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n 1987, researchers Eli Yablonovitch and Sajeev John 
each produced a single short scientifi c paper that led to a 
revolution in photonics. Th e papers, which were written 

independently of one another, presented the concept that it 
may be possible to create a situation in which light propagation 
is forbidden, over a range of frequencies, for any possible direc-
tion and regardless of polarization state. 

Th e articles were published within a few weeks of one an-
other in the same scientifi c journal—Physical Review Letters—
but the motivations of the two authors were by no means the 
same. Yablonovitch was looking to meet the device engineering 
objective of increasing the refl ective feedback level into a light-
emitting medium to the point where it would be theoretically 
possible to produce a threshold-less laser. 

By contrast, John was trying to answer the fundamental 
question of whether physical structures that have a periodically 
varying refractive index could, with small additional changes, 
localize light—in other words, trap it in particular locations in 
that structure. 

In his paper, John was already mentioning the possibility 
that such structures could slow down the propagation of pulses 

of light and suggesting that localization in periodic structures 
would be interesting for nonlinear device behavior. 

When John’s paper was published, he was clearly aware of 
Yablonovitch’s slightly earlier paper. Soon the two scientists 
came together for a historic meeting at John’s institution at the 
time—Princeton University, which was a short car ride away 
from Yablonovitch’s home base at Bellcore Laboratories in 
Red Bank, N.J. 

John and Yablonovitch jointly decided to name the key prop-
erty of their identical conceptual structures a photonic bandgap 
(PBG), and the structures themselves photonic crystals. Th e 
concept of an electronic bandgap was already well understood 
from scientists’ experiences with semiconductors such as silicon 
or indium phosphide. Th e electronic bandgap in semiconduc-
tors arises from the wave-like quantum mechanical properties 
of electrons in the periodic potential of an atomic crystal. 

Of course, it is a big jump to go from probability waves for 
electrons to the polarized electromagnetic waves of light that 
correspond to photons. Detailed solutions of the Schrödinger 
equation for electrons are not identical to solutions of the 
Maxwell equations for electromagnetic waves, even if similar 
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                  Over the past two decades, 

researchers have worked to understand 

how to fabricate and use photonic crystal 

components, structures that can “trap” 

light. Once scientists can address the 

remaining challenges—of achieving 

high fabrication quality and precision 

and minimizing losses—photonic 

crystals will be ready to provide the 

photonic integration technology 

needed for the next generation 

in optical telecommunications.
Photo courtesy of Peter McKenna
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phenomena are predicted and observed. A full PBG is an omni-
directional stop-band filter.

At the end of the Yablonovitch-John meeting, the two men 
still did not know for sure which combination of properties, if 
any, would produce full PBG behavior in a photonic crystal. 
They recognized that a large refractive index contrast was an 
essential ingredient in obtaining a full PBG, but a substantial 
amount of numerical modeling was required, on a range of 
possible three-dimensionally periodic arrangements (i.e., crystal 
symmetries and local shaping in each repeating cell of the crys-
tal), in order to verify that a full PBG was possible. 

They also affirmed this experimentally, both in a re-scaled 
microwave frequency structure and, somewhat later, in an opti-
cal frequency structure. 

     It is reasonable to predict that active photonic crystal components will 
become routinely available in a few years, provided that there is a strong enough 
demand for very compact devices with performance close to that available from 
conventional components.
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Normalized graph of frequency  
versus propagation constant

The graph is multi-valued, but only the first Brillouin zone is 
shown. Near the Brillouin zone edges, the magnitude of the 
slope decreases, indicating a reduction in group velocity. The 
zero-slope situation at the zone boundary implies zero group 
velocity and no net energy transport, because of the purely 
standing wave situation.

Electron micrograph of part of 
a photonic crystal coupler de-
vice using channels in a regular 
2D photonic crystal lattice 
of holes, with hole-diameter 
tapering in transition regions.

[                               ]

From E.A. Camargo and H.M.H. Chong.

 From J.D. Joannopoulos et al.

Photonic crystal channel waveguides
The basic principles for creating waveguiding channels through 
two-dimensional periodic photonic crystals are set out in the 
book by Joannopoulos and co-workers. The removal of a single 
row of elements is possibly the most natural way to go about 
creating a channel guide—a configuration that is now routinely 
called a W1 channel. 

Deciding on the best choice of channel guide geometry is, 
however, a more complicated question than simply removing a 
single row of air holes in a high-refractive-index medium. But 
if the 2D photonic crystal has PBG behavior at the frequency 
chosen for operation, light cannot escape from the waveguid-
ing channel except at its input and output. The light is strongly 
confined, typically with most of its energy straightjacketed into 
a gap that is only about one half of a wavelength across.

From the point of view of a band-structure, the presence of 
a wave-guiding channel in a 2D photonic crystal means that 
there is a defect in the crystal. If the crystal has a photonic 
bandgap for any propagation direction, the result of creating 
the channel is to produce defect states in the bandgap. Careful 
electromagnetic computation can then reveal exactly how the 
modes of the channel evolve as the frequency or propagation 
constant is changed. Under some circumstances, the waveguide 
channel may be single mode. 

The exact shape of the dispersion curve for the channel 
waveguide mode depends on the details of its construction—
and the phase and group velocities may both vary significantly 
as a function of frequency, with the group velocity possibly go-
ing to zero at certain frequency/wave-vector combinations. 

The channel guide mode may undergo cut-off, which is 
accompanied by a drastic drop in transmission and, on the way 
to cut-off, a progressively larger reduction in the group veloc-
ity—an example of “slow-light” behavior. (For a review of the 
topic of slow light, see the recent article by Robert Boyd and 
colleagues in the April 2006 OPN, pp. 19-23.)

Total confinement operates even where the channel guide 
changes direction and forms a bend or splits at a junction, 
providing that no elements of the surrounding photonic crystal 
are displaced. If the correct optical wavelength (frequency) is 
chosen, the transmission between input and output can be high 
(more than 90 percent), but a small change in that frequency 
can lead to a large fraction of the light being reflected. 

So modern designs typically involve a number of modifica-
tions to the pattern of the photonic crystal in the neighborhood 
of the bend or junction, giving high transmission over band-
widths of tens of percent.
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Photonic crystal fibers (PCFs) are another example of 
the combination of photonic crystal principles with optical 
waveguiding. Making an optical fiber with a cross-sectional 
geometry that can be considered as a form of microcavity—i.e., 
a defect region (the core) surrounded by the photonic crys-
tal (cladding)—has turned out to add greatly to the range of 
interesting physical properties that can be exploited. Fairly short 
lengths of PCFs are becoming a routine sight in photonics re-
search laboratories, and some are available commercially as well.

The thermo-optic photonic crystal modulator:  
A case study
The planar waveguide Mach-Zehnder interferometer is often 
used in commercial electro-optic modulators for fiber-optic sys-
tems. The idea is to split light between two channels and then 
recombine it, after producing a relative phase shift between the 
light in the two arms using the linear (Pockels) electro-optic 
effect. The amplitude of the light output depends on the optical 
path length difference—and goes to zero when the difference is 
p radians. 

Our group in Glasgow decided to look at the possibility of 
making Mach-Zehnder devices based on W1 channel wave-
guides “embedded” in regions of triangular lattice 2D photonic 
crystals. We had already worked on the basic elements—sharp 
60-degree bends and 120-degree Y-junctions, from which a 
Mach-Zehnder structure could be assembled; this led to a natu-
ral fit to the crystal because of the six-fold rotational symmetry 
of the triangular lattice. 

Initially, our devices were made by etching deep holes into 
weak vertical confinement hetero-epitaxial planar waveguides 
made of single-crystal aluminium-gallium-arsenide. Later 
devices used strongly confining silicon-on-insulator (SOI) 
waveguides. We obtained similar performance with them.

Although III-V semiconductors have a useful Pockels (lin-
ear) electro-optic effect, we chose to exploit the thermo-optic 
effect—in other words, to change the refractive index locally 
by heating the waveguide channel. There are large positive 
thermo-optic coefficients for both silicon (which does not 
have a Pockels effect) and the III-V semiconductors, so their 
refractive index increases with increasing temperature. With 
a temperature coefficient of about 2 3 10-4 K-1, the refractive 
index can be changed by as much as 0.05 using a temperature 
rise of 250ºC.

The objective of the variation is to produce a situation in 
which the light is not reflected back toward the input guide on 
the left side. Small additional holes in the Y-junctions increase 
the product of the transmission coefficient and the transmission 
bandwidth. The color of the two pairs of holes at or near the 
junctions indicates that one arm is, in total, two periods longer 
than the other.

We have investigated symmetric and asymmetric Mach-
Zehnder structures as thermo-optic modulators by adding 
heater electrodes on top of the two branches. Thin silica layers 

are used to give optical and electrical isolation. Several tens 
of milliwatts are required to produce the additional p phase 
change to switch between the “on” and “off” states. 

While the efficiency of our approach is limited by the 
poor heat conductivity of the silica layer, we have identified 
several alternative methods, including direct ohmic heating of 
the silicon channel guide core, applying the heater electrodes 
directly to the silicon outside the core, and applying an 
electrically conducting, but transparent, layer of a material such 
as indium tin oxide directly on top of the channel. 

Heating a material is a slow way to change its refractive 
index, but it is an approach that is routinely used for integrated 
optical circuits based on silica waveguides. In our case, the small 
volume of the silicon material that needs to be heated indicates 
the possibility of developing devices that can be switched (once) 
on a nanosecond timescale at switching power levels on the 
order of a milliwatt.

Intrinsically passive photonic crystal structures can be 
converted into active functional devices by a variety of electri-
cally initiated mechanisms, such as the Pockels effect, carrier 
injection in semiconductors, depletion-width modulation in 
diode junctions, liquid-crystal polarization changes, and so 
on. Scientists in Japan have already demonstrated high-speed 
all-optical functionality in photonic crystal Mach-Zehnder 
interferometers. 

It is reasonable to predict that active photonic crystal com-
ponents will become routinely available in a few years, provided 
that there is a strong enough demand for very compact devices 
with performance close to that available from conventional 
components.

The propagating guided modes correspond to states in the 
forbidden gap of a perfect crystal. The red curve has zero slope 
at a finite energy and zero propagation constant, implying 
that the group velocity is zero, while the phase velocity—the 
slope of the line joining the origin to a point on the dispersion 
curve—goes to infinity. 
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From J.D. Joannopoulos et al.
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are used routinely as an ingredient in obtaining near 100 per-
cent internal quantum efficiency—i.e., a situation where nearly 
100 percent of the electrons and holes flowing into the active 
region of an electroluminescent diode structure recombine to 
produce photons. 

In a further refinement of epitaxial growth known as the 
Stranski-Krastanow process, the thin quantum well layers break 
up into small “dots” a few tens of nanometers across, with den-
sity numbers on the order of 1010 dots/cm2 in a single layer. 

Quantum dots appear to be superior to quantum well struc-
tures for reduction in the non-radiative recombination associ-
ated with surfaces that have been exposed to and damaged by 
etching processes. This non-radiative recombination can rather 
easily reduce the quantum efficiency from near-perfection to 
small fractions of a percent.

Nakamura and co-workers have recently described an 
interesting example of an alternative use of quantum dots in 
a III-V semiconductor-based photonic crystal device as an 
enhanced nonlinear medium. Their device used a multiple 
light-beam input version of the channel guide Mach-Zehnder 
geometry, and they were able to obtain very fast (2 ps) 
switching “all optically,” exploiting an enhanced chi-cubed 
(x3) nonlinear effect. Short pulses of light at a wavelength of 
1295 nm were controlled by synchronized pulses at a slightly 
different wavelength (1285 nm). 

The device pattern, which consisted of W1 channel guides 
in a hexagonal (triangular) 2D photonic crystal structure, was 
etched into a thin (250 nm) GaAs “air-bridge” membrane, 
in which the quantum dot layers were embedded. Switching 
energies of only 100 fJ were required due to the combination of 
strong in-plane optical confinement from the surrounding 2D 
photonic crystal and strong vertical confinement provided by 
the membrane waveguide. 

Photonic crystal light sources

Yablonovitch was interested in the PBG concept because he 
wanted to achieve laser action with little or no threshold. The 
concept of a full PBG implies that there will be a range of 
frequencies (or wavelengths) over which a 3D photonic crystal 
is unable to produce light by spontaneous emission—a process 
that is always available from a material that contains a photon 
source. 

Restricting the possibility of spontaneous emission by using 
a strong form of distributed feedback will automatically affect 
how easily laser action can be obtained. This connection arises 
directly from the Einstein “A-B equations,” which imply that 
increasingly strong feedback makes it progressively more likely 

Scanning electron micro-
graph of 2D photonic crystal 
Mach-Zehnder modulator 
fabricated in SOI, show-
ing nichrome film heater 
electrodes. Deep grooves 
around the structure restrict 
lateral heat flow.

The image shown was used in specifying the lithographic pattern 
generation process. With a constant lattice period throughout 
the structure, the different block colors indicate small changes 
in the hole diameter that are designed to reduce back-reflection 
in the waveguide channels. Additional holes in the Y-junctions 
increase the bandwidth-transmission product.

An asymmetric W1 channel-waveguide  
photonic crystal Mach-Zehnder structure

    To achieve full PBG properties and omni-directional feedback, a suitably 
periodic, large refractive-index-contrast structure must be embedded 
completely in the light emitting material.

Light emitting semiconductor-based  
photonic crystal devices
Researchers routinely use III-V semiconductors for the elec-
troluminescent generation of light via carrier injection processes 
in diodes, over a wide range of wavelengths that span from the 
ultraviolet to the infrared. These semiconductors are almost 
invariably used as heterostructures; they consist of a number of 
thin layers of single-crystal material, each of which has a differ-
ent chemical composition from the one below it and is grown 
epitaxially on a single crystal substrate. 

In modern III-V semiconductor-based photonics, quantum 
well structures with typical thicknesses on the order of 10 nm 

[                                              ]

From E. Camargo and H. Chong.



OPN July/August 2006 | 35

[ References and Resources ]

>> S. John. “Strong localisation of photons in certain disordered dielectric super-
lattices,” Phys. Rev. Lett. 58(23), 2486-9 (1987).

>> E. Yablonovitch. “Inhibited spontaneous emission in solid-state physics and 
electronics,” Phys. Rev. Lett. 58(20), 2059-62 (1987).

>> J.D. Joannopoulos, R.D. Milne and J.N. Winn. Photonic Crystals: Molding the 
Flow of Light, Princeton University Press, 1995.

>> A. Blanco et al. “Self-assembly of a silicon photonic bandgap material with a 
complete three-dimensional gap at 1.5 microns,” Nature 405, 437-40 (2000).

>> E. Yablonovitch. “Photonic crystals: Semiconductors of light,” Scientific Ameri-
can, 47-55 (December 2001).

>> E.A. Camargo et al. “2D Photonic crystal thermo-optic switch based on 
AlGaAs/GaAs epitaxial structure,” Opt. Express 12(4), 588-92 (2004).

>> H. Nakamura et al. “Ultra-fast photonic crystal/quantum dot all-optical switch 
for future photonic networks. Opt. Express 12(26), 6606-14 (2004).

>> D.K. Sparacin et al. “Silicon waveguide sidewall smoothing by wet chemical 
oxidation,” IEEE J. Lightwave Technol. 23(8) 2455-61 (2005).

>> J. Topol’ancik et al. “Electrically injected quantum-dot photonic crystal micro-
cavity light sources,” Opt. Lett. 31(2), 232-4 (2006).

>> J-M Lourtioz. Photonic Crystals: Towards Nanoscale Photonic Devices, 
Springer (Berlin, Heidelberg, New York), 2005. 

>> T.F. Krauss, “Photonic Crystals Shine On,” Physics World 19, 2-5 (Feb. 2006).

that an emitted photon with the correct wavelength will stimu-
late the emission of a second, identical photon. 

To achieve full PBG properties and omnidirectional 
feedback, a suitably periodic, large refractive-index-contrast 
structure must be embedded completely in the light emitting 
material. The concept of a PBG is a generalization of an idea 
that has been used already in both distributed feedback and 
distributed Bragg reflector semiconductor lasers—the frequency 
stop-band reflective-mirror property of a periodic structure. 

A photonic crystal light source with full PBG properties is 
“simply” an omni-directional version of a distributed feedback 
laser. However, fabricating such a laser while retaining efficient 
electroluminescence is a serious technological challenge. 

A recent paper by Topol’ancik and co-workers illuminates 
the nature of this challenge. Their device uses an epitaxially 
grown III-V heterostructure in the form of a microcavity LED. 
It has periodic mirror-stack layers above and below an active 
region formed by several layers of Stranski-Krastanow quantum 
dots embedded in the cavity spacer section. The researchers 
patterned a 2D photonic crystal structure into this epitaxial 
structure. A small, carefully crafted region in the center of the 
photonic crystal region had no holes through it, thus also form-
ing a lateral micro-cavity. 

The investigators incorporated two thin layers with high 
aluminum content into the epitaxial structure, above and below 
the active region, so that strong current confinement could be 
produced by converting the layers selectively into an electri-
cally insulating oxide—except for a small aperture of electrically 
conductive material. The aperture is accurately aligned with the 
photonic crystal microcavity and a small top electrode. Such a 
technological approach is widely used in vertical-cavity surface-
emitting lasers (VCSELs).

The researchers’ light emitting device was probably not a 
laser, because the distributed Bragg reflector mirrors above and 
below were quite weak reflectors (two and three periods, respec-
tively, with small index contrast), whereas VCSELs typically 
use very high reflectivity mirrors (e.g., values of 99.99 percent) 
to create a situation where stimulated emission enhancement 
and lasing are the result of light passing backward and forward 
through the very thin gain region many thousands of times. 
The emission linewidth was defined by the passive quality factor 
of the photonic crystal micro-cavity.

Converting the measured results for light output versus in-
put current into an estimate of the external quantum efficiency 
implies that the device of Topol’ancik and co-workers had an 
efficiency of less than 0.1 percent. Several factors probably 
contribute to this disappointing result. Even with the use of 
quantum dots, a substantial level of non-radiative electron-hole 
recombination would likely occur somewhere in the device. 
Likewise, much of the light generated probably escapes from 
the active region into other parts of the device, where it is 
absorbed rather than being emitted. 

Despite the drawbacks in the work so far on electrolumi-
nescent photonic crystal structures, I believe that the potential 

for photonic crystal concepts to deliver compact and efficient 
electroluminescent light emitters, including well sub-mA laser 
threshold currents, is large. Passivation processes that greatly 
reduce the non-radiative recombination of holes and electrons 
at surfaces and interfaces are likely to be essential in order to 
achieve this potential. t

[ Richard De La Rue (r.delarue@elec.glac.ak.uk) is a professor in the 
Optoelectronics Research Group in the department of electron-
ics and electrical engineering, University of Glasgow, U.K. ]Member

Plan view micrograph show-
ing partial ring electrode. 
The electrode is located 
outside the mesa and the 
hexagonally shaped region 
of holes makes up the 2D 
photonic crystal, with a 
“filled-in” hole defining the 
microcavity. (inset)

[ A photonic crystal microcavity light source ]

Scanning electron 
micrograph of a  
cross-section of the 
device structure.
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From Topol’ancik et al.


