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Circuits for light in holographically defined photonic-band-gap materials
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We present a theoretical roadmap for three-dimensional optical waveguide networks in holographically
defined, diamondlike photonic band gap (PBG) materials. A fully 3D waveguide network is demonstrated
through broadband (100—200 nm), single-mode waveguiding in air, coupled with sharp bends in three dimen-
sions with minimal backscattering. Optimal waveguides in the in-plane x and y directions are shown to exhibit
nearly 250 nm of single-mode bandwidth for light of wavelengths near 1.5 wm. Vertical waveguide channels
are formed by introducing air defects in a zigzag pattern. Realization of these circuit designs may be achieved
through the combination of direct laser writing of defects within the holographically defined photoresist and
the subsequent replication of the microchip template with a high refractive index semiconductor such as

silicon.
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I. INTRODUCTION

Photonic band gap (PBG) materials are periodically or-
dered, artificial, dielectric microstructures that facilitate the
localization of light with wavelengths comparable to the lat-
tice periodicity of the structure [1,2]. When the interference
effects from the periodic lattice and the microcavity scatter-
ing resonances from the individual dielectric “atoms” in a
single unit cell are tuned appropriately, electromagnetic
waves of a certain spectral region are forbidden from propa-
gating in any direction [2,3]. This enables light confinement
in carefully engineered defects in the photonic crystal (PC).
From a practical point of view, one of the most exciting
potential applications of photonic crystals is in the area of
information processing. Traditionally, electron transport
mechanisms in semiconductors have been used to perform
the computing, storage, and transfer tasks required in this
technology. However, these electronic mechanisms suffer
from high heat generation and significant cross-talk between
channels due to the interactions between electrons, short-
comings that become increasingly important as the size of
information processing components decreases. On the other
hand, photons do not in general interact with one another,
except in nonlinear processes significant only under specific
conditions. In addition to limiting cross-talk, this allows for
increased bandwidth in multiwavelength photonic channels.
The amount of heat generated in a photonic crystal-based
optical device is also low, due to low absorption of light in
the material. The unique characteristics of PBG materials
make them an attractive and robust platform for integrating
active and passive devices in an all-optical microchip.

A fundamental requirement for an all-optical microchip is
the existence of waveguides to transport light throughout
various points in the chip. Conventional dielectric guides
based on total internal reflection are restricted by radiation
loss as light is guided around sharp bends with radii of cur-
vature on the order of the wavelength of the guided light. On
the other hand, waveguides based on light localization stem-
ming from the existence of a complete PBG can have sharp,
low-loss bends [4-7]. This is achieved by introducing de-
fects into the periodic structure of the photonic crystal, al-
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lowing for localized modes with frequencies inside the PBG.
When a waveguide is formed by the removal of dielectric
material from the photonic crystal, the majority of the elec-
tromagnetic field in the localized mode is concentrated in air
[8]. As a result, the loss from absorption is low, and therefore
the main source of loss can be only from reflection at the end
of the waveguide. Extending the waveguide network to all
three spatial dimensions provides a paradigm for ultradense
optical integrated circuits [9,10].

Recently, holographic lithography has been suggested as
an approach to large scale synthesis of 3D photonic crystals
by the exposure of a photoresist by a 3D optical interference
pattern [11-13]. A diamondlike 3D PC lattice can be im-
printed in the photoresist using a single exposure from mul-
tiple laser beams [14—18], or from a single beam diffracting
through an optical phase mask [19]. An important question is
whether the PBG architecture, defined by holographic lithog-
raphy, can serve as a backbone for high-bandwidth, single-
mode, optical waveguides and ultradense optical integrated
circuitry. In this paper, we introduce design rules for creating
3D waveguide circuits with sharp, low-loss bends in this
photonic crystal.

Early studies of waveguide networks based on light local-
ization by a PBG focused on two-dimensional (2D) struc-
tures [4,20,21] that are easy to fabricate in the optical and
infrared regimes. These 2D networks, however, only confine
light in a plane. Confinement in the third dimension can be
achieved by using finite thickness 2D slabs and limiting the
waveguide modes to those “nonleaky” modes that can be
confined by total internal reflection [22,23]. However, wave-
guide networks based on 2D PC slabs are susceptible to dis-
order and unintentional defects in the structure, leading to
light leakage out of the plane. In contrast, waveguide net-
works in 3D photonic crystals offer robust PBG-based light
confinement in all spatial dimensions. Designs of single-
mode, air waveguide networks have been proposed for the
woodpile structure [6,7,24]. Here, the layer-by-layer archi-
tecture allows for the natural inclusion of defects during the
fabrication process [25]. A photonic band gap heterostruc-
ture, consisting of parallel 2D PC microchip layers separated
by 3D PBG cladding layers [26,27] enables the incorporation
of parallel 2D waveguide networks linked by vertical
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waveguides in the cladding layers [9,10]. Templates for these
heterostructures have been fabricated using direct laser writ-
ing (DLW). In DLW two-photon absorption causes exposure
of a photoresist [28]. The DLW process, in which discrete
volume elements of the photoresist are exposed sequentially,
is amenable to the inclusion of defects in the otherwise pe-
riodic structure. However, sequential fabrication inherent to
DLW is inefficient in the construction of the background
PBG material. On the other hand, holographic lithography
techniques offer the ability to create large 3D PBG materials
with long range order, efficiently and at low cost, but do not
provide an obvious route to the inclusion of predetermined
defects in the periodic lattice. The 3D optical interference
pattern used to create a diamondlike structure consists of
only four sinusoidal terms comprising the intensity pattern.
In contrast, a well defined, localized defect in the periodic
lattice requires a large number of Fourier terms. This would
require a correspondingly large number of beams to create
the desired interference pattern. Instead, it has been sug-
gested that an undeveloped photoresist, already patterned
with holographic lithography, could subsequently be exposed
using DLW to create defects [29].

In this paper, we present designs for single mode, air
waveguide channels in the diamondlike structure, that can be
achieved by suitable alignment of the (parallel) holographic
and (serial) dircet laser writing methods. We also establish
design rules for sharp waveguide bends, enabling the cre-
ation of a full 3D waveguide network, exhibiting greater than
98% transmission over a 90 nm bandwidth for in-plane
bends, and a 75 nm bandwidth for bends into the vertical
dimension. In Sec. II, we briefly review the periodic back-
bone structure and describe the computational techniques
and parameters used. In Sec. III we consider the design of
waveguides in the diamond background structure in various
crystallographic directions. In Sec. IV, we develop design
rules for nearly lossless waveguide bends obtained by form-
ing junctions between waveguides in different directions.

II. DESIGN PARAMETERS

We consider the diamondlike optical intensity pattern de-
scribed in Refs. [14-19], defined by

I(F) = Iy + CAI(F), (1)

where [, and C are constants depending on the particular
phase mask or multibeam configuration used, and

. 2 2
Al(r) = cos{—w(x + z/\E)} + cos{—w(x - Z/\E)}
a a

+ cos[z—ﬂ-(y + z/\’E)] - cos[z—w(y - z/\’E)] . (2)
a a

This intensity pattern hasrtetragonal Bravais lattice symmetry
with aspect ratio ¢/a=+2, where c is the lattice constant in
the vertical direction. We focus on the varying part of the
intensity pattern, Eq. (2). After replication of the developed
photoresist with a high index material, the resulting photonic
crystal consists of solid material in the regions where AI(T)
either exceeds or falls below some threshold /. For con-
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creteness, we consider the latter scenario, corresponding to
the situation where the regions exposed by DLW become air
defects in the final silicon photonic crystal.

Air regions can be achieved where DLW exposure is fo-
cused by a modification of the recently established double
inversion technique for SU-8 photoresist templates. In the
original fabrication protocol [30], the SU-8 template is fully
infiltrated by room temperature chemical vapor deposition
(CVD) of SiO, and the SU-8 removed by plasma etching or
calcination in air. The inverted SiO, template is then infili-
trated by Si CVD and the SiO, removed by chemical etch-
ing, producing a silicon replica of the over-exposed regions
of the photoresist. A modified fabrication protocol can be
employed to produce a silicon replica of the underexposed
regions. In this new protocol [31], the first infiltration step is
modified to produce only a thin shell of SiO, surrounding the
SU-8 template. Subsequent Si infiltration then creates an in-
verse of the original polymer template.

We choose 1;;,,=—1.4 so that the solid regions of the final
PBG material are characterized by AI(f)<-1.4 and the air
regions by AI(r)>-1.4. The equivalent but inverted struc-
ture (air and solid regions interchanged) can be obtained by
setting Iy, =+ 1.4 and translating the origin by (a/2,a/2,0).
This structure has a solid volume fraction of approximately
21% and exhibits a 25% 3D PBG (relative to the center
frequency of the PBG) when the solid regions consist of
silicon, with dielectric constant 11.9.

Computational methods. Photonic band structures in this
paper are calculated using the plane wave expansion method
(PWEM) [32]. For the bulk PC with no defects, over 2600
plane waves are used, and Fourier coefficients are obtained
using a discrete Fourier transform with 512 points per direc-
tion. The band frequencies obtained differ by less than 0.3%
from those obtained using over 4300 plane waves. Wave-
guide modes are calculated using a supercell technique, with
1 unit cell in the waveguide direction and 6 unit cells in the
other two directions, using 9000 plane waves in the PWEM.
This creates, in effect, a periodic structure with parallel
waveguide channels repeating in intervals of 6 unit cells.
Convergence is realized when the waveguide dispersion re-
lations become independent of the size of the supercell. Fou-
rier coefficients are obtained using 128 points per unit cell
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FIG. 1. Photonic band structure for the diamondlike PC, for
Bloch vectors along the x and y directions.
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(768 points in the supercell directions). The obtained band
frequencies differ by less than 1% from those obtained using
over 24 000 plane waves. In addition, increasing the super-
cell size to 7 unit cells in the nonwaveguide directions pro-
duces less than a 0.1% change in the results, indicating the
adequacy of the chosen supercell size. Light propagation
through the waveguide channels is modeled using the finite-
difference time-domain (FDTD) method [33] with 12 mesh
points per a (unit cell in the x and y directions) and 16 mesh
points per ¢ (unit cell in the z direction). The grid spacing in
the z direction is adjusted to maintain the desired aspect ratio
¢/a=+2. Transmission and reflection spectra are obtained by
calculating the Poynting vector fluxes through planar sur-
faces perpendicular to the waveguide channels. We use pla-
nar surfaces extending over three unit cells in each direction
away from the waveguide.

III. WAVEGUIDE DESIGN

Waveguide channels can be formed by introducing a se-
ries of defects in the photonic crystal structure. In general,
the removal of material from a photonic crystal creates air
modes (defined as modes in which field energy is concen-
trated in air) originating from the bands on the lower edge of
the PBG, whereas the addition of material creates dielectric
modes (defined as modes in which energy is concetrated in
the solid regions of the crystal) originating from the upper
band edge [8]. Following the procedure introduced in Ref.
[10], we examine the electromagnetic field distributions in
the originating bands of the perfect structure in order to de-
termine the desired defect locations. Removing dielectric
material in those locations where field energy is concentrated
near the lower band edge mode facilitates the creation of
broad bandwidth, single-mode, air waveguides. Removal of
dielectric from other regions tends to produce multimode or
narrow band waveguides that are much more susceptible to
backscattering losses in the presence of small amounts of
random disorder. A similar procedure was also used to design
waveguides in a body-centered cubic holographic PC [34].

We first consider the design of air waveguides in the x and
y directions. Air waveguide modes originate from those
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FIG. 2. (Color online) Electric
displacement field for the dia-
mondlike PC, for Bloch vectors
along the x and y directions with
length 0.25[27/a], at an arbitrary
instant in time, for the (a) third
and (b) fourth bands. The field
vectors are shown as arrows
(green online) superimposed onto
the dielectric surface of the photo-
nic crystal in a unit cell (yellow
online). High intensity regions of
0.75 the field are shown in shaded dark
gray (red online).

bands of the bulk PC at the lower edge of the band gap.
Figure 1 shows the photonic band structure of the bulk PC in
the x and y directions, which are equivalent due to the sym-
metry of the structure. Figures 2(a) and 2(b) show the elec-
tric displacement field distributions for the third and fourth
bands, respectively, at a Bloch vector of length 0.25[27/a]
and some arbitrary instant in time. The shaded dark gray (red
online) regions correspond to regions of high field intensity.
These high intensity regions are centered at the tetrahedral
“bonds” characteristic to the diamond architecture. Figure 3
shows the mode frequency of a localized state of light as a
function of the sphere radius for a spherical air defect cen-
tered at (0, 0, 0). This is equivalent to introducing an air
defect centered at any of the intensity maxima in Fig. 2(a) or
Fig. 2(b), due to the symmetry of the structure.

We now focus on the distribution in Fig. 2(a). The
fields are clearly concentrated along lines in the x direction,
with intensity maxima centered at (a/4,a/4,c/4),
(Bal4,al4,cl4), (al4,3al4,3¢c/4), and (3a/4,3al4,3c/4),
and field vectors pointing in the x-z plane. Both our current
structure and the woodpile PBG structure [35,36], as dia-
mondlike architectures, are characterized by “nodes” of ma-
terial joined by tetrahedral “bonds.” In the woodpile archi-
tecture, the dielectric nodes are centered at the meeting
points between perpendicular rods. As a result, a correspon-

| [V [ [ Y [
0481 3D PC Band i

0.46 =

e <

IS

S
T T
1 1

Frequency a/A
N
~

—
1

3D PC Bands ]
o by by by b by
0.15 0.2 0.25 0.3 0.35 0.4
Defect radius (units of a)

PRI
0.05 0.1

FIG. 3. Defect mode frequency for single spherical air defects as
a function of the sphere radius.

033812-3



TIMOTHY Y. M. CHAN AND SAJEEV JOHN

PHYSICAL REVIEW A 78, 033812 (2008)

FIG. 4. (Color online) (a) Type I waveguide in the woodpile structure. The waveguide is characterized by a missing rod in the top layer
shown. (b) Type II waveguide in the woodpile structure. The waveguide is characterized by a series of air defects cutting across the rods in

the top layer shown.

dence can be made between the field vector lines in our
holographically defined PBG material and the dielectric
rods running in the x direction in the woodpile PBG struc-
ture. This suggests that waveguide channels in the x direc-
tion, with electric fields polarized in the x-z plane,
can be obtained by removing material around each
point ((2m+1)a/4,a/4,c/4) or around each point
(2m+1)al/4,3al4,3¢/4), where m is the sequence of inte-
gers chosen to span the desired waveguide length. We denote
these waveguides as X*4_, and X32,,_,, respectively, where
the superscript indicates the plane of polarization and the
subscript indicates the y and z coordinates of the defect cen-
ters. These waveguides correspond to removing a single rod
to create a waveguide channel in the woodpile structure. We
refer to these waveguides that follow the field vector lines as
type-1 waveguides. Figure 4(a) shows a type-I waveguide in
the woodpile PBG material. Similarly, the field patterns in
Fig. 2(b) suggest that waveguides in the y direction, with
field vectors in the y-z plane, can be obtained by removing
material around (a/2,ma/2,0) or (0,ma/2,c/2). In our
naming scheme, these waveguides are denoted as Y5, and
Ygf,z, respectively.

As a detailed illustration of a type-I waveguide, we inves-
tigate the case where material is removed around the points
(2m+1)al4,al4,c/4), creating a waveguide in the x direc-
tion X*Z .. The other cases, for both the x and y directions,
are analogous due to the symmetry of the structure. For sim-
plicity, we assume that material is removed from spheres
centered at the intensity maxima. Further optimization of the
waveguide single-mode bandwidth may be possible using
defects better tailored to the ellipsoidal shape of the high
intensity regions. Figure 5(a) shows the waveguide with re-
moved regions of the periodic backbone indicated by dark
gray (red online). The radius of the air spheres is 0.25a. We
find that this choice of radius maximizes the bandwidth of

the waveguide mode without introducing undesired modes.
Due to the linear nature of the waveguide, these spherical
defects could be replaced by a cylindrical air hole with
matching radius, passing through the centers of the spheres.
The additional material removed would not disturb any ad-
ditional high field intensity regions in Fig. 2, so the wave-
guide mode would not be altered significantly. The corre-
sponding waveguide band structure is shown in Fig. 5(b).

The removal of material from the periodic structure cre-
ates air modes originating from the lower edge of the PBG.
In this case, the waveguide mode is created by disturbing
two high field intensity regions per unit cell in the waveguide
direction. As a result, the waveguide mode consists of two
bands, originating from the first and third bands in the peri-
odic structure. These are the bands in the periodic structure
whose electromagnetic mode field patterns are polarized in
the x-z plane, as is the waveguide mode. The single-mode
region of the waveguide mode spans the normalized fre-
quency range a/\~0.354-0.401, corresponding to a band-
width of 199 nm if the waveguide mode is centered at
1.5 um (a~600 nm). The group velocity of light in the
waveguide with Bloch vector near 0.4[27/a] reaches ap-
proximately 0.15 times the speed of light in vacuum. This
group velocity is somewhat lower than the group velocity
attained in the corresponding waveguide of a 2D-3D PBG
heterostructure [26].

In addition to waveguide channels that follow the lines of
concentrated field intensity, it is also possible to create
waveguides that cut across these lines. We refer to these
channels as type-II waveguides. This involves the creation of
one defect per unit cell along the direction orthogonal to the
field vector lines. For a type-II waveguide in the y direction,
the defect can be centered at any of the high field intensity
regions in Fig. 2(a), provided the defect is repeated along the
y direction. Creating air defects at any of the high intensity
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FIG. 5. (Color online) (a) Waveguide in the x direction Xffﬁcm, with material removed at spheres of radius 0.25a centered at ((2m
+1)a/4,al4,c/4). The removed regions are indicated by dark gray (red online). (b) Corresponding dispersion relation. The single-mode
region of the waveguide mode (frequency range over which there is only one mode) spans the normalized frequency range a/\~0.354

—-0.401.

regions in Fig. 2(b), with the appropriate periodicity, leads to
a waveguide in the x direction. Figure 6(a) shows a two unit
cells of a waveguide channel in the y direction created by
spherical defects of radius 0.30a centered at (a/4,(4m
+1)a/4,c/4), with the removed regions of the periodic
structure in dark gray (red online). In our classification
scheme, this waveguide is denoted Y% ,, as the electric
fields for this waveguide mode are polarized in the x-z plane.
Figure 6(b) shows the corresponding waveguide band struc-
ture, consisting of a single, monotonic band spanning the
normalized frequency range a/\~0.370—-0.436. If the cen-
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ter wavelength is A=1.5 um, this corresponds to a band-
width of 245 nm. This waveguide is analogous to the
“type-II Y’ waveguide in woodpile photonic crystals studied
by Li and Ho [24], except that the bandwidth in our case is
wider due to the larger PBG of the holographic diamond
structure [39]. Figure 4(b) shows a type-II waveguide in the
woodpile PBG material. The group velocity of light in the
waveguide with Bloch vector near 0.3 [27/a] reaches ap-
proximately 0.22 times the speed of light in vacuum. This is
nearly the group velocity attained in the in-plane waveguides
of 2D-3D PBG heterostructures [26].

(b)
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FIG. 6. (Color online) (a) Alternative waveguide in the y direction Yfﬁcm, with material removed at spheres of radius 0.30a centered at
(a/4,(4m+1)a/4,c/4). The removed regions are indicated by dark gray (red online). (b) Corresponding dispersion relation. The waveguide
mode spans the normalized frequency range a/\ ~0.370—0.436, corresponding to 245 nm when the central wavelength is 1.5 um.
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FIG. 7. Photonic band structure for the diamondlike PC for
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Waveguides in the vertical (z) direction can also be de-
signed by examining the band structure and field distribu-
tions for waves propagating in the z direction near the lower
edge of the complete PBG. Figure 7 shows the band structure
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for the unaltered PC along the z direction. There are two
doubly degenerate pairs of bands below the PBG. The field
intensity distributions closely resemble the distributions for
Bloch vectors in the x and y directions, with intensity
maxima occurring at the same locations as in the previous
case. However, there is no high-bandwidth waveguide ob-
tained by removing material in a straight line in the vertical
direction. In analogy with 2D-3D heterostructures [9,10], a
zigzag pattern of dielectric removal must be used. For con-
creteness, we consider removing material at the intensity
maxima shown in Fig. 2(a). In this case, the intensity
maxima are found at (a/4,al/4,c/4), (Bal4,al4,c/4),
(al4,3a/4,3c/4), and (3a/4,3a/4,3c/4). A vertical wave-
guide can be formed by (1) removing regions centered at a
constant x coordinate, such as at (a/4,a/4,c/4),

(al/4,3a/4,3c¢/4), and so on [shown in Fig. 8(a)], (2) remov-
ing regions centered at a constant y coordinate, such as at
(al4,ald,cl4), (al4,al4,5c/4), and so on [Fig. 8(b)], or
(3) removing regions without keeping x or y constant, such
as at (a/4,al4,c/4), (3al4,3a/4,3c/4), and so on [Fig.
8(c)].

FIG. 8. (Color online) Possible schemes for creating vertical waveguides with electric fields polarized in the x-z plane, with correspond-
ing band structures shown below: (a) Removing regions centered at a constant x coordinate, (b) removing regions centered at a constant y

coordinate, and (c) removing regions without keeping x or y constant.
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FIG. 9. (Color online) (a) Waveguide in the z direction Z* , with material removed at spheres of radius 0.25a centered at
(a/4,al4,c/4) and (a/4,3a/4,3c/4) in unit cells along the z direction. The removed regions are indicated in dark gray (red online). (b)
Corresponding dispersion relation. The single-mode region of the waveguide mode spans the normalized frequency range a/\~0.374

—-0.420.

We find that removing rods centered at constant x (case 1)
maximizes the single-mode waveguiding bandwidth. For
cases 2 and 3, the resulting defect modes span a narrow
bandwidth. In case 2, the dispersion relation strongly re-
sembles one obtained using a tight binding model describing
the waveguide as a series of weakly coupled optical resona-
tors with mode frequencies as shown in Fig. 3 [37]. The
weak coupling is unable to produce a mode with a wide
bandwidth. In order to increase the bandwidth, additional
defects must be included, increasing the number of wave-
guide bands [34]. In cases 1 and 3, one additional defect is
created per unit cell in the waveguide direction, causing the
formation of a second waveguide band. In case 3, the place-
ment of the defects creates an inversion symmetry. As a re-
sult, there is a mode gap between the two waveguide bands,
which limits the bandwidth [20]. Similarly, if an additional
defect is created in the locations indicated by the dotted line
in Fig. 8(b), a mirror reflection plane exists at x=0.5a and a
mode gap is formed between the two waveguide bands. On
the other hand, the waveguide channel in case 1 lacks both
inversion symmetry and a mirror reflection plane. The result-
ant lack of a mode gap between the two waveguide modes
enables a large single-mode bandwidth.

The air waveguide for case 1 is shown in Fig. 9(a) with
removed parts indicated in dark gray (red online). We denote
this as the Z*4 , waveguide in our naming scheme. An
equivalent waveguide could be created by removing material
at the x=3a/4 regions (Z*%_,,). The dispersion relation for
this waveguide is shown in Fig. 9(b). Again, the waveguide
mode consists of two bands, the single-mode portions of
which span a normalized frequency range of a/\~0.374
—0.420, corresponding to a bandwidth of 175 nm if the 3D
PBG is centered at 1.5 wm (a~ 600 nm). The group velocity
of light in this waveguide reaches approximately 0.14 times
the speed of light in vacuum. The waveguide mode created

by this defect has its electric field polarized in the x-z plane.
An analogous waveguide can be created by removing re-
gions centered at a constant y coordinate from Fig. 2(b)
(Z;;ZO). In this case (which is the same as case 1 above ro-
tated by 90° about the z axis and translated one quarter of a
lattice constant in the vertical direction) the electric field is

polarized in the y-z plane.

IV. WAVEGUIDE BENDS

The existence of high-bandwidth, single-mode, linear
waveguide channels in three orthogonal directions, within
the holographically defined PBG backbone, offers the oppor-
tunity for circuits of light within a truly 3D optical micro-
chip. Unlike earlier 2D-3D PBG heterostructures [26,27],
which require alignment and embedding of 2D microchip
layers in a 3D PBG material, the holographically defined
architectures do not require an intermediate 2D photonic
crystal synthesis step. However, careful alignment of the op-
tical fields provided by the optical phase mask for creating
the PBG backbone material and the optical voxels for direct
laser writing of waveguides is needed. From a design point
of view, it is also important to establish that sharp waveguide
bends providing nearly perfect transmission of light over a
large bandwidth can be engineered within the holographic
diamond architecture. In this section, we establish the re-
quired design rules.

A. Horizontal type-1 waveguide bends

We first investigate bending of light between identical
waveguides in the x and y directions. We begin by studying
bends between type-I waveguide channels along lines of
concentrated field intensity, as shown in Fig. 5. In this case,
the waveguides in the x and y directions are denoted by
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XX . and Y}Z,, respectively. The shape of the waveguide
elbow can be modified by adjusting the termination points of
each waveguide, altering the amount of overshoot between
the two channels. We use a FDTD simulation to model the
transmission of light through the bend using a pulse spanning
the frequency range a/\~0.365-0.405, avoiding the flat
parts of the waveguide dispersion curve (slow group veloc-
ity) and minimizing the spread of the pulse over the length of
the waveguide channels. Figure 10 shows transmission and
reflection spectra for various bend geometries. The configu-
ration in which both waveguides overshoot each other by a
single defect (see third panel of Fig. 10) enables over 90%
transmission through the bend over the frequency range
a/N~0.372-0.405. This corresponds to a bandwidth of
about 130 nm when the PBG is centered at 1.5 wm. Over
95% transmission is obtained throughout the frequency range
a/\~0.384-0.405 (approximately 80 nm bandwidth), and
more than 98% transmission over a/\~0.398-0.405
(~25 nm). In addition, the configuration with no overshoot
between the two waveguides (top panel of Fig. 10) allows for
over 98% transmission over the frequency range a/\

PHYSICAL REVIEW A 78, 033812 (2008)

FIG. 10. (Color online) Trans-
mission (solid, black online) and
reflection (dashed, red online)
spectra  for bends between
waveguides in the x and y direc-
tions for various bend geometries.
The light gray circles in the sche-
matic bend diagrams represent air
spheres centered in the z=c/2
plane, while the dark gray circles
represent air spheres centered in
the z=c/4 plane.

T

~0.389-0.405 (approximately 60-nm bandwidth), at the
cost of low transmission at lower frequencies.

Other bend geometries permit no transmission through the
bend at certain frequencies (panels two and four in Fig. 10).
Due to the bend geometries and the envelope amplitudes of
the electromagnetic field at specific wave vectors, the longi-
tudinal profiles of the waveguide mode have nodes at the
position where the two channels overlap and strong reflec-
tion occurs at specific frequencies. The field in the incoming
waveguide channel is unable to excite modes in the outgoing
channel and light is not transmitted through the bend. The
configuration in the fourth panel of Fig. 10, with a single
defect overshoot in one channel, and a double defect over-
shoot in the second channel, can be thought of as a modifi-
cation of the configuration in the third panel, with an addi-
tional side-coupled defect. Indeed, the transmission spectrum
for this case corresponds closely to the transmission spec-
trum obtained for a straight waveguide with a single, side-
coupled air cavity. By analogy, the transmission characteris-
tics of the configuration with double defect overshoot for
both waveguide channels (bottom panel of Fig. 10) are sug-
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FIG. 11. Transmission spectra for bends with a single air sphere
overlap between the x and y waveguide channels. The radius of the
overlapping air spheres, shown with hashing in the inset, is varied.
The other spheres in the body of the waveguide have radius 0.25a.

gestive of a broadened reflection peak resulting from the ex-
istence of two cavities.

The transmission characteristics of the bend can be altered
by further structural modification. Figure 11 shows the effect
of varying the radii of the terminating air spheres (at the
endpoint of each linear waveguide segment) on the transmis-
sion spectrum of the configuration with single sphere over-
shoot. A slight decrease of the radii of these terminating de-
fects to 0.20a from 0.25a increases the transmission by ~2%
over a large range of frequency. Further decreasing the radius
to 0.15a produces over 95% transmission in the frequency
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range a/\~0.365-0.387, at the cost of low transmission at
higher frequencies. On the other hand, increasing the radii of
the terminating spheres decreases the transmission over the
entire spectrum.

B. Horizontal type-II waveguide bends

We now consider bending between type-1I waveguides in
the x and y directions formed by cutting across lines of con-
centrated field intensity, as in the waveguide channel de-
picted in Fig. 6. Figure 12 shows the transmission and reflec-
tion spectra for light propagating from a y waveguide
channel, denoted by YX7_,, into various waveguide channels
in the x direction, for a pulse spanning the frequency range
a/\~0.380-0.435. When light from the Y274, waveguide
is coupled to a X'5_, waveguide, as shown in the top panel
of Fig. 12, over 90% of the light is transmitted over the
frequency range a/A~0.380-0.409, corresponding to a
bandwidth of about 110 nm for a PBG centered at 1.5 um.
Transmission above 95% and 98% is obtained over fre-
quency ranges a/\ ~0.381-0.401 (~80 nm bandwidth for a
PBG at 1.5-micron) and a/\~0.382—0.391 (~35 nm), re-
spectively.

If the light is instead coupled to a parallel x-waveguide
channel (X!7,) that is a/2 farther away from the termination
of the y waveguide, as shown in the middle panel of Fig. 12,
the 90% transmission frequency range increases to a/A
~0.386-0.435 (~175 nm bandwidth). The frequency
ranges for transmission above 95 and 98 % improve to a/\
~0.395-0.435 (~140nm) and a/A~0.411-0.435
(~80 nm), respectively.

o0 e

FIG. 12. (Color online) Trans-
mission (solid, black online) and
reflection (dashed, red online)
spectra for bends between alterna-
tive waveguides in the x and y di-
rections for various bend geom-
etries. The white, black, and
cross-hatched circles in the sche-
matic bend diagrams represent air
spheres centered in the z=c/4, z
=c/2, and z=0 planes,
respectively.
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FIG. 13. (Color online) The transmission spectra for bends be-
tween YfﬁcM and Xfﬁo waveguides in the x and y directions, as the
radii of the shaded defects (red online) are adjusted. The reflection
peak is redshifted as the defect radius is decreased. The unaltered
defects have radius 0.30a.

The configuration shown in the bottom panel of Fig. 12,
with bending between a Y274, waveguide and a X7, wave-
guide, produces over 98% transmission over almost the en-
tire frequency range studied, except around a strong reflec-
tion peak near a/\=0.392. Due to this peak, the transmission
drops below 98% in the frequency range a/\~0.389
—0.399. By adjusting the size of the terminating defects for
each waveguide, it is possible to change the center frequency
of this reflection peak, as shown in Fig. 13.

C. Horizontal hybrid waveguide bends

Due to the existence of two types of waveguides in the x
and y directions it is possible to create bends between
waveguides that lie in the same x-y plane. This corresponds
to a link between a type-I waveguide and a type-II wave-
guide. Figure 14 shows the transmission and reflection spec-
trum for a bending configuration with no overshoot for either
waveguide channel. About 90% of the light is transmitted
over the frequency range a/\~0.382-0.405, representing
about a 90 nm bandwidth when the 3D PBG is centered at
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FIG. 14. (Color online) Transmission (solid, black online) and
reflection (dashed, red online) spectra for a bend between coplanar
waveguide channels in the x and y directions. The x waveguide
channel is formed by cutting across the lines of concentrated field
intensity in the periodic structure, while the y waveguide channel is
formed by adding defects along these lines. The air defects in the x
and y have radius 0.30a and 0.254, respectively.

PHYSICAL REVIEW A 78, 033812 (2008)

1.5 um. Other bend geometries we considered displayed in-
ferior transmission. In addition, the bending bandwidth is
inherently limited by the relatively small frequency overlap
between the different waveguide modes.

D. Vertical bends from type-I waveguides

We finally consider the bending of light from a waveguide
channel in the x-y plane into a waveguide channel in the
vertical direction. We first investigate coupling from a type-I
waveguide in the x direction comprised of defects located
along the lines of concentrated field intensity of the periodic
structure, as illustrated in Fig. 5. The mode associated to this
waveguide channel, denoted as X2%_,, has its electric field
polarized in the x-z plane and magnetic field in the y direc-
tion. This waveguide can either be coupled to the vertical
waveguide denoted by Z;;ZO or the one denoted by Zfzzam. In
the first case, the vertical waveguide mode has electric field
polarized in the y-z plane and magnetic field polarized in the
x direction. When considering the field components perpen-
dicular to the waveguide direction, neither the electric (£
— ) nor magnetic field (§ — %) is conserved across the bend.
As a result, a bend between these waveguides results in vir-
tually no transmission, because the field from the first wave-
guide is unable to excite the mode of the second waveguide
[10]. The vertical waveguide denoted by Z*“ . on the other
hand, has electric field polarized in the x-z plane and mag-
netic field in the y direction. Here, the perpendicular compo-
nents of the electric field (£— %) are still not conserved
across the bend, but the magnetic field component (¥ — ) is
conserved. Figure 15 shows the transmission and reflection
spectra for various bend geometries between the X*%_, and
72, waveguides. As in the case of x-y bends, the best case
occurs when there is a single defect overshoot for both wave-
guide channels (see panel 2 of Fig. 15). For this geometry,
we predict over 95% transmission over the frequency range
a/\~0.387-0.405, corresponding to a bandwidth of ap-
proximately 70 nm when the 3D PBG is centered at 1.5 um.
Other bend geometries either permit relatively low transmis-
sion througout the frequency range (top panel of Fig. 15) or
exhibit reflection peaks (bottom two panels of Fig. 15).

E. Vertical bends from type-II waveguides

The bandwidth of bends between vertical waveguides and
type-1 waveguides shown in Fig. 5 is limited in part by the
relatively small frequency overlap between the two wave-
guide modes. In contrast, type-II waveguides illustrated in
Fig. 6 are better matched in frequency with the vertical
waveguides we have defined. We consider bends into the
vertical direction from a type-II waveguide in the x direction
denoted by X% .. The electric field of this waveguide mode
is polarized roughly along a diagonal in the y-z plane. The
magnetic field likewise has nonzero components in both the
y and z directions. As a result, it is possible to couple be-
tween this waveguide and either orientation of the zigzag
vertical waveguide. Figure 16 shows the transmission and
reflection spectra for bends into vertical waveguides where
the zigzag pattern is formed at a constant x coordinate. In
this case, the vertical waveguide mode has its electric field
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polarized in the x-z plane. The top two panels in Fig. 16
show configurations where the transmission is relatively low
at all frequencies. In contrast, while the bending geometries
depicted in the bottom two panels exhibit reflection peaks
near a/\~0.388, they permit high transmission at higher
frequencies. In particular, for the geometry shown in the
third panel of Fig. 16, we predict over 98% transmission
over the frequency range a/\ ~0.403-0.424, a bandwidth of
approximately 75 nm for a PBG centered at 1.5 um. Figure
17 shows results for bends into vertical waveguides formed
by zigzag patterns at a constant y coordinate, denoted by
Z;;Za/z. Again, high transmission through the bend is pre-
dicted at higher frequencies. For the geometry shown in the
bottom panel of Fig. 17, over 98% transmission is predicted
over the frequency range a/\ ~ 0.409-0.418, a bandwidth of
approximately 30 nm for a PBG centered at 1.5 um.

V. CONCLUSION

We have demonstrated design rules for creating 3D air
waveguide networks in diamondlike photonic crystals suit-
able for fabrication by optical phase mask or optical interfer-
ence lithography. High bandwidth linear waveguides are cre-
ated by removing dielectric material from the periodic PBG
backbone along a path that overlaps the high light intensity

regions of the lower 3D photonic band. This suggests the
possibility of combining efficient optical interference lithog-
raphy techniques with highly configurable direct laser writ-
ing to produce optical microchip circuits with high density.
Silicon replicas of the PBG-based circuit, exhibiting air de-
fects in regions exposed by DLW, may be created by modi-
fying the double-inversion technique for polymer photore-
sists [30]. Instead of fully infiltrating the developed
photoresist with SiO, in the first inversion step, a partial
infiltration could be performed. This would result in a thin
silica shell coating the SU-8 template [31].

We have designed two types of waveguide channels in the
in-plane (x and y) directions. Type I waveguides emulate the
waveguide created in the familiar woodpile structure when a
single rod is removed. Transmission exceeding 95% is pre-
dicted over a bandwidth of approximately 80 nm through x-y
bends between waveguides of this type, when the PBG is
centered around 1.5 um. Bends between in-plane type-II
waveguides, formed by creating defects in the direction per-
pendicular to the first type of waveguide, are predicted to
allow greater than 95% transmission over a bandwidth of
about 140 nm, and better than 98% transmission over a
90 nm bandwidth. We have studied bends from the in-plane
waveguides into the vertical (z) direction. For bends from
type II waveguides into the vertical direction, we predict
greater than 98% transmission over a bandwidth of approxi-
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mately 75 nm. In contrast to optical circuits in earlier 2D-3D
PBG heterostructures [9,10], the best waveguide network ar-
chitecture in the holographically defined diamond PBG ma-
terial (with type-II waveguides in the x and y directions and
a zigzag waveguide in the vertical direction) does not occur
within planar 2D microchip layers. Instead, the identical x-
and y-direction waveguide channels in the holographic archi-
tecture are offset by a quarter of a lattice constant in the third
dimension. Truly planar bends between nonidentical x- and
y-direction waveguides can be formed, but these exhibit me-
diocre transmission characteristics. As a result, it may be
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FIG. 16. (Color online) Trans-
mission (solid, black online) and
reflection (dashed, red online)
spectra  for bends between
waveguides in the x (horizontal)
and z (vertical) directions for vari-
ous bend geometries. The wave-
guide in the x direction is denoted
by XZ/ZMZ and the vertical wave-
guide by Z§=Z3a/4 in the top panel
and Z*% , in the other panels. The
white, gray, and black circles in
the schematic bend diagrams rep-
resent spherical air defects cen-
tered in the y=a/4, y=a/2, and
y=3a/4 planes, respectively. The
defects forming the horizontal
waveguide have radius 0.30a
while those forming the vertical
waveguide have radius 0.25a
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more complicated to adapt defects and circuit elements from
2D PC microchips to the holographic architecture than to a
2D-3D heterostructure. On the other hand, the overall syn-
thesis of 3D circuits of light in holographically defined PBG
materials may involve fewer fabrication steps than required
in previously considered 2D-3D PBG heterostructures.
These results suggest an alternative paradigm for
(3+1)-dimensional integrated optics [10] in which optical
components can be integrated in three geometrical dimen-
sions as well as an additional dimension of frequency band-
width. Unlike planar electronic microcircuits that carry a

® FIG. 17. (Color online) Trans-
O mission (solid, black online) and
@ reflection (dashed, red online)

spectra  for bends between
waveguides in the x (horizontal)
and z (vertical) directions for vari-
ous bend geometries. The wave-
@) guide in the x direction is denoted

@) by XZ/ZMZ and the vertical wave-
) guide by Z;zza/z. The spherical air

) defects are centered in the y=a/2
plane. The horizontal and vertical
waveguides are formed by air de-
fects with radius 0.30a and 0.25a,
respectively.
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single channel of information at a given time, each of the
optical waveguides may conduct hundreds of parallel
streams of optical information. These two additional dimen-
sions of integration, combined with the higher speed of all-
optical switching [38], can more than compensate for the
larger size scale of optical circuits relative to electronic cir-
cuits to process a high density of information. The funda-
mental challenge in realizing such far-reaching goals is the
efficient and precise synthesis of 3D photonic band gap ma-
terials. For optical lithography, a specific challenge is the

PHYSICAL REVIEW A 78, 033812 (2008)

precision alignment of optical phase mask lithography [19]
with direct laser writing techniques [28].
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