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We introduce the concept of a hybrid 2D-3D photonic band gap (PBG) hetero-structure which
enables both complete control of spontaneous emission of light from atoms and planar lightwave
propagation in engineered wavelength-scale micro-circuits. Using three-dimensional(3D) light lo-
calization, this hetero-structure enables flow of light without diffraction through micron-scale air
waveguide networks. Achieved by intercalating two-dimensional(2D) photonic crystal layers con-
taining engineered defects into a 3D PBG material, this provides a general and versatile solution to
the problem of “leaky modes” and diffractive losses in integrated optics.

PACS numbers: 42.70.Qs

Diffraction is a fundamental property of light propa-
gation in confined geometries. While guiding of light can
be achieved through total internal reflection in a high re-
fractive index medium, scattering and diffraction losses
are inevitable whenever the translational symmetry of
the guiding structure is broken. In general, this pre-
cludes the possibility of truly lossless micro-circuits for
light which could perform functions analogous to micro-
electronic circuits. Photonic band gap (PBG) materials
are a special class of periodically modulated dielectrics
which enable the localization or trapping of light[1, 2].
Using carefully engineered modifications of the lattice
translational symmetry, PBG materials enable micro-
scopic molding of the flow of light without recourse to
the refractive index guiding mechanism. While the po-
tential for high quality PBG materials as base media for
integrated all optical micro-circuits has been alluded to
[3–5], neither an explicit demonstration nor a theoreti-
cal blueprint of a 3D optical micro-chip has been pre-
sented up to now. Here, we provide a general and ver-
satile solution to this central problem. Our prescription
involves the stacking of planar integrated micro-circuits
for light through engineered defects in 3D PBG hetero-
structures. These circuits include linear air waveguides,
micron-scale air guide bends, and micro-cavities which,
unlike their counterparts in 2D photonic crystal slabs [6–
10], do not suffer uncontrolled attenuation from “leaky
modes”. In our hetero-structure, diffractive losses are
eliminated by the complete removal of “final states” into
which light could in principle scatter. By stacking planar
micro-chips separated by roughly five unit cells of the 3D
PBG cladding, our architecture enables integration of a
large number of optical devices, each occupying less than
100 unit cells of the plane, operating at a wavelength of
1.5 µm.

In addition to 3D control of diffractive effects, light
localization enables moulding of light flow on a micron
scale through paths comprised of air rather than dielec-
tric material. Air waveguides have advantages over di-

electric waveguides since they can remain single mode
for the entire band gap and exhibit high transmission
through suitably engineered sharp bends[9, 11–14]. Our
architecture for large scale optical micro-circuits is ex-
tremely versatile. The intercalating 2D photonic crys-
tal (PC) micro-chips can consist of a square or trian-
gular lattice containing a wide variety of defects and
circuit elements. Likewise, the host 3D PBG material
can be chosen[15] from many known structures such as
woodpiles[4, 16], square spirals[17–20], or face centered
cubic lattices[21, 22]. The main requirement is simply
that of a lattice match between the 2D PC and the plane
across which this attaches to the surrounding 3D PBG.

For concreteness, we first illustrate a hetero-structure
based on the inverse square spiral 3D PBG structure, re-
cently proposed for large scale micro-fabrication on the
optical wavelength scale[17, 18]. The fabrication process
begins with a silica (SiO2) template (Fig. 1(a)) of the
square spiral structure, created by glancing angle depo-
sition (GLAD)[19, 20] onto a square array of seed posts
of lattice constant a. This glass crystal consists of inter-
leaving, square spiral arms (with transverse arm length
of 1.5 a, vertical period of 1.7 a, and circular cross sec-
tion of 0.33 a) which wind in phase with each other, ar-
rayed on a 2D square lattice. A planar defect layer is
deposited (after an integer number of square spiral unit
cells has been created) by growth of a capping layer (solid
slab)[18]. After the slab is grown to a desired thickness
(in our case 0.5 a), it is patterned (as shown in Fig. 1(a))
in two separate steps (from the top surface). In the first
step, a new 2D array of seed posts (of lattice constant a
is etched on the top surface to enable further growth of
square spirals using GLAD. In the second step, the tem-
plate for 2D micro-circuitry is created by patterning the
spaces between the seed posts with an array of circular
holes (of diameter 0.34 a, in our case) that pass through
the entire slab. Using standard micro-lithography, the
slab can be made into a 2D PC with prescribed defects.
Using an appropriate mask, holes can be absent along
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FIG. 1: (a) Template for the square spiral hetero-structure
consisting of a capping layer grown on top of a square spiral
photonic crystal. The “inverse” structure consisting of air
spirals in a Si background is depicted in part (b). The upper
3D PBG cladding is separated to help visualize the 2D PC
layer. A linear waveguide (missing row of rods) is depicted in
the 2D microchip. (c) The analogous woodpile based hetero-
structure. The 2D PC consists of a square lattice of square
rods. A single mode air waveguide is created by removing one
row of square rods.

FIG. 2: Photonic band structure for the inverted optical
hetero-structure, in the absence of on-chip air waveguides or
point defects. The dark shaded region corresponds to fre-
quency bands of propagating electromagnetic modes while the
frequency range 0.339–0.423 a/λ (shown in white) is the full
PBG for the bulk 3D (silicon based) inverse square spiral PC.
The hatched region (0.339–0.369 a/λ) shows the on-chip 3D
PBG obtained after insertion of the 2D PC layer. In the fre-
quency range 0.369–0.423 a/λ, all propagating modes are con-
fined to the 2D PC layer. The inset shows the band structure
and electromagnetic dispersion relation for an air waveguide
channel within the 2D PC obtained by removing one row of
dielectric rods (see Fig. 1(b)) in the 2D PC layer. The lightly
shaded region indicates the frequencies of propagating modes
in the 2D PC layer.

prescribed channels, leading to air waveguide circuits in
the inverted structure. Also isolated holes, with different
radii than those of the background 2D PC, can be cre-
ated to serve as micro-resonators. The GLAD process is
then repeated on the patterned slab with the new square
spiral posts growing around the same axis of rotation and
in the same sense as the posts below. Self-shadowing ef-
fects ensure that spiral posts grow from the seed posts
without being affected by the preceding patterning of the
2D micro-chip. Finally the entire glass template is infil-
trated with silicon (or some other high refractive index
semiconductor) using chemical vapor deposition and in-
verted [21, 22] leaving behind an inverse square spiral
PBG material sandwiching the planar defect layer with
its optical micro-circuit (see Fig. 1(b)). We note that
the 2D PC layer is inserted at the plane that cuts the
square spiral precisely at the elbow. It has been shown
previously[17] that this inverse square spiral, when made
of silicon with dielectric constant 11.9, has a 3D PBG
of 24%. Preliminary micro-fabrication results have also
been presented elsewhere[18].

The photonic band structure of this heterostructure,
calculated by the plane wave expansion method[23] in
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FIG. 3: An on-chip air waveguide inside the hetero-structure
of Fig. 1(b) allows transmission of electromagnetic signals
around a sharp 90◦ bend. The 3D PBG material on top
and bottom is not shown. The electric field is sampled on
a horizontal plane which bisects the 2D PC layer. The plane
is colour coded according to the electric field intensity, where
dark and bright correspond to low and high intensity, respec-
tively. The arrows indicate the direction of the electric field
vectors along various field lines. The mode exhibits a trans-
verse magnetic (TM) character in regions where the intensity
is highest. The equal intensity contours (white) in the ver-
tical cross-section of the waveguide are also illustrated. The
transmission and reflection properties of the bend, shown in
the inset, reveal nearly perfect transmission over a bandwidth
of more than 130 nm for wavelengths near 1.5 µm.

a supercell, reveals an on-chip, complete PBG over the
frequency range 0.339–0.369 a/λ for the 2D PC layer
thickness of 0.5 a. In Fig. 2 we show only the in-plane
modes created by the planar defect since the PBG ex-
cludes all other modes. These in-plane modes are con-
tained within the 3D PBG of the cladding square spi-
ral photonic crystal, leading to a decrease of the on-chip
PBG of the hetero-structure with increasing slab thick-
ness. The on-chip PBG vanishes when the slab thickness
reaches 0.8 a.

We introduce a linear air waveguide into the hetero-
structure by patterning the (template) slab, to leave out
a row of dielectric rods in the (inverted) 2D PC layer.
The light is localized (in plane) in air by the stop gap of
the 2D PC layer and localized vertically by the 3D PBG
of square spiral cladding layers. Shown in the inset of
Fig. 2 is a band diagram for the waveguide mode when
the thickness of the 2D PC slab is 0.5 a. It is seen that
the air waveguide is single mode and spans the entire por-
tion of the 3D PBG outside of the bands of the 2D PC.
By varying the thickness of the 2D PC slab, we find a
tradeoff between the size of the on-chip PBG and the air

waveguide dispersion. For a very thin slab, the on-chip
PBG is large but the air waveguide mode is flat and spans
only a short range of frequencies. For a very thick slab,
the on-chip PBG is very small. By choosing a slab thick-
ness of 0.5 a, the air waveguide mode precisely spans the
on-chip PBG of 8.5% and exhibits a band centre group
velocity of 0.226 c. We use the 3D finite difference time
domain (FDTD) method[24] (with 10 points per lattice
constant a) to calculate the field patterns of waveguide
modes. Fig. 3 shows the electric field of the wave with
initial wave vector kx = 0.33π/a passing through the
bend. 3D light localization within our PBG, facilitates
the nearly perfect transmission of light around a sharp
90◦ bend in the air waveguide without leakage into the
third dimension. With 4 unit cells of inverse square spi-
ral above and below the micro-chip, the transmission and
reflection spectra, obtained by Fourier transforming the
pulses, reveals that more than 97% of the light is trans-
mitted, less than 3% is reflected, and less than 0.5% re-
mains unaccounted throughout the on-chip PBG, whose
bandwidth (for a band centered at 1.55µm) is 130nm.

3D light localization in our micro-chip enables light
passing through the air waveguide to interact with very
high quality micro-resonators placed in proximity to the
waveguide. For illustration, we consider a small refrac-
tive index defect displaced by 2 a from the air waveguide
as shown in Fig. 4. In addition, the coupling efficiency
between the air waveguide and the micro-resonator is
adjusted by reducing the dielectric constant of the in-
tervening rod. While the quality (Q-factor) of an iso-
lated micro-resonator in a 3D PBG is arbitrarily large, we
choose Q=140 in order to reduce the interaction time be-
tween the waveguide and resonator in our computations.
3D FDTD calculations of the light propagating through
this waveguide reveal that the transmission drops to 0%
and the reflection becomes ≈ 100% at the resonant fre-
quency of 0.352 a/λ. Unlike the corresponding result for
a 2D PC slab, there is no leakage of light into the third
dimension.

As mentioned above, the concept of the hybrid 2D-3D
hetero-structure can also be applied to different types
of PBG structures. Here, we describe results for a
hetero-structure based on a pair of (3D) PBG woodpile
structures[4, 16] which sandwich a planar (2D) micro-
chip consisting of square rods on a square lattice. For
concreteness, we choose a woodpile cladding structure
consisting of stacking rods with a rectangular cross sec-
tion. The width and height of rods are 0.25 a and 0.3 a,
respectively, where a is the distance between two adjacent
rods in the same layer (see Fig. 1(c)). As usual[25], one
unit cell of the woodpile consists of four stacking layers.
Thus, the vertical periodicity in the stacking direction is
1.2 a. For a dielectric constant of 11.9, this structure ex-
hibits a complete 3D bandgap from a/λ ≈ 0.365− 0.438.
For the 2D PBG layer, square rods with width of 0.25 a
are chosen to structurally match with the woodpile struc-



4

FIG. 4: Air waveguide mode resonantly coupled to a point
defect (micro-cavity) on the optical micro-chip is depicted.
The inverse square spiral PBG material above and below is
not shown. The defect is created by changing the dielectric
constant of one rod in the vicinity of waveguide from 11.9
to 1.5 (2 a from the waveguide). The dielectric constant of
the adjacent rod (also adjacent to the waveguide) is adjusted
to 5.9 for computational convenience. The electric field in-
tensity and electric field vectors (color coded as in Fig. 3)
provide a steady state snapshot (a/λ = 0.352) of the field
configuration from a point source placed at the center of the
ε = 1.5 rod. The inset shows results from a separate calcula-
tion of transmission and reflection spectra of light sent along
the waveguide from a source placed a large distance away from
the defect.

ture. The square lattice of square rods is inserted in
between a pair of adjacent layers of the woodpile and
the original pair of woodpile layers is now separated by
the height of the intercalating rods (see Fig. 1(c)). One
rod is placed at each of the square lattice points defined
by crossing points of the adjacent woodpile layers. We
choose the thickness of 2D PBG layer as 0.8 a and ob-
tain an on-chip PBG from a/λ ≈ 0.365− 0.391. The air
waveguide mode then spans the entire range of the on-
chip PBG. We have also calculated the transmission and
reflection spectra for the waveguide bend in this hetero-
structure. The 3D FDTD calculations reveal diffraction-
less transmission of more than 99% for almost the entire
on-chip PBG and the reflection of less than 0.3% for the
same range. Similar results[15] apply to the face centered
cubic lattice 3D PBG structure obtained by drilling a tri-
angular lattice of sets of three (criss-crossing) cylindrical
pores throughout a bulk dielectric material[26]. In this
case, our intercalating planar micro-chip consists of cir-
cular rods in a triangular (2D) lattice.

In summary, we have demonstrated a nearly univer-
sal approach to diffractionless integrated optics in a 3D
PBG material, amenable to low cost micro-fabrication
using established deposition and etching techniques. Us-
ing 3D light localization, our micro-chip facilitates air
waveguide based circuits for light on the micron scale and
provides additional control of spontaneous emission from
light emitters placed within active regions of the chip.
For example, it has been suggested that a low threshold
all optical micro-transistor could be realized if a large
collection of two level atoms (quantum dots) is placed
at suitable locations within such a micro-chip where the
local electromagnetic density of states exhibits a sharp
step-like discontinuity[27]. The integration of these and
other active devices into this optical micro-chip could
lead to all-optical functionality rivaling and perhaps ex-
ceeding that of current day micro-electronics.
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