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Abstract This review article is concerned with basic aspects
and some selected topics in photonic crystal (PhC) devices.
It starts with a significantly historical aspect of basic princi-
ples for photonic crystals that it is hoped will help the reader
to develop a critical appreciation of the research literature.
It continues by describing topics such as PhC beamsplit-
ters, slow-light structures, micro-/nanoresonators, coupled res-
onator optical waveguides (CROWSs) and PhC-based semi-
conductor lasers. Emphasis is placed on both the concep-
tual and the practical matters that need to be addressed in
order to fulfill the tasks of designing and realizing devices
that exploit photonic crystal principles. The review also ad-
dresses some of the problems encountered in the fabrication
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of photonic crystal devices using the planar technologies of
integrated photonics, which are those that are most likely to be
used in future commercial production.

Photonic crystal devices: some basics and selected topics

Richard M. De La Rue %" and Christian Seassal?

1. Introduction

Before embarking on a review of the topic of photonic
crystal devices, it is appropriate to consider briefly what is
generally understood by the words ‘photonic crystal’ (PhC)
and the closely associated combination of words ‘photonic
bandgap’ (PBG). It is not our intention, in the present article,
to provide a detailed history related to these expressions —
and how they came to be coined. But it is still appropriate to
mention the seminal papers of Yablonovitch [1] and John [2],
as well as the earlier work of Bykov [3], because of the direct
connections between the concepts set out in the papers by
these three authors and the concepts employed in applicable
photonic crystal device structures.

In his seminal paper published in 1987, Yablonovitch [1]
was particularly concerned with the possibility that the light-
emission process could be greatly modified, i. e. filtered, by
forming the emitting material into a three-dimensionally pe-
riodic structure. Crucially, he recognized that strongly con-
trasting alternate regions of ‘high’ and ‘low’ refractive index
were required, in the emitting medium. Yablonovitch also
recognized that the refractive index of the material should
alternate periodically on a distance scale that was compa-
rable with half of the wavelength of light in the composite
medium, so that strong Bragg reflection effects would occur.
He further recognized that such periodic structures might
even inhibit the propagation of light through the medium to
such an extent that it would become, in principle, impossible
for light — in an appropriately chosen range of wavelengths —
to propagate in any direction. This possibly omnidirectional
stop-band behavior could be understood as providing a con-
ceptual analogy between the behavior of light (‘photons’) in
a medium with a periodic variation in its refractive index and

the behavior of electrons in single-crystal semiconductors.
It should be said immediately that the behavior of the light
in these circumstances is a wave-propagation phenomenon
and a kind of generalized Bragg diffraction, rather than a
form of photon (i. e. particle-like) behavior.

A key aspect of the paper by Yablonovitch was the mo-
tivation to reduce the threshold ‘pump’ level for laser opera-
tion in an optical gain medium. Below the threshold level
for lasing, light emission is predominantly a spontaneous
process — whereas, above threshold, light emission is pre-
dominantly a stimulated process. As the acronym ‘light
amplification by stimulated emission of radiation’ (LASER)
clearly implies, what is sought in reducing the threshold
for laser action is a reduction in the pump level at which
the optical gain medium makes the transition from predomi-
nantly spontaneous emission to predominantly stimulated
emission. The inhibition of the escape of spontaneously
emitted photons that is characteristic of media with pho-
tonic stop-band properties has the direct consequence of
increasing the level of stimulated emission for a given pump
level — and therefore implies a reduction in the threshold.
Bykov’s [3] significantly earlier work was concerned with
distributed feedback (DFB) laser action. DFB lasers with
one-dimensionally periodic gratings embedded in an epitax-
ially grown, heterostructure, semiconductor gain-medium
are the life-blood light sources of large-bandwidth, long-
haul, fiber-optical communication systems. But Bykov’s
important contribution, from our present point of view, was
the recognition that the threshold for laser action could
in principle be greatly reduced through the imposition of
strong refractive index periodicity in all three space dimen-
sions, thereby addressing the intrinsically omnidirectional
nature of spontaneous emission. Bykov recognized that the
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immediate consequence of creating a three-dimensionally
periodic DFB structure within a gain medium could be a
large reduction in the laser threshold. Complete inhibition
of spontaneous emission in almost all directions in a solid
gain medium, together with the existence of ‘defect states’
in the form of a narrow angular cone of permitted light
propagation, leads to a greatly reduced lasing threshold.

2. Semiconductors of light

The phrase ‘semiconductors of light’ has been used
(Yablonovitch [4]) when considering the nature of photonic
crystals and the possibility of their demonstrating photonic
bandgap behavior — and it correctly evokes analogous be-
havioral concepts that are valid and applicable. Just as is the
case of conduction by electrons in semiconductors, photonic
crystals exhibit distinct regions of the frequency (i. e. equiv-
alently, photon energy) spectrum in which the propagation
of light is strongly inhibited. The frequency (energy) range
covered by these stop-bands depends on the choice of direc-
tion, with respect to the defining axes of the photonic crystal.
With sufficiently large variation in the periodic refractive
index — and the correct distribution of this changing refrac-
tive index — full photonic bandgap (PBG) behavior occurs.
More generally, the behavior of light in photonic crystals
is characterized by band structure, just as is the case for
the electronic properties of semiconductors. Moreover, con-
cepts from solid-state theory such as densities of states are
useful in describing both the optical properties of photonic
crystals and the electronic properties of semiconductors.
But the nature of the propagation of coherent light, in
and through a medium with a periodic refractive index vari-
ation, is not the same as that of electrical current flowing
through a semiconductor, except possibly for the situation
of very low temperature conditions in the semiconductor.
Nor is there an obvious analogy between photonic bandgap
(PBG) properties and the possibility of electrical conduction
by holes, when an electric field is produced in a semicon-
ducting medium. The physically significant point here is
that — in the usual conditions that apply from above room
temperature down to nearly absolute zero — the electronic
band structure of a crystalline semiconductor implies that
electrons in the conduction band of the semiconductor are
accelerated, i. e. they gain energy, in an applied electric field
— but only during a very brief period of time before a random
scattering event occurs, caused by one of several different
possible processes. The important scattering processes avail-
able for electrons (and holes) in semiconductors include
phonon scattering, defect scattering, impurity scattering and
carrier—carrier scattering. The repeated acceleration and de-
celeration of conduction electrons (and conceptually the
same process for ‘holes’) under the influence of an electric
field is, of course, the familiar process of charge-carrier drift.
Electrical conduction by the drift mechanism is character-
istically an incoherent process. While coherent electronic
propagation in solid media is experimentally possible, the
conditions under which it can be observed are typically quite

extreme, requiring high-purity material, very low defect den-
sity and extreme cryogenic (e. g. milliKelvin) temperatures.
Of course, optical waves (and electromagnetic waves more
generally) are also susceptible to scattering processes — and
processes such as Raman scattering and Brillouin scatter-
ing are associated with a rich body of experimental physics.
Both of these processes, in the quantum (particle) language
that is now appropriate, involve interactions between pho-
tons and phonons — and lead to changes in the frequency
(wavelength) of some of the light involved. Wave—particle
duality implies, in such scattering processes, that there is an
equivalence between the conservation of (particle) momen-
tum and energy — and the frequencies of the waves involved
and the direction and magnitude of their propagation con-
stants.

Rayleigh scattering of light occurs in all real media,
because of the presence of imperfections (on various size
scales) and associated local fluctuations in the refractive in-
dex — and additionally because of irregularities (i. e. rough-
ness) at surfaces and interfaces. Because the scatterers in-
volved in the Rayleigh scattering process are essentially
unmoving, the light that is scattered does not undergo fre-
quency or wavelength shifting. The result of coherent but
random scattering may, in appropriate circumstances, be
identified as the phenomenon of speckle. In the context of
photonic crystal (PhC) structures, which intrinsically are
characterized by a general version of strong Bragg scatter-
ing, the inevitable presence of Rayleigh scattering becomes
a source of propagation loss — but also the origin of a version
of speckle that takes the form of significant dephasing of
the optical propagation. Randomness in the position, size
and shape of the ostensibly regular elements that form the
photonic crystal structure can be considered as generating
particular forms of Rayleigh scattering.

Later in this article, we shall consider the interesting
topic of slow light in photonic crystal (PhC) structures —
and we shall note how slow light is characteristically more
strongly affected by Rayleigh scattering than faster light.
Having mentioned the topic of slow light — and the fact that
scattering losses are enhanced by slowing propagation, we
immediately cite the work of Patterson et al. [5, 6] — and
Mazoyer et al. [7] as examples of significant recent papers
in the literature on the propagation losses associated with
slowing of optical propagation.

3. Anderson localization and slow light

John’s equally seminal paper [2] on strong localization in
photonic crystals appeared almost immediately after that
of Yablonovitch — and in the same journal. Moreover, the
connection between these two papers was established imme-
diately through John’s citation of the slightly earlier paper
by Yablonovitch. John was concerned with the electromag-
netic properties of ‘disordered dielectric superlattices’. He
proposed that the well-known (but experimentally very dif-
ficult to demonstrate) phenomenon of ‘Anderson localiza-
tion’ [8] for electrons in semiconductors — or for magnetic
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spin lattices — might be observable — and more easily — for
electromagnetic waves in periodic structures.

The reader may be somewhat surprised by the appear-
ance of a phrase (Anderson localization) that is frequently
used by physicists concerned with the propagation and scat-
tering of waves in periodic structures. That phrase comes
from fundamental considerations of the electronic band
structure of solid materials — and, in particular, from the
possible impact of disorder in what is otherwise a regularly
periodic medium such as a single crystal of a semiconductor
like silicon. The original work by P. W. Anderson, published
in Physical Review in 1958, on localization of spin states or
of electrons led directly to the subsequent award, in 1977,
of the Nobel prize in physics. It is hard to overstate the
conceptual importance of Anderson’s prediction of the pos-
sibly strong, but uncontrolled, effects on the transmission
spectrum that result from small imperfections in periodic
structures. The phenomenon of Anderson localization re-
sults directly from the interference of multiple waves, once
the possibility of deviation from pure periodicity is contem-
plated. Anderson localization describes a situation where, at
some specific frequency, deviations from perfect spatial pe-
riodicity in the ‘crystal’ lead to the (electromagnetic) energy
in the system not being evenly (but periodically) distributed.
Instead, the modal energy becomes concentrated in a fi-
nite region of the crystal. This behavior is much the same
as that of forming a microcavity region accidentally in the
neighborhood of an unintended defect in the periodic lattice.

In the paper written by Anderson, the question posed
was whether there might be circumstances in which the nor-
mal transport of excitations in a solid, of which one example
is electronic charge carriers, might be significantly disturbed
by localization effects. Taking disorder in a reasonably gen-
eral sense, it can be said that the impact of various types
of disorder is a central issue for photonic crystal devices.
This assertion applies whether the disorder is a deliberately
added one, with a specific spatial configuration and physical
properties, or the disorder is an intrinsic aspect of how the
photonic crystal structure has been formed. The possibility,
indeed inevitability, of Anderson localization is a matter of
real engineering concern in photonic crystal devices.

The paper by John [2] is important: an assertion that is
emphasized in the perspective of more recent work in which
radically slow (i.e. low group velocity) light propagation
has been observed — or microcavities have been formed — in
photonic crystal structures. The paper is seminal because
it is both implicitly and explicitly concerned with how the
propagation of light is determined by periodic structuring
of a medium and how that propagation can be radically
modified — and impeded — by the presence of defect states.
It also connects directly with the high quality factor (Q-
factor) planar-waveguide-based PhC microcavities that have
now been demonstrated.

4. Device effects

Photonic crystals may be considered as forming a general
version of a diffraction grating. Provided that the propaga-

tion path through a periodic structure is sufficiently large, the
scattering of light is intrinsically a form of Bragg scattering.
Even for a structure that is periodic along only a single direc-
tion, the basic rules of energy and momentum conservation
apply. Energy conservation, for the interaction of light with a
static grating, implies that the Bragg-scattered light does not
undergo any shift in its frequency. Because momentum is a
vectorial quantity, there is the fundamental possibility that
the Bragg-scattered light will propagate in a direction that is
— or directions that are — quite different from the initial direc-
tion of optical propagation. For photonic crystal structures
that are embedded in a finite thickness waveguide layer, the
interaction of a guided light beam with the photonic crystal
structure may generate both guided-light Bragg-scattering
and out-of-plane Bragg-scattered light.

Periodic variation in the electromagnetic properties of a
medium leads intrinsically to the occurrence of band struc-
ture, i. e. to dispersive propagation in which the phase ve-
locity varies with frequency according to the periodicity of
the medium and the spatial and frequency dependence of
the properties of the medium. Permitted modes of propaga-
tion of light in periodic media are called Bloch waves and,
in general they have the same periodicity as the medium,
together with higher space harmonics of the fundamental pe-
riodicity [9-11].

The fact that a periodic variation in the refractive index
leads to Bragg stop-band behavior intrinsically provides
the possibility of exploiting planar PhC structures for the
realization of spectral filter devices. The demonstration of
a close approximation to an omnidirectional stop-band, i.e.
photonic bandgap (PBG) behavior, leads to the possibility
of device effects such as channel waveguide confinement,
when a suitable defect structure is formed. The channel
waveguide can be produced conceptually by removing one
or more rows of the basic elements (e. g. holes in a solid
medium) along a high-symmetry direction of the photonic
crystal lattice, e. g. one row, to form a W1 channel wave-
guide. More generally, a channel waveguide can conceptu-
ally be produced by the relative lateral displacement of two
distinct blocks of a photonic crystal lattice with respect to
each other, thereby giving waveguides that can be labelled
as, e.g., W0.7 or W1.3 [12,13].

The channel waveguide is only one possible example of
a PhC defect structure that is useful in devices. In terms of
the related band structure, the modes of propagation in chan-
nel waveguides in a PhC lattice will exhibit characteristic
additional dispersion curves in @ — k space, along the di-
rection of the waveguide axis — and there will be associated
ministopbands. Microcavities formed by removing a finite
number of holes from a lattice also produce defect states
or modes that are nonpropagating. We make the point that
many devices realized within a PhC environment are charac-
teristically associated with the creation of defects in the PhC
lattice — and that device engineering (i. e. design) involves
a selective exploration of all the possible deformations of
the lattice that can be imagined, e. g. changes in hole size,
position, shape and orientation, in a hole-based PhC lattice.
The simple conceptual change from a purely circular hole
elemental shape in a 2D periodic lattice to an elliptical ele-
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mental shape that might be rotated inplane can have a useful
impact on device properties, e. g. for slow-light propagation
in channel waveguides [14].

Although the most general case of a PhC structure ob-
served in ‘3-space’ is a three-dimensionally periodic lattice
(possibly with three distinct ‘orthogonal” axes defining the
positions of the elements forming the lattice — and three
different periodicities along these axes), a large fraction of
the effects associated with the presence of photonic crystal
structuring can be understood by examining the effect of pe-
riodicity in a two-dimensionally periodic structure, thereby
neglecting the third dimension. Strictly speaking, this last
statement is an oversimplification — since the variation of
the refractive index in the direction that is normal to the
planes of 2D periodicity impacts more-or-less strongly on
the Bragg-scattering process. Figure 1 shows, schematically,
part of a region of 2D periodic photonic crystal in a planar
optical waveguide layer. In passing, we note that, just as
with real crystals defined at the atomic level, the concepts of
both point-group symmetry and space-group symmetry are
applicable in the general photonic crystal structure, whether
it has 3D or 2D periodicity.
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Figure 1 (online color at: www.lpr-journal.org) Schematic rep-
resentation of part of a 2D-periodic photonic crystal structure
formed by cylindrical ‘air’ holes in a solid waveguide layer, based
on a diagram originally generated by T. F. Krauss. The outer two
arrows indicate equivalent major propagation directions (red color
online) that apply for a ‘triangular’ lattice with hexagonal, six-fold,
rotational symmetry. The single inner arrow (green online) indi-
cates the direction that is exactly half-way in-between — and has
the most strongly differentiated propagation properties.

For the case where the photonic crystal structure is only
periodic in ‘2-space’ — and it is embedded in a planar wave-
guide, the modes of propagation may be classified as either
guided modes or radiation modes. A single high(-er) refrac-
tive index layer, with holes arranged periodically in it, may
only exhibit radiative Bloch modes, because the layer is too
thin. But coupling to and from these radiative Bloch modes
may exhibit very sharply resonant behavior [15].

Even with lattices made up from completely isotropic
building blocks, i.e. circular cylinders, a 2D periodic ar-
ray of light scatterers potentially gives rise to several in-
teresting phenomena (behavior/characteristics) that may be
exploited in photonic devices. The band structure of a two-
dimensionally periodic photonic crystal (PhC) lattice can,
with a sufficiently large refractive index contrast and the
right choice of the ratio of cylinder diameter to lattice spac-

ing lead to the phenomenon of a full photonic bandgap
(PBG). The existence of a full PBG implies that there is a
stop-band for light propagation in all directions within the
defining plane of the lattice — and, strictly, for all possible
polarization (electromagnetic field orientation) conditions.
More practically [16], a full PBG can be obtained for light
with a single polarization condition — defined by the ‘TE’
mode of a planar thin-film waveguide with a suitably high
refractive index. We remark here that some commercial elec-
tromagnetic computational software labels the ‘TE’ modes
in photonic crystal modeling problems as the “TM’ modes —
e. g. in 2D photonic crystal lattices formed in planar wave-
guides. This unnecessary confusion arises primarily from
the need to define and compute an appropriate value for the
effective refractive index of the waveguide layer. It should
also be clearly understood that the “TE’ modes here are
ones in which the main electric-field component of the prop-
agating light is parallel to the waveguide plane — and that
the PhC Bloch modes, whether or not they are fully con-
fined waveguide modes, are strictly hybrid modes, for the
general case of an arbitrary inplane propagation direction.
The Bloch modes of 2D PhC structures embedded in planar
waveguides are, in this general situation, more accurately
labelled as ‘quasi-TE’ or ‘quasi-TM’.

The detailed behavior of light propagating through the
two-dimensionally periodic PhC lattice typically varies
strongly with the choice of propagation direction. Group
velocity and phase velocity are, in general, only collinear
along ‘high-symmetry’ directions — and particular choices
of the propagation conditions (i. e. the initial choice of the
propagation direction and the normalized frequency) may
lead to the strong ‘beam-steering’ effects that have been
exploited in PhC-based ‘superprisms’. Other interesting
phenomena may be observable, such as low (in principle, as
low as zero) group velocity, large (possibly infinite) phase
velocity, negative refraction and backward waves. We shall
treat some of these phenomena in more detail, later in the
present review.

5. Rods (pillars) versus holes

Until recently, experimental research on planar-waveguide-
based photonic crystal device structures has been almost
universally based firmly on the use of ‘air’ holes in a ‘high’
refractive index waveguide core layer. For some purposes,
it has been considered practically essential that the basic
planar waveguide take the form of a thin suspended mem-
brane made from a transparent, but high refractive index,
layer of a semiconductor such as silicon (n ~ 3.5) that is
completely and symmetrically (in the ‘vertical” direction)
immersed in air. A specific value for the silicon membrane
waveguide thickness that has become a de facto standard
is (nominally) 220 nm. This particular choice is not essen-
tial — and viable device structures can be realized with both
somewhat thicker and somewhat thinner waveguide core
thicknesses. Vertical symmetry is also not an absolute re-
quirement — and potentially viable device performance can
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be obtained, for instance, with a high-index silicon wave-
guide core supported by a silica (n ~ 1.45) lower cladding
layer, with air above the waveguide core layer — as well as
in the holes in the high index core. Because of the smaller
refractive index difference for a silicon waveguide core layer
supported by (or both supported and covered by) silica, the
thickness of the silicon core layer may be much larger. As
an example, a 470-nm thick silicon core layer can provide
viable guided, i. e. nonleaky, photonic crystal Bloch modes
when supported by a silica lower cladding layer, with air

above the waveguide core layer [14].

In contrast to the situation for optical frequency experi-
mental work, much of the theoretical analysis and modeling
of two-dimensionally periodic photonic crystal structures
has been based on lattices (often ‘square’ lattices) of rods or
pillars with a high refractive index, immersed in air. Model-
ing such lattices of cylindrical rods without consideration of
the third (‘vertical’) dimension is equivalent to the assump-
tion of rods that are infinite along the third dimension, so
that the practical issue of confinement along this direction
does not arise.

In times past, the disconnection between the computa-
tional modeling of rod-based PhCs and the experimental
realization of PhC structures based on holes in waveguides
was sufficiently large that the experimental researcher could
safely ignore a large part of the body of results obtained the-
oretically by computational modeling of the rod-based PhCs.
This somewhat complacent situation has been substantially
changed by two distinct developments:

a) The realization of high aspect ratio pillar-based photonic
crystal beamsplitters and microcavity sensors in rela-
tively thick amorphous silicon films [17, 18]. Despite the
intrinsically leaky character of the finite height (length)
rod-based 2D PhC, quite impressive and practically suf-
ficient performance can be delivered — with resonance
Q-factor values greater than 20 000 being demonstrated.

b) The quantum cascade (QC) laser with 2D PhC Bragg
mirrors, as described by Walker and coworkers [19] and
Hvozdara and coworkers [20]. The QC laser may yet ‘res-
cue’ the basic PhC laser concept set out by Bykov [3] and
Yablonovitch [4], since its unipolar carrier operation ren-
ders it intrinsically much less vulnerable to the massively
efficiency reducing impact of nonradiative processes.
These are the processes that mar the performance of
the standard diode injection lasers that function through
hole—electron recombination. The vertical confinement
properties of typical QC laser structures [19,20] are also
favorable for the rod-in-air 2D PhC configuration.

6. Photonic crystal beamsplitters

The use of photonic crystal structures to perform the beam-
splitting operation in planar waveguides has received much
attention [17,21-30] — and promising results have been ob-
tained. For the present authors, a beamsplitter is a device
that produces at least two distinct beams of light in different
directions at exactly the same wavelength as that of a single
beam of light that is incident on the beamsplitting device.

Figure 2 Scanning electron micrograph of polarization selec-
tive PhC beamsplitter on SOI ridge-waveguide T-junction. Image
extracted, with permission, from [21].

Our strong preference is to use the word beamsplitter only
for photonic devices that operate on wide, well-collimated,
light beams where transverse confinement is a minimal fea-
ture of operation or else is nonexistent. We therefore exclude
from consideration, in the present context, papers in the
literature that use the word beamsplitter to describe power-
dividing devices in which the incident light beam and the
separated output beams are, for instance, confined (strongly)
in photonic crystal channel waveguides [31,32].

Beamsplitters for controlled power division of light
having a single polarization — or for controlled polariza-
tion separation and selection in photonic integrated circuits
(PICs) [22] — have been realized using air-hole, 1D or 2D,
PhC structures in relatively wide semiconductor ridge wave-
guides. Such realization has been typically achieved in com-
pact configurations that occupy areas of only a few square
micrometers. An obvious question is: “What does a photonic
crystal beamsplitter look like?” Figure 2 (taken from [21])
shows a scanning electron micrograph of a specific example
of a 2D PhC based beamsplitter, embedded in a silicon-on-
insulator (SOI) waveguide. The structure shown has three
rows of holes in a triangular lattice that, in the wavelength
range of interest (around 1500 nm), has a stop-band for the
propagation of TE light, which is therefore largely reflected
by the finite width photonic crystal region. Because of the
symmetry of the interaction configuration, with the three
rows of holes being oriented at 45 degrees with respect to the
light beam arriving along the waveguide axis, the ‘reflected’
beam propagates at right angles to the incident beam — and
therefore exits via the right-hand arm of the ‘wide’ (~ 3 um)
waveguide T-junction in which the photonic crystal beam-
splitter pattern is embedded. It should be stressed that the
apparently reflective behavior is strictly one of directional
diffraction — and implies a specific choice of the PhC lattice
constant and hole diameter.

In contrast to the situation just described, which applies
for TE-polarized light, the photonic crystal region that forms
a nominally complete reflector for the TE-polarized light
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does not exhibit a stop-band for TM-polarized light. This
particular beamsplitter structure is therefore a polarization-
sensitive device — and performs the potentially useful func-
tion of polarization separation. Polarization separation can
be used as a core ingredient in a strategy that achieves
polarization-independent behavior by separating the two
basic polarizations (TE and TM) for operations such as
electro-optic modulation — for which the control voltage
required is typically quite different for the two different po-
larizations. The two beams may then be recombined in a sec-
ond beamsplitting structure, after the same time-dependent
modulation level has been imposed in each case.

Figure 3, also taken from [21], shows a structure that
uses a single, nominally uniform, row of holes in a straight
line. The row of holes has been placed at an angle that
bisects a right-angled T-junction of relatively wide wave-
guides realized in SOI. The power-splitting ratio and the
polarization selectivity of this simple beamsplitter structure,
at a specific wavelength, depend on both the diameter of the
holes etched through the silicon core and on their spacing.

Figure 3 Beamsplitter structure formed by a single row of holes
placed in a right-angled waveguide T-junction. Image extracted,
with permission, from [21].

Using 3D FDTD simulation, an efficiency of more than
99% has been predicted for the case of the power splitter in a
single optical polarization, with a substantial amount of free-
dom of choice of the power-splitting ratio between the two
output branches. Measurements carried out on structures re-
alized in waveguides on SOI resulted in an estimated global
efficiency of about 95% and were in close agreement with
simulations. Figure 4 is a visualization of the interaction of
a (moderately) wide guided light beam with a single-row
PhC beamsplitter.

The work of Pottier and coworkers [21] followed on
logically from previous work by Nordin, Kim and cowork-
ers [22-25], but differs on the significant point that Pottier
et al. [21] have used the more widely accepted experimental
configuration of hole-based PhCs. Additionally, Pottier and
coworkers have used a hexagonal (triangular) lattice, rather
than a square lattice. In their 2002 paper [22], Nordin, Kim
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Figure 4 Simulation of a light beam in a wide channel wave-
guide as it encounters a single row PhC beamsplitter embedded
in a wide-waveguide T-junction structure. Image extracted, with
permission, from [21].

and coworkers considered both the use as beamsplitters of
triangular-shaped regions of square-lattice PhCs of silicon
posts in air — and both single-row and double-row PhC re-
gions. It is important to note that the structure was modeled
only in a 2D format that neglected the possibly large ef-
fect of having only a finite extension of the PhC lattice in
the vertical direction. Moreover, the light was modeled as
arriving and leaving in 2-um wide waveguides with weak
lateral confinement and a core refractive index value of 1.5.
With the restriction of analyzing operation only for TM-
polarized light (i. e. light having its electric field entirely
parallel to the axes of the pillars), useful performance could
be obtained both from the corner reflectors and from the
beamsplitters, with the appropriate choice of lattice constant
and filling factor.

A natural further step towards integration and greater
complexity is to form a Mach—Zehnder structure by using
two corner reflectors and two beamsplitters in the arrange-
ment shown in Fig. 5, also taken from [22].

In their subsequent work, which has concerned corner re-
flectors, bends and beamsplitter structures, Li, Kim, Nordin
et al. [23,24] have modeled the use of finite, but relatively
thick (in the sense of volume holography) regions of 2D PhC
to provide a polarizing beamsplitter action, with the 2D PhC
lattice (see Fig. 6) acting as an almost complete reflector, but
at strongly inclined incidence, for TM light — and a nearly
perfect transmitter for TE light. The authors note that the
use of a slightly distorted right-angle T-junction structure,
together with incidence at 45°, provides a good approxi-
mation to the classic (and, in a historical sense, Scottish)
phenomenon of Brewster’s angle.

The work of Ao and coworkers [17] provides what can
be considered as a significant milestone in the evolution
of experimental PhC structures, because (as already men-
tioned) it provides one of the first reasonably convincing
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Figure 6 Polarization selective action of pillar-based 2D PhC beamsplitter structure [23].

demonstrations of an actual fabricated pillar-type 2D PhC
structure with viable practical behavior at optical frequen-
cies. The use of amorphous silicon, which can readily be
deposited at micrometer or even greater thicknesses, is an
important ingredient in this successful realization. Although
there is a substantial level of correspondence between the
structure fabricated by Ao et al. [17] and the structures
modeled some years earlier by Nordin et al. [22-25], the
operating principles are significantly different. In the beam-
splitter structure realized by Ao et al., the light arrives in
a wide waveguide — at normal incidence — on a region of
2D PhC having a triangular (hexagonal) lattice symmetry.

After entering the PhC region, the incident light propagates
along two entirely different directions that are determined
by polarization. Figure 7a shows a scanning electron micro-
graph of the actual device structure, while Fig. 7b shows the
simulated propagation through the structure, taking account
of the polarization-selective behavior.

The extent of the polarization discrimination provided
by this PhC beamsplitter/waveguide combination, over a rea-
sonably useful range of wavelengths, is shown in Fig. 8, also
from [17]. The plots of transmitted power versus wavelength
in Fig. 8a are for output waveguide 1, while the substantially
complementary results for output waveguide 2 are shown in
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Figure 7 (online color at: www.lpr-journal.org) (a) SEM image of
pillar-based PhC beam-splitter fabricated in an amorphous silicon
film, in a silicon on-insulator (SOI) waveguide format on a silicon
lower cladding layer — reprinted with permission from [17]. Copy-
right 2006, American Institute of Physics. The input waveguide
stripe is on the left-hand side of the image — and the two output
waveguide stripes are to the right of the PhC region. (b) Simulation
of polarisation dependent propagation through the PhC beam-
splitter structure — reprinted with permission from [17]. Copyright
2006, American Institute of Physics.

Fig. 8b. Although these results show a convincing measure
of polarization discrimination for each output waveguide,
our view is that the discrimination level obtained is likely to
be insufficient for the requirements of a practical application
(e. g. in terms of the ratio of the power in one polarization
to that in the other polarization). If it is felt that an insertion
loss of the order of 20dB and an orthogonal polarization
output power ratio in the range from 10 to 15dB is not
sufficient performance, there is the challenge of realizing a
device structure with seriously superior performance. Ad-
ditionally, the several decibel variation in the transmitted
amplitude over a wavelength range of more than 0.01 um
could be problematic in practice. A detailed understanding,
informed by modeling, of the contributions of scattering and
interface reflection losses, leakage and modal distributions —
in all three space dimensions — will be required.

Because of the basic bandgap properties of 2D PhC lat-
tices, light arriving at the straight-line, diagonal, interface
between two PhC regions that have the same (square) lat-
tice symmetry — but different lattice periods — can provide
usefully polarization-dependent beamsplitting properties. In
the case of the paper by Schonbrun and coworkers [26],
a 90° beamsplitter was realized via an abrupt interface at
45° between two square PhC lattices with the same filling
factor and lattice orientation, but different periodicities. Mi-
crographs of the structure are shown in Fig. 9. Much more
general situations — with different lattice symmetries, lattice
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Figure 8 (online color at: www.lpr-journal.org) (a) Transmitted
power versus wavelength for pillar-based PhC beamsplitter: wave-
guide 1. (b) Transmitted power versus wavelength for pillar-based
PhC beamsplitter: waveguide 2. Figures reprinted with permission
from [17]. Copyright 2006, American Institute of Physics.

Figure 9 Scanning electron micrographs of a PhC heterostructure
beamsplitter at different magnifications, after [26].

constants, lattice orientations, filling factors and interface
orientations are clearly possible. Such general situations pro-
vide a domain in a multidimensional parameter space that it
may be interesting to investigate with the aid of some form
of optimization algorithm. For operation at wavelengths
that are a little longer than 1500 nm, respective lattice con-
stants of 353 nm and 438 nm were used in a single depth
mode SOI waveguide with a 300-nm thick core [26]. Be-
cause of the detailed nature of the angular dependence of
the Bloch mode propagation velocity on direction (and also
on wavelength), an important property of the square lat-
tice PhC structure could be incorporated into the device
design — self-collimation of the light beam delivered to the
beamsplitter interface.
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In some ways the most advanced manifestation of a
beamsplitter device in the literature is the one that has been
described, analyzed and realized by Zabelin and cowork-
ers [27]. This device exploits the polarization dependence of
propagation in a 2D periodic PhC lattice of holes that have a
suitably chosen diameter and are etched deeply into a verti-
cally weakly confined planar waveguide. This configuration
is, therefore not based on the membrane waveguide or the
large index contrast silicon-on-silica waveguide that are now
commonly used. As is shown in Fig. 10, the beamsplitting
2D lattice gives a 90° rotation in propagation direction for
most of the TE light arriving on it at a 45° angle of incidence.
In contrast, TM-polarized light largely propagates straight
through the beamsplitter structure without deviation.

Figure 10 (online color at: www.lpr-journal.org) Simulated propa-
gation through the 2D (square lattice) for the two different basic
polarizations, from Zabelin et al. [27].

Other work on an alternative PhC beamsplitter concept
has been described by Wu et al. [28]. In that case, the beam-
splitting action demonstrated was the strongly wavelength
dependent angular dispersion, of the selected quasi-TE-
polarized light, that is characteristic of a superprism. The
device configuration was such that a light beam entering the
superprism region along a single, fairly wide, stripe wave-
guide could be directed, according to its wavelength, to one
of several output waveguides. Prather and coworkers [29,30]
have demonstrated, both in simulation and experimentally,
a version of a corner reflector bend and also beamsplitting
action in ‘bulk’ 2D PhC regions, as well as self-collimation
in a bulk 3D PhC structure.

It is the intention of the present article to address the
question of practical applicability. So we propose the basic
question: ‘what are beamsplitters for?” But perhaps a more
appropriate question is: ‘what situations in a waveguide-
based planar photonics environment intrinsically call for
beamsplitters that are based on photonic crystal principles?’
Our view is that, with the defining principles that we have
applied in reviewing the existing body of research literature,
beamsplitting devices could be a useful ingredient in an inte-
grated optics technology in which stripe waveguides that are
at least several free-space wavelengths wide and where the
lateral (i. e. inplane) contrast in the effective guided mode
refractive index is small. If the wide-stripe waveguide is

laterally single moded, propagation is only approximately
plane wave — and device design should take account of
this fact. Passage from a simple, but wide, stripe wave-
guide into a photonic crystal region that can both perform
beam-collimation and beamsplitting functionality provides
a conceptually desirable route to good device performance.
But obtaining truly well-engineered beamsplitter devices re-
mains a substantial challenge, mostly in terms of the quality
of device fabrication — but also in terms of detailed design.

Achievement of sufficiently complete polarization dis-
crimination, where polarization-dependent beamsplitting is
a requirement, remains a major challenge for the level of
device fabrication technology currently available. Likewise,
achieving a polarization-independent value of the power-
splitting ratio that is nearly constant over a large enough
range of wavelengths remains a design and fabrication chal-
lenge.

Detailed comparison between the performances demon-
strated in the various different forms of PhC-based wave-
guide beamsplitter that have been described above is ar-
guably premature — with only ‘proof-of-principle’ perfor-
mance levels being achieved.

Historically, the use of the word beamsplitter for a spe-
cific type of optical waveguide device goes back at least
as far as the work of Pennington and Kuhn [33] more than
forty years ago, while a somewhat more recent paper [34]
described much the same device configuration but failed
to use the word beamsplitter in its title. Literature search-
ing based on the keyword combination ‘optical waveguide
beamsplitter’ reveals a quite diverse range of device formats,
e. g. the paper by Ovchinnikov [35]. This diversity extends
to the various specifically photonic crystal devices that we
have considered above. A further point is that there is no
single configuration that can unarguably be described as
a standard one — and it is not even certain that any of the
optical waveguide beamsplitter devices described in the re-
search literature have successfully migrated to routine use in
integrated optical subsystems. Our view is that beamsplitters
based on photonic crystal principles, taken in a broad sense,
could be developed to a commercially useful performance
level, provided that a substantial amount of well-directed
technological and design work were carried out.

7. Slow light and backward-wave
propagation

This section begins with an immediate qualification that
is necessary in order to give an appropriate historical per-
spective on the nature of light. This perspective is routinely
overlooked by many of the people who form what may be
called ‘the slow-light community’. This qualification is of
a fundamental nature that goes back at least as far as that
celebrated Scot, James Clerk Maxwell. The vital point is
that, apart from their frequency, there is no intrinsic dis-
tinction between radio waves and optical waves. Both are
electromagnetic waves that are generated and propagate
according to the predictions of Maxwell’s equations [36].
Of course, quantum phenomena that justify the use of the
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language of photon processes (generation, annihilation, pho-
ton splitting via spontaneous parametric downconversion,
etc.) are unavoidable aspects of the physics of light — while
they do not impinge to anything like the same extent at
radio frequencies.

The generation and exploitation of slow electromag-
netic waves, with specifically microwave connotations, goes
back to the second world war (to the year 1943) and to
Rudi Kompfner in particular [37]. It was Kompfner (a
professional architect!) who first discovered (or rather in-
vented) the possibility of making electromagnetic waves
travel more slowly by forming a helical coil of metallic
wire and launching waves at a microwave frequency onto
that spiral. A schematic diagram of the device, called the
travelling wave amplifier (TWA) taken from Kompfner [38],
is shown in Fig. 11.

LEuTEuT

Figure 11 Schematic diagram of the construction of a TWA —
from Kompfner [38]. The operative parts of the device include
the heated cathode, which emits electrons that are then acceler-
ated, by a large positive voltage, through the anode. Waveguide-
confined electromagnetic waves are coupled onto the helical trav-
elling wave electrode structure — and coupled out after amplifi-
cation through the interaction of the electromagnetic travelling
waves and space-charge waves in the electron beam.

Electrons are emitted from the cathode of the device
with a spread of velocities, but are then accelerated by a
large voltage to a high velocity that may even approach that
of light. An electromagnetic propagation velocity reduction
factor of d/2ma along the axis of the helix, due simply to
the geometry of the spiral having a repeat distance of d
and circular cross-sectional radius a, was shown to apply.
By slowing the electromagnetic wave by a factor of, for
example, 10 with respect to the free-space velocity, c, the
wave velocity along the axis could be readily made the same
as that of electrons emitted by a circular electron gun and
accelerated to an energy of only 2.5 k(e)V along the axis of
the spiral electrode. The interaction of oscillations on the
electron beam with the slow waves that can propagate on the
helical electrode structure is the core physical process of the
travelling wave amplifier (TWA) [39]. We immediately add
here that the electromagnetic wave travelling on a helical
electrode structure is intrinsically a Bloch—Brillouin mode,
because of the periodicity of the spiral along the defining
axis of the cylinder. We also note that the periodic struc-

ture used in a TWA is not necessarily a spiral electrode —
and that periodically spaced cavities of a similar nature to
those used in another microwave frequency electron tube,
the klystron [40], are also useful as a travelling-wave am-
plification structure. A vital practical point is that the elec-
tron beam is typically kept together (i. e. confined against
Coulombic repulsion forces) by the addition of a cylindrical
magnet arrangement.

Since electromagnetic wave propagation may be de-
scribed in terms of two characteristic velocities, the phase
velocity and the group velocity, a natural question is: ‘which
velocity is the relevant one in the present case?’. The an-
swer is that both velocities are relevant. Propagation along
a spiral electrode is dispersive, with the axial phase veloc-
ity being characteristically less than that of waves in free
space at the same frequency. The group velocity may be
close to the phase velocity at low enough frequencies and,
in the present case, to the free-space velocity — but, since
it is directly given by the local slope of the curve of fre-
quency against propagation constant, the group velocity is
typically smaller than the phase velocity. The efficient trans-
fer of power/energy between a high-velocity electron beam
and a surrounding structure that supports electromagnetic
wave propagation requires that the phase velocity of the
electromagnetic wave be matched closely with the electron
velocity. While electrons moving through a vacuum must
still be subject to wave—particle duality — which does imply
a characteristic wavelength directly related to the electron
momentum — the important point in the present context is
that there is a specific form of plasma oscillation in a beam
that consists purely of negatively charged particles. This
oscillation is a ‘space-charge wave’ and takes the form of
some electrons travelling locally at slightly more than the
average velocity of the beam and some electrons travelling
locally at slightly less than the average beam velocity. Anal-
ysis of space-charge waves in electron beams goes back to
the seminal paper of S. Ramo (one of the founders of the
TRW company) in 1939 [41]. We make the further point that
the phase velocity of a Bloch mode in a periodic medium
is not a unique number, because of the cyclic nature of
the Bloch harmonics. But in the travelling wave amplifier
(TWA), the relevant phase velocity is determined by the
o — k coordinates of a point on the dispersion curve(s) that
lies in the first Brillouin zone, where the slope, and therefore
the group velocity, is also positive.

But what about the backward wave oscillator (BWO)?
The fundamental point about the helical travelling-wave
electrode structure is that it is periodic along the defining
axis of the spiral, with the result that the modes of elec-
tromagnetic propagation are Bloch modes with a charac-
teristic space-harmonic spectrum. Coupling between elec-
trons moving with a well-defined velocity along the axis
of the travelling wave electrode structure and the electro-
magnetic Bloch modes of the spiral electrode structure can
cause energy transfer to the electromagnetic wave, leading
to amplification. But Bloch modes in periodic structures can
have opposite group and phase velocity, so that the direc-
tion of the growing electromagnetic wave can be opposite
to that of the direction of motion of the electron beam —
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and the device can then become an oscillator: a backward-
wave oscillator [42,43]. The BWO operates on the classic
electronic oscillator model of an amplifying system with
positive (more generally, phase-controlled) feedback and
the build-up to a coherent oscillation arising from the action
of frequency selectivity on noise fluctuations in the electron
beam. BWOs are commercially available sources of coher-
ent electromagnetic waves, with some examples capable of
generating frequencies as high as 700 GHz.

One justification for our mentioning the TWA and
BWO here is that recent research by Zheludev and cowork-
ers [44,45] has demonstrated that a suitable periodically
alternating metal—dielectric stack through which moder-
ately high energy electrons are launched, via a few hundred
nanometer-size hole, can generate light at visible wave-
lengths. The authors of these papers cite as antecedent the
historic paper of Smith and Purcell [46], which demon-
strated that light could be generated by irradiation of a
metallic diffraction grating with a 300-kV electron beam,
in grazing incidence — but make no reference to the pos-
sibly close analogy of their experiments with the mode of
operation of the microwave frequency sources that we have
just cited. Simple calculations of the relationship between
acceleration voltage and electron velocity suggest to us that
space-charge waves in the electron beam, at the voltages in
the range 20 to 40kV used by Zheludev and coworkers, can
have approximately the same velocity as the Bloch modes
of the structure formed by the nanohole drilled through a
metallo-dielectric stack having 11 layers with a periodic
repeat distance of 200 nm — leading to light generation at
the observed wavelength around 750 to 900 nm. This close
(enough) matching situation suggests the possibility that
space-charge waves in the electron beam produce the light
generation from the nanohole. Because the hole is ‘blind’,
1. e. terminates in solid material, the electron motion could
well be locally much more complex — and the mode of op-
eration could be essentially a combination of BWO-like
behavior and reflex-klystron-like behavior.

However, the excellent review paper by Gover and
Yariv [47] sets out clearly an important basic aspect of the
interaction between an electron beam and a periodic elec-
tromagnetic wave propagation supporting structure. Two
distinct regimes can be identified. With sufficient current
density and confinement, the oscillation of the electron-
beam takes the form of space-charge waves — in which the
repulsion forces between electrons in the electron cloud
play an important role. This situation is typical of the TWA
and BWO. At low enough levels of current density and
confinement, the repulsion forces between the electrons
are weak and the interaction can be regarded as having a
‘single-electron’ character. The latter case applies typically
to the Smith—Purcell experiment and its descendants. De-
tailed analysis, based on an accurate characterization of the
experimental situation, should make it possible to distin-
guish between regimes or identify a possibly intermediate
situation. The results of the analysis could then be useful in
designing devices for optimum performance.

We now turn to the topic of slow-light propagation in
structures that specifically fit with the label photonic crys-

tal (PhC). A recent review article by Talneau [48] covers
this topic at a useful level — and highlights some of the
critical issues for photonic crystal devices in which slow
propagation is a central aspect of device operation. While
reduction of the group velocity to as little as ¢/100 may
be experimentally feasible, with its beneficial implications
for very compact delay structures, reality strikes hard in
terms of severe irregularity in the spectral response of de-
vices actually realized. Even with the acceptance of much
smaller slowing factors, S, like 4 (corresponding to a group
velocity of approximately c¢/14), there are serious problems
of an engineering nature, because of the need not only to
reduce the group velocity — but also to eliminate group-
velocity dispersion (GVD), as well as reducing higher-order
dispersion terms.

The slowing factor, S, is defined as the proportional
amount by which the velocity of propagation of light (or,
more generally, electromagnetic waves) is reduced with
respect to that of light in the primary bulk medium in which
the photonic crystal structure is embedded. In silicon, S =1
is equivalent to a group refractive index of approximately
3.5. Only through deliberate dispersion engineering can
seriously useful time—bandwidth delay products possibly be
obtained in real devices. The end result of design for good
dispersion management is that information transmission
in the form of high repetition rate trains of short pulses
becomes possible in a single compact delay-line device
— over a usefully wide wavelength spectrum. But another
measure of delay-line performance involves assessment of
how many bits, at a high data rate, might be stored in a delay
line — and whether it is possible to store, for example, a
whole 8-bit byte.

A substantial body of literature now exists on slow-light
propagation in PhC channel guides. A notable contribu-
tion to the development of the slow-light approach in PhC
channel waveguides came with the publication of the work
by Frandsen and coworkers [49], following earlier model-
ing work by Petrov and Eich [50]. In this work, the vitally
important ingredient is understanding that it is possible to
modify a 2D photonic crystal channel waveguide so that not
only is group-velocity dispersion (GVD) zero at a particular
specified frequency, but also that higher-order dispersion
terms can be modified — and greatly reduced. The end result
of the research that has now been carried out in this domain
by several groups is that it has become possible to design
PhC channel waveguide structures that can provide compact
propagation delay functionality over a usefully wide range
of wavelengths [51,52].

The approach of Frandsen and coworkers [49] started
conceptually with a W1 PhC waveguide formed by ‘remov-
ing’ a line of holes along the I'K-direction of a block of
hexagonal lattice PhC, followed by reducing the diameter
of all the holes in the rows immediately adjacent to and
on either side of the channel by a designed amount — and
increasing the diameter of all the holes in the adjacent rows,
also by a (different) designed amount. See the scanning
electron micrograph in Fig. 12.

The nomenclature ‘W1’ simply describes the optical
waveguide formed in a 2D region of photonic crystal lattice
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Figure 12 (online color at: www.lpr-journal.org) Micrograph of
W1 PhC waveguide with modified hole diameters in four rows of
holes (two on each side of the waveguide channel), reproduced
from [49].

when one row of holes is filled in, without displacing the rest
of the 2D lattice in any way. The realization of a slow-light
structure, such as that shown in Fig. 12, illustrates an impor-
tant point that applies more generally in PhC devices. The
point is that it is necessary both to introduce a basic modifi-
cation of the regular PhC lattice (in this case, by removing
the holes to form the W1 waveguide) and then carry out
an additional modification process. In the present case, the
additional modification consists of changing the diameters
in selected rows of holes. In other situations, both hole posi-
tions and diameters may usefully be changed. An example
of this last approach was its successful application to im-
proving the transmission of light through abrupt bends [53].
A quite distinct approach to PhC channel waveguide design
for dispersion-managed slow-light purposes has been de-
signed computationally around the use of PhC lattices with
holes that have a controlled amount of ellipticity [14,51].

Krauss [52] has examined the question: ‘Why do we
need slow light?” — and highlighted strong light-matter in-
teraction, enhanced nonlinearity (with particular mention
of Raman amplification), quantum photonic behavior, op-
tical information/data storage and delay as some of the
motivations for attempting to exploit slow light in photonic
crystal based devices. Arguably, slow light is most desir-
ably exploited in PhC devices that supply the switching and
modulation functions.

7.1. Switches and modulators in slow-light PhCs

The possible exploitation of photonic crystal structuring in
devices that perform switching or modulation functionality
connects quite naturally with slow light. Once it has been
recognized that the strength of the electro-optic effect, for
example, effectively increases in proportion to the slowing
factor, S, it becomes fairly obvious that slow-light behav-
ior can be exploited to produce more compact devices for
switching and modulation. For the present purposes, the
word ‘electro-optic’ should be understood to mean, in the
first place, the linear (Pockels) electro-optic effect. But a

number of other effects can possibly be exploited, starting
with the quadratic (Kerr) electro-optic effect. Because of
its quadratic characteristics, the Kerr effect will increase
with the slowing factor as $>— an attractive feature, since
the Kerr effect occurs in all media, while the Pockels effect
requires noncentrosymmetric single-crystalline or oriented
polycrystalline material.

Comparisons may be made between slow-light and ‘fast-
light” devices in terms of either device size (i. e. the inter-
action length in an electro-optic or thermo-optic device) or
operating voltage/power. We make here a comparison be-
tween the slow-light PhC directional coupler thermo-optic
switch of Beggs et al. [54] and the optically biased Mach—
Zehnder thermo-optic modulator structure of Camargo et
al. [55, 56]. The latter device, for the wide-bandwidth (in
terms of wavelength spectrum) operation selected, is un-
doubtedly not in the slow-light regime. Both devices are
compact, with a core length of only 5 um in the former and
a somewhat greater length of 12 um in the latter. Remark-
ably, the power requirement (28 mW) in the latter (fast-light)
case is considerably smaller than in the former (slow-light)
case (168 mW).

But this difference in operating power requirement by
an amount that approaches an order of magnitude (in the
wrong direction!) is primarily a manifestation of the better
(in a nonjudgemental sense) thermo-optic design and con-
struction of the M—Z PhC device of Camargo et al. [55].
This apparently contradictory result does not negate the
more fundamental point that an order of magnitude smaller
index change (6.8 x 1073 c.f. 6.45 x 10~2) was required
for operation in the more than two times shorter slow-light
device [54]. This result does, however, also make the point
that the full benefits of exploiting slow-light behavior are
only accessible in a convincing manner when all aspects of
device design and construction are addressed.

The channel waveguide PhC modulator and directional
coupler structures of Refs. [54-57] were not deliberately
targeted at slow-light behavior, but were nevertheless very
compact and readily controllable thermo-optically. The PhC
waveguide directional-coupler configuration is a natural
choice as a vehicle for slow-light-based optical switching
functionality [54] — and the quality of the switching transfer
characteristics obtained is impressive, while the on-off ratio
quoted would still be a serious limitation for a practical
system. An important conceptual contrast can be made with
the classical directional-coupler, integrated-optical switch
— which relies on modifying the interference between the
symmetric and antisymmetric supermodes of the directional
coupler via induced changes in the propagation velocity of
both supermodes. The concept of supermodes is applicable
in arrays of coupled optical waveguides that involve two or
more individual waveguides. A supermode is an eigenmode
of the coupled system. In the simplest case of identical wave-
guides that are identically spaced, there will be a number
of supermodes, with distinct field and power distributions
that is equal to the number of waveguides constituting the
array. For the two-waveguide, directional-coupler, structure,
there is a close analogy with the two characteristic modes of
a system of two simple pendula coupled by a weak spring.

www.lpr-journal.org

© 2012 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



LASER & PHOTONICS
REVIEWS

576

R. M. De LaRue and C. Seassal: Photonic crystal devices: some basics and selected topics

More generally, the concept of the supermode remains appli-
cable even when the waveguides involved and the coupling
between them are not all the same.

In the slow-light situation, the equivalent symmetric and
antisymmetric supermodes undergo very different amounts
of change in velocity — and the situation is dominated by
the thermo-optically or electro-optically induced variations
in the velocity of the slow (typically the symmetric) super-
mode [49].

Krauss [52] makes the judgement that the demonstrable
information storage and delay capabilities of PhC-based
slow-light structures are likely to remain modest, because of
propagation losses and random scattering. We add the pos-
sibly more crucial point that the impact of imperfection on
propagation in slow-light PhC structures may well manifest
itself as dramatic fluctuations in the propagation delay and
transmission magnitude, as the slowing factor S increases.
The consequences of this fluctuation in the delay are well il-
lustrated in Fig. 13, taken from the comparison review paper
of Melloni et al. [58].
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Figure 13 (online color at: www.lpr-journal.org) Experimental
variation of group index with wavelength for a PhC channel wave-
guide — reprinted with permission from [58]. Copyright 2010, IEEE.
The circular dots denote points at which observations were made
of the associated spectral spread of short pulses of light.

While, as the wavelength is tuned, slow PhC wave-
guides clearly are able to achieve a target group index of
40, corresponding to a slowing factor, S, greater than 10,
the fluctuations in group velocity, for the given structure,
at longer wavelengths and higher possible group velocities
overwhelm the response. Even where the group index is
smaller than 40, the fluctuations are potentially significant
— and the impact not only of the random deviation of the
waveguide itself, but also the Fabry—Perot oscillation con-
tributions from all of the interfaces and transitions. These
considerations suggest that slowing factors below 5 will
be obligatory until significant improvements in all aspects
of the device realization can be achieved. The very large
fluctuations in the group velocity observed at the longest
wavelengths in Fig. 13 are presumably a manifestation of
strong localization and antilocalization behavior, i. e. ver-
sions of Anderson localization. These fluctuations in group
velocity have corresponding fluctuations in the transmission
spectrum, as is shown in Fig. 5a of [58].

Comparison between the slow-light PhC channel wave-
guide and the alternative of a photonic-wire ring-based

CROW (both types of structure being realized in essentially
the same SOI waveguide material) may appear favorable to-
wards the latter, at modest S values. But ring-based CROWs
typically have a substantially smaller optical bandwidth
— so the standard system basis of comparison, the delay—
bandwidth product, provides a more appropriate measure
for comparison. The way in which the data being delayed
is coded will also, presumably, determine the relative im-
portance of group velocity and its consequent group-delay
fluctuation. Another potentially important detrimental fac-
tor that applies in the specific case of photonic wire ring-
resonator-based structures is coherent backscattering [59].

Localized or global tuning of a PhC slow-light device
via mechanisms such as the thermo-optic effect or vari-
ous ‘electro-optic’ effects could adjust both the absolute
amount of delay and its spectral response — including shift-
ing pass-band edges so that propagation of the light is effec-
tively turned off in selected parts of the spectrum. One early
demonstration of the integration of thermo-optic control into
a planar photonic crystal device was provided by Chong and
De La Rue [60]. The PhC structure used was a moderate
quality factor microcavity, directly embedded in a PhC chan-
nel waveguide. Thermo-optic tuning was subsequently used
by Vlasov et al. [61] in a Mach—Zehnder interferometer
arrangement to demonstrate, in a very convincing manner,
the possibilities of controlled slow-light propagation in PhC
waveguides. This device was realized in a suspended silicon
membrane and used W1 channel waveguides — but only for
a limited part of the propagation path. For this particular
structure, the slow-light behavior unavoidably occurred only
in the band-edge region of the transmission spectrum

Our view, in accord with that of Krauss [52], is that sim-
ple delay — whether tunable or not — is not the most promis-
ing application for slow light. For example, exploitation
of slow propagation in PhC channel guides to provide very
compact, low operating voltage, ‘electro-optic’ or all-optical
modulators and switches appears to be more promising. The
electro-optic/all-optical effects available for exploitation in-
clude the linear (Pockels) effect and the quadratic (Kerr)
effect, which may be considered as ‘instantaneous’ down
to less than 10fs — and other effects, such as the Franz—
Keldysh effect and quantum-confined Stark effect (QCSE)
in quantum-well-based III-V semiconductor heterostruc-
tures. In semiconductors such as silicon and GaAs, injected
carriers can provide a potentially useful source of (complex)
refractive-index change at modulation/switching rates that
are relevant for optical communications purposes.

Electro-optic devices based on slow-light propagation in
silicon PhC channel waveguide structures have been demon-
strated, for instance by Brosi and coworkers [62] and by
Wiilbern and coworkers [63]. Adding an electro-optic poly-
mer into strategic locations in silicon PhC waveguide switch
structures allows exploitation of a powerful combination of
strong confinement, slow propagation, modal electric-field
enhancement and the potentially greater electro-optic coeffi-
cients of the polymer. The modal electric-field enhancement
is due to the continuity of the electric flux density compo-
nent normal to the interface between a medium with a high
dielectric constant and one with a low dielectric constant.
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7.2. Nonlinearity and slow light in PhC structures

In pioneering work on the impact of slow light effects on
nonlinear behavior, Baron and coworkers [64] found that
two-photon absorption (TPA) is arguably more important
in slow-light PhC waveguides fabricated in GaAs than for
structures fabricated in silicon, since the TPA coefficient
for GaAs in the relevant wavelength range is substantially
larger than that of silicon. The larger TPA coefficient implies
that the nonlinear behavior of slow-light devices realized in
GaAs is, at the fiber-optical communications wavelengths
with which we are most typically concerned, dominated by
the much larger refractive-index change produced by TPA
in GaAs than in silicon, as well as the larger amount of
absorption in GaAs.

Ikeda and Fainman [65], in an important paper that de-
serves to be more widely read and understood, show that
the nonlinear, Kerr-effect based, figure-of-merit (FOM) in
materials relevant to our present study, at wavelengths close
to 1.55 um, is substantially larger for silicon than for GaAs.
The FOM takes account both of the 7, nonlinear coefficient
of the material (which is three times larger for GaAs than for
silicon) and the attenuation — which is much larger in GaAs,
because of its much greater (by more than 10 times [65])
TPA coefficient. The end result is that the FOM for GaAs
is about three times smaller than that of silicon. A further
comparison — and one that is vitally important for practical
all-optical devices — should also be made when the core of
the waveguide in which the slow-light PhC structure is real-
ized is the epitaxially grown ternary compound Al,Gaj_,As,
with progressively greater x-fraction. The greater the value
of x, the greater is the direct electronic bandgap of the ma-
terial, while the n, coefficient progressively (but slowly)
declines. At x = 18%, the nonlinear FOM is already one
order of magnitude greater for Al,Ga;_,As than for silicon,
while at x = 36%, the FOM has increased by a further order
of magnitude. The slow-light structure of Inoue et al. [66]
was based on material with x = 26% — and calculation in-
dicates a FOM that is something like 40 times greater than
that of silicon — and therefore, at least, comparably as large
as for any practical alternative material system.

Rawal et al. [14] have shown that, at comparable power
density levels and slowing factor values, silicon-based PhC
slow-light waveguides can be realized as effectively in rel-
atively thick silicon waveguide cores supported by a silica
cladding, with no cover material — as in unsupported (and
therefore inherently fragile) thin silicon membranes. In sub-
sequent work [67], it was shown that the dispersion control
that is required for soliton formation and broadband delay
enhancement can be obtained simply by moving from PhCs
based on circular holes (with several different hole diame-
ters being required in a single structure in the ‘engineered’
case) to a specific choice of elliptical hole parameters in uni-
form arrays of elliptical holes. The estimated in-waveguide
optical power level required to obtain a decisive wavelength-
selective switching effect was 2 W, at a group velocity of
¢/99, while Monat and coworkers [68,69] experimentally
required a peak power level of 45 W at a group velocity
of ¢/50. This apparently large superiority for the lower

cladding supported elliptical-hole structure will, in practice,
be substantially eroded for slow-light propagation in struc-
tures with the propagation losses and group-velocity fluc-
tuation values — because, in particular, of random-structure
scattering — that have been achieved to date experimentally.

The TPA-dominated result of Fig. 3 in [64] is notable be-
cause it requires a peak power level of only 0.5 W, together
with a group velocity that has been reduced only to ¢/9.
Therefore, where TPA is an acceptable process for the mod-
ification of slow-light enhanced propagation, GaAs scores
significantly by comparison with silicon. But the acceptabil-
ity of using TPA becomes much reduced if the pulse repe-
tition rate increases to values above, say, 1 GHz and/or the
photoexcited carrier lifetime is sufficiently long, e. g. sub-
stantially greater than 1 ns. The almost purely Kerr nature of
the nonlinear behavior of sufficiently large-bandgap ternary
alloy Al,Gaj_,As [65] suggests that devices realized in this
material merit further investigation at substantially reduced
group velocities, e. g. in the region of ¢/50. Fabrication qual-
ity will probably be a predominant practical consideration.

7.3. Coupling into and out of slow-light structures

The question/issue of coupling of light efficiently into and
out of slow-light structures, and, in particular, the coupling
of light into and out of photonic crystal channel waveguides
operating in the slow-light regime has been recognized as a
vitally important one. Pottier and coworkers [70] considered
a situation where a photonic-wire-type stripe waveguide
could be coupled efficiently with a W0.8 PhC channel wave-
guide via a geometrically tapered structure — as illustrated
in Figs. 14a and b.
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Figure 14
waveguide — coupled, via tapers, to external stripe waveguides.
(b) SEM image of the same structure. Images extracted, with
permission, from [70].

(a) Schematic, to scale, of W0.8 PhC channel

It may be noted that Petrov and Eich [50] had pre-
viously shown that a W0.7 PhC channel guide could be
(re-)designed so as to have both ‘near-zero’ group velocity
(0.02¢) and minimal group-velocity dispersion (GVD). 2D
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Figure 15 (online color at: www.Ipr-journal.org) Transmission
through a WO0.8 PhC channel waveguide. The green curve is
for a simple butt-coupled situation, while the red curve is for a
situation with tapered transition regions, as shown in the previous
figure [70].

simulation, using an effective index model for the silicon
waveguide properties, showed the potential for obtaining a
large improvement in the transmission — as shown in Fig. 15.

Affection for the particular version of a transition to
slow-light PhC waveguides shown in Fig. 14 was, even if it
existed at all, short-lived. Earlier work by the same authors
(see Fig. 5 of [71]) had produced an arguably more interest-
ing phenomenon — a demonstration of an early version of the
so-called ‘trapped rainbow’ effect identified more recently
by Hess and coworkers [72,73], i. e. essentially an optical
frequency version of the kind of frequency/wavelength de-
pendent position of the propagation cutoff observed many
years earlier in a tapered hollow metal waveguide at mi-
crowave frequencies [74].

The modern era of transition structures for going to and
from the slow-light channel waveguides — with close to
100% transmission, large bandwidth and very short transi-
tion distances, even for very large differences in the velocity
— was heralded by the conceptual paper of Velha and cowork-
ers [75]. Shortly thereafter, there followed the paper by
Hugonin and coworkers [76] that was specifically targeted
on the PhC channel waveguide taper. Subsequently, White
and coworkers [77] have demonstrated optimized structures
with transition zones that could, in principle, shrink to a
length of zero.

8. Microcavity resonators

Microcavity resonators based on both 1D periodic and 2D
periodic PhC configurations arguably form the most impor-
tant success story in the photonic crystal saga. An important
early milestone in this domain was the 1D PhC microcavity
described by Foresi and coworkers [78]. This paper was
notable for achieving what seemed at the time like a re-
spectably high resonance quality factor (Q-factor) of 265

— and also for using a lower cladding-supported photonic-
wire waveguide in SOI — together with two closely space
mirrors consisting of four periodically arranged holes, ‘em-
bedded’ in the wire waveguide. This structure was, in sub-
stantial measure, a version of a Fabry—Perot cavity, with
the transmission resonance being spectrally located within
a wide stop-band. Interestingly, the paper by Foresi and
coworkers [78] was preceded by two papers concerned with
a similar type of 1D PhC mirror cavity structure, but with an
air-bridge configuration [79, 80]. The potentially very high
Q-factor of this microcavity configuration was clearly iden-
tified in the purely theoretical paper by Chen and cowork-
ers [79], while actual air-bridge structures fabricated in both
SOI and III-V semiconductor material systems were demon-
strated by Villeneuve and coworkers [80], but without any
experimental results. The dimensions of the features in the
structure clearly suggest that the target wavelength was
well into the mid-infrared. Somewhat later, valid experimen-
tal results were obtained, at fiber-optical communications
wavelengths, for both ‘monorail’ (i. e. high aspect-ratio) and
air-bridge (i.e. suspended) waveguide geometry cavities
with pairs of simple periodic four-hole mirrors embedded
in them [81]. A significant point is that the material system
used, in this case, was the Al,Gaj_,As/GaAs system, with
x being large enough (93%) to give strongly selective oxida-
tion of the relatively thick Al,Ga;_,As lower cladding layer.
Leaving this oxidized layer in place provided a high refrac-
tive index contrast (n = 1.6) lower cladding layer for the
monorail waveguide geometry — while localized wet etching
was used for selective removal of the oxidized layer to form
the air-bridge microcavities. In all this experimental success,
the highest Q-factor value obtained was only 260, providing
a strong contrast with the earlier computed predictions of
Q-factor values of several tens of thousand for a nominally
identical air-bridge microcavity [79]. This discrepancy is
not an intrinsically insuperable one — and primarily reflects
the difference between a valid computational design and the
structure that was actually fabricated.

There was then a gap of several years before the ap-
pearance of the papers by Jugessur and coworkers [82, 83],
which used a well-supported narrow-ridge waveguide re-
alized in an Al,Ga;_,As epitaxial waveguide, again with
1D periodic mirrors. This work was notable, despite the
modest Q-factor values obtained with the deep hole, low
vertical index-contrast approach — because of its use of ta-
pered hole-size arrangements on the input and output sides
of the cavity, together with periodic mirrors, in an attempt
to increase the overall transmission of the cavity. The earlier
paper of Krauss et al. [84] had also used the deep-etching ap-
proach in a low vertical index-contrast waveguide ridge, but
with the 1D periodic mirrors being formed by slots across
the whole width of the waveguide.

The same ‘full-width’, deeply etched mirror approach
was successfully applied in realizing short cavity, low
threshold-current microcavity lasers. Krauss and cowork-
ers [85-87] demonstrated the operation of electrically
pumped semiconductor diode lasers with cavity lengths
as short as 20 um and 1D periodic mirrors across wave-
guide stripes that were as much as 8 um wide. The lowest
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threshold current, below 6 mA, was obtained with a cavity
length of 40 um. Happ and coworkers [88] obtained some-
what superior performance, in terms of nominal current
density, with much longer (cavity length of 600 um) lasers
having ridge-waveguides that were 2 um wide — by using
a combination of a single 2D PhC mirror and a cleaved-
facet mirror at the other end of the cavity. Later work by
Erwin and coworkers [89] brought the threshold current
down to below 2 mA in lasers that used an active junction
defined by an oxide aperture of approximately 5 um width,
together with a cavity length of 84 um. It is of interest to
note that somewhat similar grating structures, etched into
ridge waveguides but less deeply, were used to investigate
the possible formation of gap or Bragg solitons — through
nonlinear propagation [90-92].

Reverting to the topic of microcavities formed within
2D PhC regions, we observe that, as early as 1998, Smith
and coworkers [93-95] successfully demonstrated that mod-
erately high Q-factor (Q ~ 1000) microcavities could be
realized by removing holes from a hexagonal 2D PhC lat-
tice. In this case, the luminescence required to drive the
experiment was derived from photopumped quantum dots
embedded in a III-V semiconductor epitaxial waveguide
— and the deeply etched hole, low vertical index-contrast
approach was used. Subsequently, lateral coupling from
a PhC channel waveguide to a 2D PhC microcavity was
demonstrated by the same group [95].

A major step forward in the evolution of the photonic-
crystal-based microcavity came with the work of the teams
of Noda [96-98] and Notomi [99-101]. Two distinct ap-
proaches, but with internal variations within each approach,
have emerged for producing very high Q-factor values ex-
perimentally, although appropriate basic conceptual formu-
lations were required at the start — and these formulations
were necessarily accompanied by computational simulation
and optimization processes [96].

In the isolated microcavity design of Noda and cowork-
ers, shown schematically in Fig. 16, the cavity is sufficiently
long: being formed by a three lattice spacings long region
that has three holes removed (i. e. filled in), together with
the two penetration depths into the mirrors that are formed
in the 2D PhC lattice at either end of the cavity. This struc-
ture was realized in a silicon membrane waveguide with air
above and below, giving strong vertical confinement. The
small, but equal, displacement by 0.2a, from their true lat-

JOOOO(&?‘)OOOOO

YO00OV 00000
Shifted holes

Figure 16 (online color at: www.lpr-journal.org) Sign-dependent
plot of the magnetic field component of the high Q-factor mode
of the shifted hole microcavity embedded in a 2D PhC region —
reprinted with permission from reference [97].

tice positions, of the two holes that form the geometrical
ends of the cavity is a key aspect of this approach.

The schematic of Fig. 16 shows the modal field distri-
bution for the high Q-factor resonance of the PhC micro-
cavity, but this mode is not the only resonant mode that the
microcavity exhibits. The schematic does not show how the
resonance is fed, but it was demonstrated that a W1 channel
waveguide with a separation of three lattice spacings from
the defining cavity region was appropriate — enabling reten-
tion of the high resonance Q-factor — together with efficient
extraction, at the resonance peak frequency, of a large part
of the power that is present in the feeder waveguide.

In the double-heterostructure approach to forming high
Q-factor microcavities [97, 100], small modifications are
made at two carefully chosen interface positions along a
W1 PhC channel waveguide that is realized in a 2D peri-
odic hexagonal (triangular) lattice of holes in a silicon (i. e.
high refractive index) membrane waveguide. As the above
scanning electron micrograph (Fig. 17) shows, the hetero-
structure cavity can be formed by creating a short section
of the W1 channel waveguide that has slightly larger hole
diameters, going from 410 nm to 420 nm — a relative change
of only 2.5%.

420 nm 410 nm
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Annotated scanning
electron micrograph of
PhC channel-waveguide
(double) heterostructure —
reprinted with permission
from reference [97].

Figure 18 shows the corresponding resonant modal field
distribution. Space, time and energy considerations apply
to the writing of this article, so we now simply catalog
and reference, rapidly, the impressive exploration of the
device possibilities that followed on from the demonstra-
tion of these two distinct high Q-factor PhC microcavity
designs. Device effects that have been demonstrated us-
ing such high Q-factor microcavities include nonlinearity,
fast switching, light emission and lasing, bi-stability, dy-
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Figure 18 (online color at: www.lpr-journal.org) Schematic of
double-heterostructure microcavity formed by varying a parameter
of the W1 channel waveguide — reprinted with permission from
reference [97]. In this case, the channel width and lattice constant
remain unchanged, while the hole radius is slightly increased.
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namic control of the cavity Q-factor and switchable light-
pulse storage [102—108]. The recent publication by Nomura
and coworkers [108] describes the impact of a moderately
high Q-factor PhC microcavity (Q ~ 25000) on the light-
emission process from a single Stranski—Krastanow quan-
tum dot of ‘indium arsenide’ (InAs) embedded in a wave-
guide membrane of GaAs. Photopumped laser action and
significantly modified quantum statistical behavior were
observed with this device structure. A later publication
by the same authors [109] has produced new insight into
the task of obtaining the desired combination of a high Q-
factor (as large as 280 000), together with a small volume,
V =0.23(A/n)? - yielding a very high value of the Purcell
factor Q/V.

Periodicity in the optical properties of a structured
medium — along a single selected direction — is all that
is required for the formation of a stop-band. Deliberate
local modification of the periodic structure in any way is
sufficient to guarantee that (micro-)cavity behavior will oc-
cur. We have already considered structures in which 1D
PhC mirror structures have been incorporated into stripe
waveguides to form microcavity resonators, compact laser
cavities and Bragg/gap soliton forming gratings [79-92].
Subsequent work has seen the evolution of the 1D PhC
microcavity towards remarkably high Q-factor values, to-
gether with large absolute transmission coefficients on reso-
nance, resulting from the incorporation of various specific
deviations from simple periodicity. An important milestone
in this approach was the paper by Velha et al. [110], which
reported a Q-factor value as large as 8900 that was subse-
quently improved to 67 000 [111]. Md Zain and cowork-
ers [112—-114] made a significant further advance, ultimately
achieving an experimentally estimated Q-factor value of 147
000, together with a useful resonant transmission level — and
demonstrating a high Q/V ratio (i. e. Purcell factor), because
of the very small volume of the resonant mode. The poten-
tial for application of such photonic-crystal/photonic-wire
(PhC/PhW) microcavity structure in all-optical switching
has also been demonstrated [115].

8.1. CROW slow-light structures

The possibility of using slow propagation to provide
compact delay via suitably designed channel waveguides
through 2D PhC regions has already been considered in
some detail in Sect. 7. An alternative approach for obtaining
slow light is the use of a series of coupled cavities — an
approach that has been implemented with notable success
in the case of sequences of coupled ring-resonators formed
using stripe-waveguides, aka photonic wire waveguides or
photonic nanowires [60, 116-120].

The term coupled-resonator optical waveguide (CROW)
was coined by Yariv et al. [121] for an analogous PhC device
structure formed by linking individual PhC microcavities,
directly in succession. The nature of the transmission versus
wavelength characteristics of a sequence of nominally iden-
tical coupled resonators depends strongly on the coupling
strength between the adjacent resonators. Large resonance

quality factor values may be achieved with individual PhC
microcavity resonators, implying the possibility, over a nar-
row spectral bandwidth, of an effective delay distance that is
greater, by a multiplicative factor of Q, than the characteris-
tic dimension, its perimeter length, of the cavity. A sequence
of N identical weakly coupled cavities can then produce a
total delay that is NV times the delay for the individual res-
onator, within approximately the same spectral bandwidth
as that of the individual resonators. But this situation is an
example of conservation of the time—bandwidth product.
Increasing the coupling between adjacent resonators leads
to an increase in the bandwidth, at the expense of reduced
delay — and greater spectral variation in the transmission
amplitude and group delay.

In the case of research on silicon photonic-wire coupled-
ring CROWs, the choice, influenced by realistic future sys-
tems requirements, has ultimately been to accept quite mod-
est values of the slowing factor, S, around 3 —i. e. equivalent
group-velocity values on the order of ¢/10, in order to meet
the requirements on bandwidth that come from more ad-
vanced, high bit-rate, telecomm systems [116—118]. Work
by Jin and coworkers [122] produced PhC CROW structures
with a relatively featureless and fairly broad transmission
spectrum — but with only nine nominally identical cavities
forming the CROW, together with two additional end cav-
ities that were modified by the inclusion of a smaller hole
in the middle of these cavities. The design of this particular
PhC channel-waveguide-based CROW structure involved
fairly weak coupling between adjacent resonators and, prob-
ably, modest effective Q-factor values for the individual
microcavities forming the CROW. Particular attention was
paid to the requirement for a graded transition between
the CROW structure and the input and output W1 channel
waveguides. As shown in Fig. 19, the graded transition was
achieved by retaining the presence of a central, but much
smaller, hole in both the first and last cavities of the CROW.

O’Brien et al. [123] have investigated the progressive
assembly of CROWs based on heterostructuring of the
W1 channel waveguide in a 2D PhC lattice. Choosing to
have strong coupling between two nominally identical res-
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Figure 19 Scanning electron micrograph of CROW structure
formed in SOl waveguide [122].
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onators produced a distinctly double-peaked experimental
frequency response that was reasonably closely matched by
theory — for the particular case of the transmission through
the two-resonator CROW. This close-match between ex-
perimental and theoretical results compares favorably with
the two coupled-cavity structures of Jugessur et al. [124]
and Md Zain and coworkers [125]. But even for as few as
three coupled cavities, the experimental results obtained
by O’Brien et al. [123] were considerably degraded — and
matched poorly with the theoretical transmission response.
For more than three coupled cavities (e. g. ten), a progres-
sively worsening situation was found. Figure 20, taken
from [123], shows the regular set of peaks that are gen-
erated by computer simulation of a system of 10 identical
coupled cavities.

Figure 20  (online color
at: www.lpr-journal.org) Sim-
ulated transmission spec-
trum for 10 cavity PhC
CROW [123].
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Possibly the most extreme versions of the PhC-micro-
cavity-based CROW have been described by Notomi and
coworkers [126]. This paper was also the subject of a review
commentary by De La Rue [127] — and further commentary
by Melloni and Morichetti [128]. Melloni and Morichetti
have made a critical comparison of what is possible with the
two alternative approaches to CROW structures, i.e. PhC-
based and ring-resonator (RR)-based CROWSs — from the
points of view of data-storage capacity (i. e. buffering), delay
tunability, pulse spreading and phase fidelity. This compari-
son was explicitly dealt with subsequently, in greater detail,
in [117]. In broad terms, the conclusion of Melloni and
Morichetti was that RR-based CROWSs should give supe-
rior performance at multiGigabit/s data rates, particularly
for more advanced modulation formats, while PhC-based
CROW:s could win out at Terabit/s data rates.

The irregularity of the spectrum shown in Fig. 21 [126]
—e. g. by comparison with the regularity of the computed re-
sponse shown in Fig. 20 — provides an indication of the scale
of the problem, but is actually a substantially superior result

Figure 21 (online color at: www.lpr-journal.org) Transmission
intensity spectrum for 12-cavity PhC-based CROW — reprinted
with permission from [126]. Copyright 2008, Nature Photonics.
In colour in the on-line version: the red trace is the measured
transmission spectrum. The green trace shows the transmission
spectrum for a single line-defect (W1) channel waveguide with the
same parameters.

to the results typically obtained on PhC-based CROWs with
larger numbers of sequentially coupled cavities, as described
in the same work [126].

9. PhC biosensor structures

One area that has been identified as a target for the applica-
tion of PhC device structures is the area of biosensing and
biomedical sensing [18,129-131]. The enhancements that
apply for slow light and microcavities for other effects, e. g.
in the electro-optical and nonlinear optical characteristics,
may be exploited to increase the sensitivity of the optical
propagation to localized and small changes in the refractive
index. For biomedical sensing purposes, one approach that
has been exploited uses specific molecular binding such as
the antibody—antigen binding process that is characteristic
in immunology. By immobilizing a layer of a specific type
of antibody on an accessible surface of the PhC waveguide,
it is possible unambiguously (in favorable circumstances) to
detect the presence of the corresponding antigen in a sam-
ple of fluid, e. g. blood diluted in water. Detection occurs
through the local refractive-index change that occurs where
the antigen is bound, changing the velocity of propagation.
In slow-light PhC waveguides, a significant change in the
group delay will occur while, in general, the transmission
band-edge spectrum of a PhC waveguide will be displaced
along the wavelength axis. The very high resonance quality
factors (Q-factors) that are possible with photonic crystal
microcavities imply that the small perturbation produced by
a small number of antigens being bound on to immobilized
antibodies can shift the resonance frequency by a readily
detectable amount. Arrays of high-Q microcavities, with dif-
ferent resonance frequencies and weakly coupled to feeder
waveguides, can be used to identify the possible presence
of a ‘panel’ of several different antigens — and give a profile
that can be identified with specific disease conditions [130].

As elsewhere, the PhC-based approach faces stiff compe-
tition from the photonic-wire interferometer and RR-based
approaches [132, 133].

10. PhC lasers

The history of the PhC laser naturally traces back to the pa-
pers by Yablonovitch and Bykov [1,3]. A key motivation for
the invention of the photonic bandgap (PBG) concept, i. e. an
omnidirectional stopband in 3-space, was the desire to make
a low-threshold laser — ideally with no limit, in principle,
to the closeness to zero of the threshold pump level. In the
present paper, we shall confine ourselves to consideration
of semiconductor lasers realized in heteroepitaxial material
that is predominantly formed from III V semiconductor.
One PhC laser format that has been applied successfully
uses deeply etched distributed Bragg reflector (DBR) mir-
rors to form compact cavity lasers. Work using this approach
has already been described earlier [19,20, 85-89] — and is
attractive because it avoids some of the issues associated
with using membrane structures. The natural configuration
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of a vertical diode with its ‘back contact’ on the lower side
of the substrate on which the heterostructure has been grown
can be exploited. The issue of nonradiative recombination
of hole—electron pairs with an active region embedded in
the PhC structure (as in a DFB laser) is largely avoided — by
keeping the gain section separate from the PhC structure,
which becomes one or more regions of strong and compact
DBR mirror.

But an important point for possible photonic integration
is that light sources are desirable in which both the contacts
of the injection electroluminescent diode are on the top
surface. For example, a mesa device geometry or lateral
junction diode configuration may be used.

Using the so-called membrane approach brings several
key advantages when compared with deep etching of thick
laser heterostructures. These advantages include the high
spatial confinement of light in very limited volumes, which
leads to the possibility of exploiting single-mode planar
waveguides, but also of locating accurately the electromag-
netic field on a node or an antinode of a layer stack. This
configuration makes it possible to significantly enhance or
inhibit light emission. These specific properties explain the
success of this approach in building high spontaneous emis-
sion factor structures and, for example, low threshold micro-
lasers.

The seminal papers on PhC microlasers appeared in the
late 1990s and early 2000s. Painter and coworkers [134]
demonstrated the first PhC optically pumped microlaser,
based on a local defect in a triangular symmetry PhC struc-
ture with holes drilled in an InP-based membrane (see
Fig.22). Figure 22 shows both a schematic diagram and
a plan-view micrograph of a wafer-bonded heteroepitaxial
membrane PhC microcavity-based laser, driven by optical
pumping with another (more powerful) laser. The data points
show the output light versus pump light (L-L) characteris-
tics, with good evidence of a distinct threshold pump level.
Since then, various proposals have been made in order to
increase the efficiency, to decrease the laser threshold and to
increase the operating temperature of these attractive com-
ponents.

An important upgrade of the characteristics of these
structures was achieved by selecting a configuration more
appropriate to mechanical stability and heat sinking than a
suspended membrane [135]. Combining epitaxial growth of
InP-based semiconductors and molecular bonding on a SiO;-
on-silicon wafer made it possible to reach this goal, thereby

opening the way to the integration of III-V-based nanopho-
tonic devices with silicon waveguides, and ultimately with
CMOS devices. Such bonded membranes can be considered
as generic templates to realize active ultracompact devices
such as low-threshold microlasers, integrated on silicon.
More recently, alternative approaches based on BCB bond-
ing have been demonstrated [136]. There are now various
processes that can be exploited to avoid the inconveniences
related to suspended membranes, while keeping the advan-
tages of high vertical confinement and shallow structuring.

As in the case of nonlinear devices, the control of the
Q-factor is a second important issue that was extensively
considered for the optimization of the properties of a micro-
laser. The important results, which were obtained in Japan,
by the groups of S. Noda and M. Notomi, on the possi-
bility of achieving very low modal volume, together with
high Q-factor resonators, on membranes have already been
discussed in this review [96-109].

Other designs based on 2D PhC membranes have been
proposed, including ultrasmall lasers, resulting from shifting
two holes, as proposed by Nozaki et al. [137] in a so-called
point-shift cavity design. Using such resonators, and in par-
ticular photonic heterostructures, made it possible to achieve
not only very low threshold lasers, but also high Q/V ratio
PhC resonators for cavity quantum electrodynamics, includ-
ing single-photon sources or microlasers based on a limited
number of quantum dot emitters. Such structures are consid-
ered as basic building blocks for future integrated quantum
optical networks (see e. g. [138]).

At this stage, and coming back to the PhC laser vs.
microlaser distinction, the approaches based on slow-light
modes to reach laser emission should be mentioned. Imada
et al. [139] have proposed to combine a gain material with
a shallow etched PhC structure, in order to realize second-
order DFB-like lasers. This important result demonstrated
the possibility of obtaining surface-emitting lasers using
stacks that are much simpler than in the case of VCSELSs.
As later demonstrated by Monat et al. [140], the gain mate-
rial may be included in a fully corrugated PhC membrane
bonded onto a low refractive index layer. In this paper, the
authors demonstrated first-order DFB-like lasing, with in-
plane light emission, potentially coupled to a planar wave-
guide. Another important result is that the mode localization
may be very much increased in the case of such active mem-
branes. This spatial localization is indeed proportional to
the curvature of the dispersion characteristics of the Bloch
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Figure 22 (online color at: www.lpr-journal.org) Hexagonal 2DPhC cavity based on an InP/SiO,/Silicon wafer bonded heterostructure:
schematic view, L-L plot and SEM view — reprinted with permission from [135].
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mode, which is particularly low in the case of such struc-
tures [141]. As far as localization and optical loss control are
concerned, it should be noted that laterally confining such a
band-edge Bloch mode using a second PhC that exhibits a
bandgap is an alternative way to build a photonic heterostruc-
ture (see Fig. 23). Such complex heterostructures were pro-
posed — and then implemented — by Bordas et al. [142, 143],
with the possibility of achieving room-temperature quantum-
dot photonic crystal lasers operating at around 1.5 pm.

A key property of the PhC structure is the possibility
of selecting appropriate resonant band-edge Bloch modes
in such a way as to build either an inplane or a surface-
emitting laser. Using well-suited lattice parameters, Raineri
et al. [144], proposed a honeycomb PhC structure that ex-
hibits laser emission in the vertical direction, with a low
threshold. The possibility of stacking such PhC membranes
with reflectors — in order to control both the laser thresh-
old and the radiation pattern — can be achieved, once again
thanks to the combination of technological processes like
deposition or epitaxial growth of semiconductor stacks, and
molecular wafer bonding. This combined vertical and lateral
control of the electromagnetic field using a 2D PC combined
with layer stacks will be referred to as the 2.5D approach.
A whole set of active structures using this concept was in-
vestigated, and yielded important results including lasing,
but also all-optical control of the Bloch resonances. These
regimes were analyzed in detail in [145, 146] — for the case
of a honeycomb PhC of air holes — but also, more recently,
for the case of InP posts on Si/SiO, Bragg reflectors [147].
At this point, it should be mentioned that such quasi-3D
light-control strategies enable the increase of the Q-factor
of the resonator, but also the inhibition of the spontaneous
emission into the radiative mode continuum. As stated in
early papers on PhCs, this inhibition indeed leads to a strong
decrease of the lasing threshold.

While the 2.5D approach may lead to light localization
within the PhC layer, it is also possible to use a PhC mem-
brane as a reflector, in a more compact and versatile way
than the usual vertical Bragg reflectors. Indeed, the selection
of the structure topography makes it possible to control the
coupling efficiency between the free space and the selected

guided mode resonances, and therefore the photon lifetime;
the light being then reflected back into free space. Finally,
light can be localized between two superimposed PhC mir-
rors, which may, at the same time, act as grating couplers
to inject the emitted light into integrated waveguides. This
illustrated the point that PhC structures, and more specifi-
cally the 2.5D approach, constitute a unique way to build
bridges between free space and integrated optics.

One of the advantages of the use of PhC structures as
reflectors is that the gain layer does not need to be patterned,
which subsequently simplifies the optoelectronic device
technology, while enabling a high kinetic lateral confine-
ment based on slow-light processes. It remains the case that
developing electrically driven PhCs to realize ultracompact
laser diodes is still a challenge. The first important result was
published by Park et al. [148], using a suspended membrane
including support by — and current supply through — a cen-
tral post, while the resonant mode was carefully selected. In
arecent publication, Ellis et al. [149] successfully developed
an alternative approach, forming a lateral p—i—n junction by
ion implantation and thereby making it possible to elec-
trically inject current into a quantum-dot photonic-crystal
nanocavity laser in gallium arsenide (Fig. 24). Continuous-
wave lasing was observed at temperatures up to 150 K, with
thresholds down to 181 nA.

It is now clear that compact, electric injection-current-
driven, semiconductor lasers with very low threshold current
values can be realized. But alternative approaches based on
plasmonic confinement [150] have the potential to compete
with lasers based on photonic crystal principles — provided
that the technology for electrical injection has been mas-
tered.

11. Conclusions

This review article has been concerned with photonic crystal
(PhC) devices. As has been partially demonstrated, there
is by now an extensive research literature on this topic —
and this review has not attempted to provide comprehensive
coverage of the entire field. There is also a large area of
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p-contact

Figure 24 (online color at: www.Ipr-journal.org) Design of the
electrically pumped photonic-crystal laser — reprinted with permis-
sion from [149]. Copyright 2011, Nature Photonics. (a) Schematic
of the electrically pumped photonic-crystal laser. The p-type dop-
ing region is indicated in red, and the n-type region in blue. The
width of the intrinsic region is narrow in the cavity region to direct
current flow to the active region of the laser. A trench is added
to the sides of the cavity to reduce leakage current. (b) Mod-
ified three-hole defect photonic-crystal cavity design (top) and
an FDTD simulation of the E-field of the cavity mode in such a
structure (bottom).

photonic crystal research, such as fully three-dimensionally
periodic (‘3D’) photonic crystals, upon which we have not
even touched. Instead, attention has been focused on a lim-
ited number of topics, i.e. PhC beamsplitters, slow-light
structures, micro-/nanoresonators, coupled-resonator opti-
cal waveguides (CROWs) and PhC-based semiconductor
lasers — with a brief mention of the possible applications
area of biosensing. An initial review, with a significantly his-
torical aspect, has considered basic principles for photonic
crystals — and we hope that it will help the reader to develop
a critical appreciation of the literature — and ultimately to
draw their own conclusions and act upon those conclusions.

An informed appreciation of both conceptual and prac-
tical matters will, we believe, equip the next generation of
researchers in this field for the task of designing and re-
alizing devices that exploit photonic crystal principles. It
is certainly credible that this future research will operate
within a scenario where devices based on photonic crystal
principles — and fabricated using planar technology — will be
widely used commercially, in some form of integrated pho-
tonics.
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