
Introduction
The drive toward miniature photonic

devices has been hindered by our inability
to tightly control and manipulate light.
Moreover, photonics technologies are typi-
cally not based on silicon and, until re-
cently, only indirectly benefited from the
rapid advances being made in silicon
processing technology. In the first part of
this article, the successful fabrication of
three-dimensional (3D) photonic crystals
using silicon processing will be discussed.
This advance has been made possible
through the use of integrated-circuit (IC)
fabrication technologies (e.g., very large-
scale integration, VLSI) and may enable
the penetration of Si processing into pho-
tonics. In the second part, we describe
the creation of 2D photonic-crystal slabs
operating at the � � 1.55 �m communica-
tions wavelength. This class of 2D pho-
tonic crystals is particularly promising for
planar on-chip guiding, trapping, and
switching of light.

Design of 3D Photonic Crystals
Yablonovitch1 and John2 first proposed

the modern photonic lattice concept in
1987. In general, the idea was to modulate
photons in a manner similar to the way
electrons are modulated in a semiconduc-
tor. This is achieved through a periodic
variation in the refractive index. A pseudo-
gap was first demonstrated theoretically
in a macroscopic fcc structure with spheri-
cal airholes.3 A design with a full bandgap
based on diamond symmetry was pro-
posed by Ho et al. of Iowa State Univer-
sity.4,5 This design will be considered in
the most detail here since it lends itself
to microfabrication.6,7 In the inset of Fig-
ure 1a, a scanning electron microscopy
(SEM) image of such a 3D photonic crys-

tal, built up of stacked arrays of silicon
bars, is shown. The corresponding dia-
mond lattice structure and a calculated
photonic density-of-states (DOS) spectrum
are shown in Figures 1a and 1b, respec-
tively. In short, the 1D rods each represent
the shortest �110� chain of atoms in a dia-
mond lattice and are stacked like a wood-
pile. The stacking sequence is such that
every four layers constitute a unit cell. For
this structure, there is a frequency (f) range
in which the photonic DOS vanishes (a
photonic bandgap), centered at f � 0.5 c0/a
(see Figure 1b), where c0 and a are the free-
space speed of light and the lattice spac-
ing, respectively.

Similar structures consisting of stacked
rods have been generically described as
“woodpile” structures.8 A different design,
which uses alternating rectangular rods
and more closely mimics the arrangement
of atoms in the diamond structure but
which is more difficult to fabricate, has
also been proposed.9 Another structure
with a full bandgap has been proposed
by workers at the Massachusetts Institute
of Technology (MIT).10 The simple cubic
structure is also predicted to have a full
gap.11,12 An interesting “triple-hole” struc-
ture has also been demonstrated.13 We at
Sandia National Laboratories have also
proposed several structures, such as an
inverse (reversed index contrast) “stick-
figure” fcc structure,14 as well as inverse
“stick-figure” hcp and other high-
symmetry structures.

During the evolution of these structures,
a number of rules of thumb have been de-
veloped. Successful lattice designs often
have a large contrast in refractive index, a
high degree of symmetry, a spherical-like
Brillouin zone, and interconnected regions
of high-index material.

Fabrication of 3D Photonic
Crystals

Over the past decade, several of the
designs proposed here have been fabri-
cated. Since the dimensions of the lattice
scale with the wavelength of light, it is
a challenging task to fabricate infrared
3D photonic crystals (� � 1–10 �m) as
the minimum feature size approaches mi-
crometer and submicrometer length scales.

The approach we have taken in our
work6,7 has been to employ the woodpile
structure initially proposed by a group
at Iowa State University5 and fabricate it
using modified silicon IC fabrication proc-
esses. Two different processes were devel-
oped in the course of this work. The first
process combined a series of mold defini-
tion, mold filling, and chemical–mechanical
polishing (CMP) steps to create parts with
a minimum feature size of 1.2 �m.6 The
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Figure 1. (a) A diamond lattice structure.
The four layers of the unit cell are
numbered.The inset shows a scanning
electron microscopy (SEM) image of a
three-dimensional (3D) silicon photonic
crystal based on the layer-by-layer
(“woodpile”) structure. (b) A photonic
density-of-states (DOS) spectrum
calculated for the 3D crystal shown in
the inset.The photonic DOS vanishes
completely at � � 0.45–0.56, yielding a
large photonic bandgap.The refractive
index (n) is 3.60; the material filling
fraction is 0.28; co and a are the
free-space speed of light and the
lattice spacing, respectively.
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second process allowed us to fabricate parts
with minimum feature sizes of 0.18 �m.7
In “fillet” processing, the minimum fea-
ture size is determined by sidewall cover-
age of a deposited thin film. In all of the
processes investigated, the use of CMP to
maintain planarity is critical. CMP ensures
that topography introduced in one layer
does not propagate into subsequent levels.
In this manner, the number of levels is lim-
ited only by the generation of stress on the
wafer. At the end of the process, the silicon
dioxide can be selectively removed using
a hydrofluoric acid solution. The index
contrast in our case is between polysilicon
and the surrounding air and is therefore
�3.6�1. The filling fraction of the high-
dielectric material is about 28%.

As examples of the flexibility of this ap-
proach, we have used it to fabricate not
just the Iowa State4,5 structure, but also the
MIT structure10 (Figure 2a), a 90� Iowa State
(Ames) structure (Figure 2b), the simple
cubic (SC) structure12 (Figure 2c), an in-
verse fcc structure14,15 (Figure 2d), an inverse

hcp structure, and the wurtzite structure.
By fabricating the Iowa State structure at
90�, experimental determination of the
gap at 90� becomes relatively easy. This
particular structure is of sufficient com-
plexity that it would be difficult to fabri-
cate and test on a macroscopic scale. The
A-B-C stacking sequence of an fcc struc-
ture is also indicated by circles in Figure 2d.

Experimental Demonstration
of a 3D Photonic Bandgap

As our approach is based on silicon IC
processing, single-domain 3D photonic
crystals can be fabricated on wafers as
large as 6–12 in., with excellent uniform-
ity. An SEM image of a large 3D silicon
photonic crystal is shown in Figure 3a. In
Figure 3b, the transmission spectrum
through a three- and four-layer 3D crystal
with a minimum feature size of 0.18 �m is
shown. In the allowed band (� � 2.4 �m),
a 100% transmittance was observed for
both samples, indicating that our struc-
ture has little, if any, absorption and scat-

tering loss. In the bandgap region of
� � 1.5 �m, a strong transmittance dip is
observed. The manner in which the pho-
tonic bandgap develops with the addition
of layers is also clearly seen. The size of the
gap is large, �� � 400 nm, and its attenua-
tion strength is strong, �2.5 dB/layer. This
structure has also been shown to have a
3D bandgap in all directions and for both
polarizations, that is, a complete bandgap.16

To date, we have found the performance
of these devices to be relatively insensitive
to most processing parameters. Level-to-
level alignment can deviate by as much as
10%, as can layer width and height, with-
out seriously compromising performance.
However, care must be taken to ensure
that neighboring levels make physical
contact if the silicon dioxide is to be re-
moved at the end of the process.

3D Photonic-Crystal Waveguides,
Bends, and Microcavities

To create optical functionality, defects
must be introduced to disturb the periodic
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Figure 2. SEM images of a variety of 3D silicon photonic crystals, all fabricated using the
same silicon integrated-circuit (IC) process technology. Structures with diamond symmetry,
proposed by (a) MIT and (b) Iowa State University (Ames) are shown, as well as (c) simple
cubic and (d) inverse fcc structures.The A-B-C stacking sequence of the fcc crystal
symmetry is indicated by circles.

Figure 3. (a) SEM image of a large-
area layer-by-layer 3D silicon photonic
crystal. Its minimum feature size is
0.18 �m, and the photonic bandgap
occurs at � � 1.5 �m.The photonic-
crystal structure is uniform to better
than 5% and is structurally coherent
over the entire 6-in. wafer. (b) Transmis-
sion spectra of a 3D photonic crystal for
three- and four-layer thicknesses (n is
the refractive index).



dielectric structure. A linear waveguide
is created by removing a single rod, thus
forming a 1D optical channel. A wave-
guide bend can also be created by joining
two linear waveguides at an intersec-
tion.17–19 In this device, light propagates in
air (the lower-index region), guided by the
surrounding bandgap material. An SEM
image of a linear waveguide fabricated in
a 3D photonic crystal with a minimum
feature size of 0.8 �m is shown in Fig-
ure 4a. A simulation made using the finite-
difference time-domain (FDTD) technique
(see Figure 4b) shows that light can be
steered around such a 3D waveguide bend
without significant radiation loss.18

It is also possible to fabricate a
photonic-crystal microcavity using our
approach.20 These cavities are the result of
intentional structural point defects intro-
duced into the lattice. The defects can either
be additive (the addition of a line seg-
ment) or subtractive (the removal of a line
segment). Figure 5 shows a transmittance
spectrum taken from an additive-type
cavity. The single peak at � � 6.5 �m indi-
cates the existence of a single-mode micro-
cavity; the cavity quality factor (Q) is �300.
The cavity modal volume is less than one
cubic wavelength. This combination of a
high-Q and a small mode volume makes
this microcavity very attractive for modi-
fying spontaneous emission rate. This has
potentially important implications for re-
alizing single-mode light-emitting diodes
and lasers.21,22

Design of a 2D Waveguide-
Coupled Photonic-Crystal Slab

A 2D photonic crystal is an attractive
alternative and complement to its 3D
counterpart, due to the simplicity of its
fabrication. A 2D crystal confines light
only in the 2D plane, however, and not in
the third direction, the z direction. Earlier
experiments showed that an ideal 2D sys-
tem can exist.23–29 Nonetheless, the useful-
ness of such 2D crystals is limited because
they are less capable of guiding and con-
trolling light in the z direction, which leads
to diffraction loss. Here, we describe the
successful nanofabrication of a waveguide-
coupled 2D photonic-crystal slab.30,31 The
crystal slab has a strong 2D photonic
bandgap at � � 1.55 �m. More important,
the crystal slab is capable of controlling
light fully in all three dimensions, a pre-
requisite for realizing novel photonic-
crystal devices such as thresholdless
lasers.21,30,32

In the 2D plane, the basic crystal-slab
structure consists of a simple 2D periodic
dielectric array (see Figure 6a). In the z di-
rection, it has a layered design with two
important features. One is that the index

contrast �n between the waveguiding
layer (GaAs, n � 3.5) and the cladding
layer (AlxOy, n � 1.5) is large (�n � 2.0).33,34

Second, the high-index slab is thin, with a
thickness t about half of the nearest hole-
to-hole spacing a0. Conventional wave-
guides, connected to a 2D hole array, are
used for input and output coupling. The
use of the underlying oxide has the added
benefit of keeping the structure vertically
attached, as opposed to a membrane
structure, which is suspended in air.

The sample was grown by molecular-
beam epitaxy on a GaAs substrate. Nano-
fabrication was accomplished using a
combination of electron-beam lithography
and reactive ion-beam etching (RIBE).
After RIBE, the sample is placed in a hot

oven (420�C) for 20–30 min. This process
converts the Al0.9Ga0.1As layer into an
AlxOy layer, which acts as a cladding layer.
An SEM cross-sectional image of the fabri-
cated sample is shown in Figure 6b. For
this particular sample, the GaAs thickness
t � 200 nm, the lattice constant a0 � 400 nm,
and the hole diameter d � 240 nm. The
fabrication is nearly perfect, having a peri-
odic 2D triangular array and straight
etched holes.
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Figure 4. (a) SEM image of a 3D photonic-crystal waveguide based on the layer-by-layer
structure in silicon; (b) a finite-difference time-domain (FDTD) simulation, showing the
intensity profile of light (green color) propagating around a photonic-crystal waveguide
bend with little bending loss.

Figure 5. Measured transmission
spectrum of a 3D photonic-crystal
microcavity.The single peak at
� � 6.5 �m (shown by arrow) indicates
the existence of a single-mode
microcavity with a cavity quality factor
Q of �300.The inset graph shows
the region around the 6.5-�m peak
in more detail.

Figure 6. (a) Schematic drawing of a 2D
photonic-crystal-slab design.There is a
large index contrast, �n � 2.0, between
the guiding layer (n � 3.5) and the oxide
cladding layer (n � 1.5).The thickness
of the GaAs layer, t, is 200 nm. (b) SEM
cross-sectional image of a fabricated
2D photonic-crystal slab. Conventional
ridge waveguides, connected to a
2D hole array, are used for input
and output coupling.



Demonstration of 2D Guided
Modes and 2D Bandgaps

To find the absolute intrinsic transmit-
tance of a 2D crystal, a reference transmis-
sion spectrum is taken from an identical
waveguide with no 2D hole array built in
the middle section. By rationing transmis-
sion signals, taken with and without a
2D crystal, intrinsic transmittance is ob-
tained. This procedure eliminates external
uncertainties associated with reflection
at both the waveguide–crystal and the
waveguide–air interfaces. Consequently,
the normalization procedure allows for a
better determination of intrinsic transmit-
tance of a 2D crystal slab.

In Figure 7a, the measured and calcu-
lated TE (transverse electric) transmission
spectra are plotted as black dots and a
solid line, respectively. The frequency is
expressed in a reduced unit � (a0/�) and is
controlled by varying � and a0 independ-
ently. Here, a0 � 400 nm, 430 nm, and
460 nm, and � is tuned to 1320–1380 nm,
1520–1580 nm, and 1620–1685 nm, respec-
tively. In the allowed band, � � 0.245,
light is guided and propagates freely in
the 2D plane. In the bandgap, � � 0.27,
transmittance as low as � 2 	 10
4 is ob-
served. This is the condition at which light
is guided vertically by strong index guid-
ing and controlled horizontally by the 2D
bandgap. It is in this sense that light can be
controlled in all three dimensions using
a 2D photonic-crystal-slab structure. The
upper and lower TE band edges occur
at �1 � 0.34 and �2 � 0.25, respectively,
yielding a large gap-to-midgap frequency
ratio of 30%.30

2D Photonic-Crystal Waveguides
and Waveguide Bends

A photonic-crystal waveguide can be
created by introducing a triple line defect
into a periodic 2D hole array (Figure 7b).
The linear defect acts as a highly efficient
1D optical channel for light-guiding in the
GaAs high-index layer. The defect hole di-
ameter (d � 0.8a, where a is the lattice pa-
rameter) is slightly bigger than that of the
regular holes (d � 0.6a). It is noted that a
single line defect also supports a guiding
mode, but its center frequency is too close
to the lower photonic-band edge. On the
other hand, a triple line defect structure
has an effective index lower than that of a
single line defect, thus pushing the guided-
mode frequency away from the lower
band edge and more into the bandgap.31

In Figure 7a, the measured and calcu-
lated guiding efficiencies are shown as
red triangles and a red line, respectively.
An efficient guiding of light is observed
at � � 0.26–0.29, consistent with the
theoretical prediction. Moreover, while

photonic-bandgap attenuation is strong
(T � 4 	 10
4) at � � 0.265, a near-perfect
guiding efficiency of �100% is observed.
This correlation confirms that guiding of
light in this device is caused by the forma-
tion of a triple line defect and by the exis-
tence of a photonic bandgap.

The ability to bend light sharply and
effectively is important for optical signal
routing at 1.55 �m. Based on the same slab
structure, a 60� photonic-crystal bend can
be successfully fabricated35 (see Figure 7c).
The bend has a compact bending radius of
�1 �m and is useful for connecting differ-
ent optical components in a compact way.
Two 60� bends are used to form a double-
bend device so that the input and output
light are parallel to each other. The ridge
input and output waveguides are designed
to have a lateral width of 31/2a to better
match the modal extent of the photonic-
crystal waveguide. The measured bend-
ing efficiency shows a clear maximum value
of �100% at �max � 0.272, but with a nar-
row bandwidth, �� � 30 nm. Future ef-
forts must be concentrated on improving
the bending bandwidth to �� � 100 nm.
The coupling efficiency between the ridge
waveguide and the photonic-crystal wave-
guide must also be improved for practical
applications.

Summary
Basic 2D and 3D photonic-crystal struc-

tures operating at optical wavelengths
have been experimentally realized in Si
and GaAs. The next challenge in photonic-
crystal research is to integrate superior
photonic-crystal devices on-chip, com-
pactly and effectively. The resulting opti-
cal subsystems will have an enhanced
optical functionality to meet, for example,
the needs for high-bandwidth communi-
cations networks. Another equally impor-
tant challenge is in the integration of
optically functional materials with a pho-
tonic crystal to achieve active photonic-
crystal devices. Two distinct examples are
the introduction of nonlinear materials for
high-speed optical switching and the in-
filtration of a gain medium for highly
efficient light-emitting applications.
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