correspondingly long lifetimes of confined optical modes.

Finally, in the limit of linear response, the solutions of the photonic eigenvalue pro-
blem are uncoupled. In other words, electromagnetic waves obey the principle of
superposition and do not interact. (Exceptions to this principle fall in the realm of non-
linear optics.) This behavior is in contrast to the often strong interactions between
electrons. For this reason, it has been noted by Yablonovitch [97] that band theory,
which assumes that the wave functions of multiple particles are uncorrelated, actually
makes more sense for photons than for electrons.

1.3 ANALYZING PHOTONIC-BANDGAP STRUCTURES

Only a precious few geometries can be analyzed using exact analytical methods. For
most photonic crystals with practical importance, numerical simulations are required
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to gain insight into the behavior of light that interacts with them. One method often
employed in this case is the plane-wave expansion method (PWEM, described in
detail in Chapter 3), which makes use of the fact that normal modes in periodic struc-
tures can be expressed as a superposition of a set of plane waves. This way, Eq. (1.2) is
converted to a matrix eigenvalue problem, which is solved using standard numerical
techniques to obtain the dispersion relations inside a photonic crystal [9, 10, 15, 98].
The solutions are eigenfrequencies, which are plotted as a function of wave vectors
tracing the edges of an irreducible Brillouin zone, to form a dispersion diagram;
examples are shown in Fig. 1.4. The dispersion diagram is a graphical representation
of the frequencies that correspond to waves propagating within a photonic-crystal
lattice with various wave vectors. Although a two-dimensional dispersion diagram
(depicting only those wave vectors on the irreducible Brillouin-zone edge) is sufficient
to determine whether a bandgap exists for a certain photonic crystal, it is not sufficient
to indicate the presence of other interesting and useful dispersive behaviors, such as
negative refractive-index phenomena or the superprism effect (see Chapter 5). In
these cases, a three-dimensional plot of the dispersion surface, depicting eigenfrequen-
cies as a function of all wave vectors within the full Brillouin zone, provides a more
detailed view of a photonic crystal’s supported modes at frequencies both inside and
outside any bandgap. An example of such a diagram is shown in Fig. 1.5, where a
dispersion surface that represents just one of the higher bands is displayed.

(a) Real-space Reciprocal-space (b} Real-space Reciprocal-space
lattice lattice lattice lattice
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Figure 1.4 PWEM used to analyze different two-dimensional PhC structures with (a) square or (b) tri-
angular lattices. Eigenfrequencies are determined for Bloch wave vectors around the edge of an irreducible
Brillouin zone, which is indicated by a dark shaded triangle for each lattice. The result is a dispersion dia-
gram showing the allowed frequencies for different wave vectors within the lattice. The two separable polar-
ization modes, known as transverse electric (TE) and transverse magnetic (TM), are indicated by dashed and
solid curves, respectively.
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Figure 1.5 Dispersion surface. The horizontal plane spans both Bloch wave vector components k, and k,.
The vertical axis gives the normalized frequency wa/2mc = a/A.

Although the PWEM allows for analyzing the dispersion properties of a PhC struc-
ture, it is still limited because transmission spectra, field distributions, and backreflec-
tions from finite-size structures cannot be directly determined. Therefore, an
alternative approach has been adopted, which is based on a numerical solution of
Maxwell’s equations in real space using the finite-difference time-domain (FDTD)
method (also described in detail in Chapter 3). The FDTD method has been used to
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Figure 1.6 Transmission (a) and reflection (b) for six layers of a 2D photonic-crystal structure composed
of a square lattice of silicon (g, = 11.56) rods in air (g, = 1), with r/a = 0.2, obtained using FDTD. Low
transmission and near-perfect reflectivity is observed within the bandgap.
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analyze multichannel drop/add filters [88] and calculate the transmission through
sharp waveguide bends [36], as well as in the study of a waveguiding mechanism
through localized coupled cavities in three-dimensional photonic crystals [72, 99].

To illustrate the use of FDTD on finite-size PhC structures, consider a 2D PhC
structure consisting of a square lattice of silicon rods in air background. The trans-
mission coefficient as a function of frequency for six layers of such a photonic crystal
is shown in Fig. 1.6a, and the reflection coefficient is shown in Fig. 1.6b. The photonic
bandgap can be observed in these figures as a frequency range of low transmission and
high reflectivity, because the electromagnetic wave penetrates into the PhC only to a
limited depth before being attenuated by the destructive interference of the forward-
scattered waves that emerge from the periodic lattice of scattering objects. The band-
gap has a center frequency at a/Acenier = 0.339 and a bandgap size Af/f;cneer €qual to
55.4%. This structure can in principle operate for any range of frequencies, from
microwave to optical; all results are expressed in units normalized to the operating
wavelength. For example, consider the near-infrared frequency regime widely used
in telecommunications. If we wish to operate at Aceper = 1550 nm, then the structure
will have a lattice constant equal to a = 525.5 nm, and the silicon rods will have a
radius of » = 105 nm.

In the remainder of this book, following a brief introduction to the interaction of
electromagnetic field with periodic dielectric structures in Chapter 2, the numerical
methods employed in analyzing them are presented in Chapter 3. Chapters 4 and 5 dis-
cuss the applications of photonic crystals taking advantage of the photonic bandgap
and of the unique dispersive properties, respectively. A variety of methods developed
for the fabrication of 2D and 3D photonic crystals are described in Chapter 6.
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