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We demonstrate on-chip, single-mode, waveguiding of light in air for a variety of 2D-3D photonic band gap
(PBG) heterostructures. These include square spiral, woodpile, slanted pore, and inverse opal three-
dimensional3D) photonic crystals intercalated with a Zplanay photonic crystal microchip. Design rules are
established to yield maximal single-mode waveguiding bandwidths of up to roughly 180 nanometers centered
at a wavelength of 1.5 microns. This can be achieved with 3D PBG materials with gaps as small as 15% of the
PBG center frequency. Finite-difference time-dom@&®DTD) simulations of light flow in optical mirocircuits
within such heterostructures reveal tolerance to layer misalignment and other fabrication-related structural
disorder. We provide an interpretation of the universal mechanism for diffractionless light propagation in
2D-3D photonic crystal heterostructures. We demonstrate that planar, on-chip, optical microcircuitry similar to
that of two-dimensional2D) photonic crystals is almost universally achievable within the engineered electro-
magnetic vacuum of 3D PBG materials.
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I. INTRODUCTION media for integrated all-optical microcircuits has been al-
luded t0[3,10,17, a comprehensive and general set of design
Photonic band gafPBG) materials are engineered optical rules, applicable to any type of 3D PBG structure, has been
materials in which the dielectric constant varies periodicallylacking up to now. Although designs for single-mode, air
on the scale of the optical wavelendth2]. In these photo- waveguide channels inside specific structU&gd,11] have
nic crystal(PC’9), the interplay between certain macroscopicbeen presented, such design strategies are not readily appli-
and microscopic scattering resonances of light give rise to aable to other types of 3D PBG structures. Recently, we have
photonic band gap—a range of frequencies in which no elecproposed the concept of 2D-3D heterostructures as a versa-
tromagnetic waves can propagate inside the crystal. Engitle and universal approach to integrated optics in PBG ma-
neered disruptions in periodicity of the dielectric constantterials. The 2D-3D heterostructures are a combination of 2D
(defects can be created inside photonic crystals. These leadnd 3D structures wherein a thin 2D PC membrane contain-
to localized electromagnetic modes that can perform certaiing optical microcircuits is sandwiched in between two 3D
prescribed functions. The defects can act, for example, aBBG materials above and below that act as cladding layers to
laser microcavities, waveguides with sharp bends, opticatompletely confine the lightl5]. In this paper we present
switches, and wavelength multiplexors and demultiplexorextensive analyses and illustrative results on a variety of
[3—-12. Confinement of light by interference-based localiza-2D-3D heterostructures supporting diffractionless flow of
tion [13] is significantly more robust than more conventionallight within optical microcircuits. These include microchips
confinement mechanisms based on total internal reflection.based on square spira[d46-18, woodpile [6,10,19,20,
Designs of various components for optical integrated cirslanted porg21], Yablonovite[22], and inverse opal PBG
cuits have been presented theoretically in the case of ideastructure§23—25. We also provide a detailed explanation on
ized 2D photonic crystalgt,5]. In the case of air waveguides the mechanism of light confinement and confinement within
or defects in 2D PC'’s, there is nothing to prevent light fromthe 2D-3D heterostructures.
escaping into the third dimension. Likewise, for dielectric  We begin in Sec. Il by discussing general characteristics
waveguides, confinement of light in the third dimension byof our heterostructure design and their relationship to the
total internal reflection is not robust to deviations from peri-goal of achieving high-bandwidth, lossless, optical micro-
odicity in the waveguiding direction or unintentional forms circuitry. In Sec. lll, we describe computational methods
of random disorder. In either case, light flow in a 2D PC isused in this paper. These include the plane-wd\/) ex-
strongly attenuated by leakage into the third dimension, sepansion method and the finite-difference time-domain
verely degrading the functionality of the microchip for inte- method(FDTD). In Sec. 1V, the optical microchip based on
grated optics. For practical realization, three-dimensionathe square spiral heterostructlid—1§ is presented in de-
photonic crystals with a complete PBG offer profound ad-tail. It is shown how the properties of heterostructures de-
vantages in confining light through the mechanism of local{pend on various structural parameters such as relative posi-
ization inside submicron scale circuits. Moreover, it is pos-tion of 2D PC slab and thickness of slab. In particular, it is
sible to engineer the electromagnetic vacuum within a 3Dshown that a class of heterostructures based on the so-called
PBG for frequency selective control of spontaneous emissiodirect [001]-diamond:1 square spiral 3D PBGee Sec. Y
and the possibility of on-chip integration of novel active de-exhibit exceptionally strong tolerances against the structural
vices[14]. While the potential for 3D PBG materials as basedisorders. In Secs. V-VII, optical microchips based on the
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woodpile [6,10,19,20, slanted pord21], Yablonovite[22],  sisting of a single row of missing dielectric rods. Such air
and inverse opdPR3-25 PBG heterostructures are described.waveguides are readily engineered to be single mode while
In Sec. VIII, the decrease of the waveguiding bandwidth andlielectric waveguides with a single row of missing holes
optical backscattering losses due to surface roughness at@nd to be multimode. Single-mode waveguide channels are
other unintentional structural disorder are investigated. Irfmore robustexhibit lower scattering lossgt imperfections
Sec. IX, we illustrate the unique functionality of our designsin manufacturing than their multimode counterparts. In the
by comparing and contrasting them with heterostructures ustontext of a waveguide channel in a complete, on- chip 3D
ing a simpler 2D and 1D photonic crystal design. In particu-?BG, small amounts of disordésuch as surface roughngss
lar, we demonstrate that if the 2D optical microchip layer is¢an neverthelgss lead to weak backscattering along the axis
sandwiched between a pair of 1D omnidirectional reflector§’f the wavggwde. . I

[26,27], light from the microchip can easily escape into the . We begin by cutting the 3D PBG material into o frac-

: K . . . - ions and inserting a thin layer of the 2D PC in betwe¢e:
Fh'rd dlmensmn. Finally, we present a Qetalled an_aIyS|s_ an(%ppo:sed to replagng part o¥the 3D PBG matg]rialet\;;//éthﬂe 2D
interpretation of the mechanism for high bandwidth light PC laye}. For the 2D-3D heterostructure to be periodic in

flow a_md confinement vy|th|n our 2D-3D PBG hetgrostruc- he plane defined by the microchip layer, it is necessary to
tures in Sec. X. Concluding remarks are presented in Sec. Xtnatch the lattice type and lattice constant of the 2D PC slab
with those seen at the cross section of the 3D PBG cladding.
Il. DESIGN CONSIDERATIONS Consider for example, the recently introducéti6—18
square spiral 3D PBG material. While seemingly complex in
Without specific design objectives, there are innumerabl@rchitecture, this 3D PBG cladding can be rapidly synthe-
ways to combine 2D and 3D photonic crystals. However, thesized[18] in a single step of deposition. If we choose to cut
requirement of optimal bandwidth, single-mode flow of light the square spiral structure at the pla@®®1), the in-plane
through waveguide channels on a 2D microchip layer lead#ttice type is a square lattice and we denote the lattice con-
to a nearly unique, but universally applicable, set of desigrstant asa. Therefore, the 2D PC layer must also be a square
rules. In this section, we discuss the physical properties ofattice with the lattice constarmt Another widely studied 3D
the 2D-3D heterostructures required to achieve these desig?BG architecture is the so-called “inverse opal” structure
objectives. [23-23, consisting of a close-packed fcc lattice of air
One goal of the 2D-3D heterostructure is to eliminate thespheres in a high refractive index background. If we cut the
leaky modes from the free-standing 2D PC slab by using théverse opal structure at the plagkll), the 2D PC layer
omnidirectional band gap of the 3D PBG cladding layers.must be a triangular lattice with lattice constaita/y2,
This suggests that the entire 2D-3D heterostructure shouldherea is the lattice constant of the fcc lattice. There is no
possess a 3D PBG. The size of the 3D PBG may be smallgheoretical limitation on the choice of plane to cut the 3D
within or near the 2D PC microchip layer than it is far away PBG. For instance we could consider cutting the inverse opal
from the 2D PC layer. The 2D PC slab may be regarded as structure at th¢001) plane. However, the specific fabrication
planar defect within the 3D PBG material that induces elecprocess may be simplified by one choice of cutting plane as
tromagnetic modes within the 3D PBG. The aim of our de-opposed to another.
sign is to confine any spurious defect modes into a small Given the general design objectives for useful 2D-3D het-
spectral region within the PBG of the cladding. The remain-erostructures, illustrated above, some specific design param-
ing spectral range(containing no planar defect modes eters must now be chosen. They are listed as follows.
within the 3D PBG is referred to as the “on-chip 3D PBG.” (1) Position to embed the 2D PC layer.
Additional point and line defects within the 2D microchip  (2) Thickness of the 2D PC layer.
layer may induce additional defect modes within the on-chip (3) Radius of dielectric rods in 2D PC layer.
3D PBG, leading to the desired optical microcircuitry. Note (4) Position to place the rods in the plane of 2D PC layer.
that the on-chip PBG cannot be larger than the bulk 3D While the choiceg1)—(3) may represent degrees of free-
PBGs of the cladding layers. Also the 2D PC slab, by itself,dom in the heterostructure design, the fourth parameter is
does not possess an omnidirectional band gap. Our desigather limited by the connectivity and mechanical stability of
objectives are that the 3D cladding layers wil) prevent the structures. That is, the dielectric rods must be placed on
light from leaking out of the 2D PC slab layer afit) enable  the dielectric materials available at the cross sections of the
diffractionless optical circuits using defect cavities, 3D PBG, not on a void. For optimal mechanical stability, we
waveguides, waveguide bends inside the 2D PC layer in assume that the dielectric rods are always placed at the center
manner analogous to the infinitely high 2D RB28]. The of the dielectric parts visible at the cross sections.
difference is that these defect modes will lie inside the on- For concreteness, we consider the heterostructure made
chip 3D PBG, rather than the 2D band gap. from the dielectric material whose dielectric constant is equal
In designing 2D-3D heterostructures that fulfill poits  to 11.9. This describes silicon at wavelength larger than
and (i) above, with maximum possible bandwidth, there arel.5 um [29]. This dielectric constant will be used for all of
two types of 2D PC layers that can be considered. One is thée structures considered in this paper.
structure with air rods in dielectric background and the other
is the structure with dielectric rods in air background. Both lll. COMPUTATIONAL METHODS
are viable, but we concentrate here on the latter. For the We use two different numerical methods to investigate the
waveguide structure, we choose to use air waveguides coiproperties of photonic crystal heterostructures. The plane-
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wave expansion methd®0] is employed to obtain the band e Sidevig
structures of the 3D PBG cladding layers. A supercell tech- .,

nique is employed to calculate the band structures of the S ———
heterostructures. A supercell labeled @y,n,,n,) consists ——, =y ) > '
of n, unit cells in thex direction,n, unit cells in they direc- T — >>> S
:

tion (where thexy plane defines the plane of the 2D micro- :
chip layeyp, andn, unit cells in thez direction(normal to the
microchip. In our calculation, the unit cell is either that of a }

simple tetragonal lattice containing onésquare spiral et 7N
[16-18, slanted pord?21]) or two (woodpile[6,10,19,20) - "
Wigner-Seitz cells or that of a simple orthorhombic lattice
containing 6 Wigner-Seitz cell§Yablonovite [22], inverse
opal[23-29). A supercell with the size of X 1 X 6 unit cells
(square spiral, woodpile, slanted ppog 1X 1 X 3 (Yablono-
vite, inverse opalis used to calculate the on-chip band struc-
ture of the heterostructure without any on-chip defects. In
this case, approximately 1800 plane waves are used to ex- FIG. 1. Schematic of the square spiral structure. The building
pand the on-chip electromagnetic field. The dispersion relablock of the crystal is made from a coil of pitehwith a single loop
tion of the on-chip waveguide mod&vith waveguide axis Wwhose transverse cross section is a square with edges of length
along thex direction is calculated using a supercell with the The pitch is the same as the lattice constant inzliéection, and
size of 1X6X 6 unit cells(square spiral, woodpile, slanted the coil is wrapped around theaxis. Each of the segments of the
pore or 1x 4x 3 unit cells(Yablonovite, inverse opalWe  coil is coated with a cylinder of radius
use up to 9500 plane waves in this case. We note here that by
using single-precision numbers and symmetric properties adind the square lattice 2D PC slab. There are four important
the Hermitian matrix, the resulting size of matrix occupiesspiral PBG architecture§16,17 which we denote asa)
less than 2GB of memory and one eigenvalue problem coulf001]-diamond:5, (b) inverse [001]-diamond:5, (c) [001]-
be solved within more or less than 12 hours using a high-endiamond:1, and(d) inverse [001]-diamond:1. The[001]-
personal computer. The Fourier coefficients of the dielectricliamond:1 structure is obtained by approximately connecting
constant of photonic crystals are calculated by using fasthe first nearest neighbor lattice points of the diamond struc-
Fourier transform(FFT) with the resolution of 80 mesh ture to form a square spiral along tf@01] axis. Each period
points per lattice constarif). We note that it is adequate to of the spiral consists of four lattice points. Likewise, the
calculate the band structure for only the in-plane directiong001]-diamond:5 structure is obtained by connecting the fifth
since the other directions are forbidden to wave propagationearest neighbor lattice points. Shown in Fig. 1 is a sche-
by the 3D PBG cladding layers. matic of the square spiral structure, which consists of square
We use the finite-difference time-domdaiRDTD) method  spiral posts in a tetragonal lattice. The structure has a large
[31] to calculate the propagation of light inside the hetero-and robust 3D PBG and is amenable to large-scale microfab-
structures. A large FDTD computational domain with sec-rication using glancing angle depositigBLAD) techniques
ondary order Mur’s absorbing boundary conditidA8C) is  [18,33. As shown in Fig. 1, the tetragonal crystal has lattice
used[32]. A pulse with a Gaussian profile in time is sent constantg along thez axis anda along thex andy axes. The
along the waveguide and the transmitted and reflected pulsémiilding block of the crystal is made from a coil of pitch
are measured. The explicit mathematical expression of théig. 1, side view insgtwith a single loop whose transverse
Gaussian pulse used is gxp(ktAt—3ty)/(to)]?}, wherektis  cross section is a square with sides of lengttFig. 1, top
the current time step numbet is the temporal resolution of view inse}. The pitch is the same as the lattice constant in
FDTD (the length of time interval between two consecutivethe z direction, and the coil is wrapped around thexis.
time stepandt, is equal toyln 2/(fy). This yields a pulse Each segment of the coil is coated with a cylinder of radius
with full width at half maximum(FWHM)=2f, in the fre-  (Fig. 1, top view insetwhose dielectric constant ig. The
quency spectrum. The measured pulses are then Fourigpirals are embedded in a material whose dielectric constant
transformed to obtain transmission and reflection spectra d6 €. The dielectric constantgs, €,) are(11.9, J or (1, 11.9
the waveguide bends, waveguides with defects, andor the direct or inverse structure, respectively. We discuss
waveguides with random disorders. The spatial resolution ofiere the heterostructure architecture for each of the four
our FDTD is 10 mesh points pex, wherea is the lattice types of square spiral 3D PBGs.
constant(or Ax=Ay=Az=0.1a). The temporal resolution is
chosen to satisfy the condition for numerical stability of the ) )
simulation as follows.At=0.0%/c, where c is the light A. Direct [001}-diamond:5
speed in vacuum. Since the on-chip band gap cannot be larger than the band
gap of the bulk 3D PBG, we consider the architecture with
IV. SQUARE SPIRAL STRUCTURES the largest band gap. We use the optimized dif€&€xl]-
In this section, we describe in detail the 2D-3D hetero-diamond:5 with the structural parameters$L,c,r]
structure using various square spiral 3D PBG cladding layers[1.65,1.30,0.18. The structure possesses a volume frac-
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FIG. 3. Size of on-chip band gap as a function of the embedding

position for the direcf001]-diamond:5 based heterostructure. The

FIG. 2. Schematic of the square spiral structure based heterqpjickness of 2D PC layer is 0.65nd the radius of rods in the 2D
structure. The 2D PC layer consisting of a square lattice of circulapc layer is 0.18. The size of on-chip band gap is measured as a
dielectric rods is placed on top of the lower square spiral 3D PBGpercentage of the center frequency.

cladding layer. The upper 3D PBG cladding layer is separated to
help visualize the 2D PC layer. serted 2D PC layer creates completely different defect states.
For improper embeddin(z=1/8c), the planar defect bands
tion of dielectric materials 0f~26% and a 3D PBG in a span the entire band gap and close it. For ideal embedding
normalized frequency rang®/ A =0.355—-0.415. The size of (z=0), a substantial part of the band gap remains open
3D PBG for this direct structure is 16% when measured as throughout the heterostructure.
a percentage of the center frequency. We show in Fig. 2 a Second, we investigate the effect of varying the thickness
schematic of the direct square spiral structure based heterof the 2D PC layer. Here, we choose the embedding position
structure to help visualize the architecture. The detailed disz=0 and assume the thicknessof the 2D PC slab varies
cussion on the experimental fabrication of the square spirabver the range €&t<1.0a and the radius of rod;,p, in the
structure can be found elsewhé¢3]. 2D PC layer is 0.18 Figure 5 shows the change of the
First, the position to embed the 2D PC layer is investi-on-chip band gap as a function of the 2D PC layer thickness.
gated. We assume the thickness of the 2D PC slabbe It is seen that the size of the band gap decreases with the
¢/2=0.6% and the radius of rod in the 2D PC layep to be  increasing 2D PC layer thickness. This is not unexpected
the same as, which is 0.1&. Since the square spiral has since the thicker 2D PC layer can support more defect
four turns in one period along the vertical direction, it is modes, thus devouring larger parts of the on-chip band gap.
sufficient to consider the embedding position fram0 (at  To determine the optimal thickness, we must consider the
the elbow to z=1/8c (at the middle of the spiral armAs  spectral bandwidth of waveguide channels “written” into the
discussed in Sec. Il, the dielectric rods of the 2D PC layer arenicrochip layer(see below.
placed on the dielectric parts of the structure and are centered Third, we examine the radius of rod in the 2D PC layer.
at the centers of corresponding spiral arms. We calculate thagain we fix the embedding position a0 and choose the
band structure for various embedding positions and we sumthickness to be 0.6 The radius of rod is assumed to vary
marize the essential conclusion in Fig. 3. Here, the size ofrom 0.11a to 0.2Ga. Figure 6 shows a plot of the size of
the on-chip band gap is plotted as a function of the embeden-chip band gagas a percentage of the center frequency
ding position. It is seen that the on-chip band gap is largestersus the radius of rod. While there exists the maximal on-
when the embedding positior=0, i.e., when the 2D PC chip band gap at=0.15, the reduction of on-chip band gap
layer are inserted right at the elbow of the spirals. The size ofrom the maximal one remains less than 4% throughout the
the on-chip band gap decreases monotonically as the embegnge 0.14<r<0.17a.
ding position is moved away from the elbow and becomes We now consider the creation of a single waveguide mode
zero forz>0.038%. Shown in Figs. &) and 4b) are the by removing a row of dielectric rods in the 2D PC layer. We
band structures for=0 andz=1/8c, respectively. The dark start by assuming=0, t=0.65, andr,5=0.15. Figure 1a)
shaded region corresponds to frequency bands of propagahows the dispersion relation of the waveguide mode. Again,
ing electromagnetic modes while the frequency raage  the dark shaded region corresponds to frequency bands of
=0.355-0.415 is the full PBG for the square spiral claddingpropagating electromagnetic modes inside the bulk 3D PBG
regions. Two or three planar defect bands inside this frematerials. The light shaded region shows the spurious planar
guency range are created by the insertion of the 2D PC layedefect modes inside the 2D PC layer. Remarkably, the band
We can see that for different embedding positions, the indiagram shows a single waveguide mode that spans the en-
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FIG. 6. Size of on-chip band gap as a function of radius of rod
in the 2D PC layer for the diredi001]-diamond:5 based hetero-

structure. The embedding position2zs0 and the thickness of 2D
PC layer is 0.6&.

alk

tire on-chip band gap. For the purpose of optimizing the
waveguide bandwidth, we re-investigate the thickness of the
2D PC layer. We calculate the band structure for the thick-
ness varying from 0.3 to 0a8 Figures Tb) and 7c) show
FIG. 4. Band diagrams for the diref001)-diamond:5 based the band diagrams for the cate0.3a andt=0.8a, respec-
heterostructures with the embedding positi@ z=0 and (b) z  tively. Clearly, there is a tradeoff between the size of the
=1/8c. The thickness of the 2D PC layer is 0z6&nd the radius of on-chip PBG and the single-mode air waveguide bandwidth.
rods in the 2D PC layer is 0.23The dark shaded regions corre- gor g very thin slab, the on-chip band gap is large but the air
spond to the frequencies_, of propagating elec_trom_agnetic modes Waveguide mode is flat and spans only a short range of fre-
the bulk 3D PBG material. The hatched region(@ shows the  ,encies. For a very thick slab, the on-chip band gap is very
on-chip band gap obtained after insertion of the 2D PC layer at they 4 we plot the waveguiding bandwidth as a function of
positionz=0. the thickness in Fig. 8. The waveguiding bandwidth reaches
its maximum of 154.6 nm at=0.5a, and remains well above
151 nm for 0.48<t=<0.6a. This characteristic offers sig-
nificant tolerance to potential thickness disorder in the manu-
facturing process. By choosing the thickness within the
above range, the air waveguide mode spans more than
150 nm of the on-chip band gap and exhibits a band center
group velocity of approximately 0.23 wherec, is the ve-
4 locity of light in vacuum.
e Finally, we investigate the effect of varying rod radius on
the bandwidth of the waveguide mode. We find that the
waveguiding bandwidth remains above 149 nm for @.13
<r=0.1% whent=0.5, as shown in Fig. 9. In fact, within
the 2D parameter space of Ods3r=<0.1% and 0.4a=<t
=<0.6a, the waveguiding bandwidth is larger than 146 nm
and the maximum of 154.6 nm is reached whe0.5a and
r=0.1%.

T X M r Y M

Aw/wg[%]

0 02 04 06 08 B. Inverse [001]-diamond:5

0 . 1

Thick it of . . . .
ickness[unit of a] We consider the inversg01]-diamond:5 structure with

FIG. 5. Size of on-chip band gap as a function of the thicknesghe optimal structural parametefs,c,r]=[1.5,1.7,0.3%,
of 2D PC layer for the direcf001]-diamond:5 based heterostruc- corresponding to a dielectric volume fraction-e21%. This
ture. The embedding position =0 and the radius of rods in the structure exhibits a 3D PBG 6f23%. We begin by inves-
2D PC layer is 0.18. tigating the embedding position. Since the structure is an
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FIG. 7. Dispersion relation for an air waveguide channel within
the 2D PC layer obtained by removing one row of dielectric rods in
the 2D PC layer of the dired001]-diamond:5 based heterostruc-
ture. The thickness of the 2D PC layer(® t=0.65, (b) t=0.33,
and(c) t=0.8a. The lightly shaded regions indicate the frequencies

of propagating modes in the 2D PC layer.

inverse of the square spiral structure, the radia®.33 of
air spiral will yield an area of approximatelyl-2r)a
X(1-2r)a=0.34a< 0.34a of dielectric material in one unit
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FIG. 8. Waveguiding bandwidth as a function of the thickness
of the 2D PC layer for the diredi001]-diamond:5 based hetero-
structure. The radius of rod in the 2D PC layer is @15

varying embedding position and find that again, the on-chip
band gap is the largest when the embedding position is
=0, or when the spirals are cut right at the elbows. Similar to
the case of direct structures, the size of the on-chip band gap
decreases monotonically as the embedding position is moved
away from the elbow. The on-chip band gap vanisheszfor
>0.044% in this case.

As seen in the previous case, the optimal structural pa-
rameters must be determined in the context of single-mode
waveguiding bandwidth, rather than simply the size of on-
chip band gap. Therefore, we move directly to the examina-
tion of the waveguide mode. First, we consider the wave-
guide created by removing a row of dielectric rods in the 2D
PC layer whenz=0, t=0.53, and r,p=0.17a. Figure 10
shows the dispersion relation of the waveguide mode. Again,
the band diagram shows a single waveguide mode that spans
the entire on-chip band gap.

160 T T T y T v T

—_
W
=]

Waveguiding Bandwidth[nm]
» N
S S

N 1 N 1 N
0.12 0.14 0.16 0.18

120 L

Radius[unit of a]

cell. Therefore, we assume the radius of rod in the 2D PC FIG. 9. Waveguiding bandwidth as a function of the radius of
layerr,p=0.17a, to fit the dielectric area. The 2D PC layer rod r in the 2D PC layer for the diredi001]-diamond:5 based
thicknesd is set to 0.5. We calculate the band structure for heterostructure. The thicknes of the 2D PC layer is0.5
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2D PC d
0.4F bands ]

alh

0.1 0.2 0.3 0.4 0.5
Wave vector[27/a]

FIG. 10. Dispersion relation for an air waveguide channel ob-
tained by removing one row of dielectric rods in the 2D PC layer of
the inverse[001]-diamond:5 square spiral based heterostructure.
The thickness of 2D PC layer is @%nd the radius of rod in the 2D
PC layer is 0.1&.

We scan the structural parameterfom 0.13 to 0.21a
andt from 0.3 to 0.8 and calculate the waveguiding band-
width for each case. The results are summarized in Fig. 11.
The largest waveguiding bandwidth 6f183 nm is obtained
when t=0.4%, r=0.17a. It is seen in Fig. 11 that the
waveguiding bandwidth depends strongly on the thickriess
but weakly on the radius.

Next, we use the 3D FDTD to calculate the field pattern
of the waveguide mode in the heterostructure. Shown in
Figs. 1Za) and 12b) are the field patterns in the horizontal
and the vertical plane, respectively, for the waveguide mode
with the wave vectok=0.2927/a]. The field patterns are
shown for the case that the thickness of the 2D PC layer is
0.5a. The field pattern for the infinitely high 2D photonic
crystal with the same parameters is also shown in Figc)12
for comparison.

FIG. 12. (a), (b) Distribution of thez-component of electric field
for the waveguide mode in the invergg01]-diamond:5 square spi-
ral based heterostructure at certain cross sections. The thickness of
2D PC layer is 0.& and the radius of rod in the 2D PC layer is
0.17a. The wave vector is 0.287/a]. (a) x-y plane, at the center of
the waveguiddshown by the red line ib)]. (b) y-z plane, at the

9. 25 B0 75 604235 150175 center of the dielectric rogshown by the redblack) line in (a)]. (c)
The field pattern for the infinitely high 2D PC with the same pa-

FIG. 11. Waveguiding bandwidth as a function of the thicknessrameters, shown for comparison.
of 2D PC layer and the radius of rod in the 2D PC layer for the
inverse[001]-diamond:5 square spiral based heterostructure.
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FIG. 13. Waveguiding bandwidth as a function of the thickness Wave vector[27/a]
of 2D PC layer and the radius of rod in the 2D PC layer for the
[001]-diamond:1 square spiral based heterostructure. FIG. 14. Dispersion relation for an air waveguide channel in the
[001]-diamond:1 square spiral based heterostructure. The thickness
C. Direct [001]-diamond:1 of 2D PC layer is 0.5& and the radius of rod in the 2D PC layer is

0.16a.
From the standpoint of high bandwidth single-mode

waveguiding in air, one of the most remarkable 3D PBG

: : : i : =0.492x/a], leading to no increase in the single-mode
architectures is the square spiral consisting of solid os’[LS - . :
d P ¢ P waveguiding bandwidth. We also note that in each of the

connecting roughly the nearest neighbor points of the dia- . . R
mond lattice. As we show below, this achieves a very largé*@mPples above, our waveguide bandwidth optimization pro-

waveguide bandwidth with a relatively modest 3D PBG cedgre ha; been restricted_ to sir_nply remov_ing a s_ingle row
cladding. This 3D PBG crystal has already been successfull f dielectric rods on the m|cr_och|p layer. It is po§5|ble that
synthesized using glancing angle depositi@LAD) tech- ven greater bandyvldth for.smgle-mode propagation may be
niques [18]. The optimized[001]-diamond:1 structure is achlew_ed by add'“"”?" adjustment of the radius of rods
characterized byl ,c,r]=[0.70,1.35,0.2f, corresponding 2!0ngside the waveguide chaniigh].

to a dielectric volume fraction of31%. This structure pos-

sesses a 3D PBG o6f14.8%. We scan the structural param- V. WOODPILE STRUCTURES

etersr from 0.1 to 0.2 andt from 0.3 to 0.8a and

calculate the waveguiding bandwidth for each case. The re- In this section, we briefly describe the 2D-3D heterostruc-
sults are summarized in Fig. 13. The largest waveguidingure based on the woodpile structurg&10,19,20 and a
bandwidth of ~185 nm is obtained when=0.5% and r matching square lattice 2D PC slab. Figure 17 shows a sche-
=0.16. The dispersion relation in this case in shown in Fig.matic of the woodpile based heterostructure. For concrete-
14. It is worth noting that this structure exhibits strongerness, we consider a woodpile structure that consists of stack-
tolerance on the thickness disorder than the previous strué?g rods with a rectangular cross section. The width and
tures, as we can see that the waveguiding bandwidth remaifgight of rods are 0.2band 0.3, respectively, where is a
larger than 175 nm for a wide range of parameteandt.

D. Inverse [001]-diamond:1

Finally, we consider the inverg€01]-diamond:1 with the
optimal structural parameteif,c,r]=[0.45,1.43,0.39k.
The dielectric volume fraction is-19% and the size of 3D oo
PBG is~22% in this case. Figure 15 shows the waveguide S Bk
bandwidth forr varied from 0.14 to 0.17 andt varied from
0.3 to 0.8 The maximum waveguiding bandwidth of
~184 nm is obtained whet=0.5a andr=0.13. We show
the dispersion relation of the waveguide mode for the opti-
mal case in Fig. 16. Clearly, a single waveguide mode span-
ning most of the entire on-chip band gap is achieved. Note
that in Figs. 14 and 16, although the waveguiding bandwidth
may seem likely to increase by increasing the thickness of
the 2D PC layer, our calculation shows that it does not. Inthe FIG. 15. Waveguiding bandwidth as a function of the thickness
case of thicket, the dispersion line of the waveguide mode of 2D PC layer and the radius of rod in the 2D PC layer for the
bends toward the lower frequency at the wave vector neanverse[001]-diamond:1 square spiral based heterostructure.

150

0 25 50 75 100125150 175
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_ FIG. 16. Dispersion relation for an air waveguide channel inthe - £ 18 \waveguiding bandwidth as a function of the thickness
inverse[001]-diamond:1 square spiral based heterostructure. They 5py pc |ayer for the woodpile based heterostructure. The width
thickness of 2D PC layer is Gasnd the radius of rod in the 2D PC and thickness of woodpile rods are 0e28nd 0.2, respectively.

layer is 0.13. The width of square dielectric rods in the 2D PC layer is alsod.25

distance between two adjacent rods in the same layer. ORg the elbow positions in the square spiral structure. In par-
unit cell of the woodpile consists of four stacking layers. ijcy|ar, the elbows may be regarded as the equivalent points
Accordingly, the periodicity in the stacking layer is &.2  f jntersection. Indeed, our calculation confirms that this em-
Calculguon of the band structure .by the PW method revealﬁedding position provides the largest on-chip band gaps. For
that this woodpile structure exhibits a 3D PBG-elL7.7%.  he 2D PC layer, a square lattice of square dielectric rods
We start by considering the embedding position. We choosgith width of 0.25 is chosen to structurally match with the
to insert the 2D PC layer in between a pair of adjacent layerg qodpile structure. One rod is placed at each of the square
of the woodpile. This embedding position is a natural one foljattice points defined by crossing points of the adjacent
layer-by-layer fabrication. Moreover, this position is ex- woodpile layers.

pected to yield a large on-chip band gap by way of analogy - an air waveguide is created by removing a row of dielec-

tric rods in the 2D PC layer. Since the width of square rods
in the 2D PC layer is already determined, we only need to
consider the thickness of the 2D PC layer with respect to the
waveguiding bandwidth. We show in Fig. 18 a plot of single-
mode waveguiding bandwidth as a function of the thickness
and in Fig. 19, the dispersion relation of the waveguide when
t=0.8a. The optimized waveguiding bandwidth 6f186 nm

is obtained whern=0.5%.

To demonstrate the diffractionless propagation of light in-
side the heterostructure, we use the 3D FDTD to calculate
the transmission and reflection spectra for the waveguide
bend in the woodpile-based heterostructure witld.8a. By
choosingt=0.83, we obtain a relatively small-dispersion
waveguide mode with a group velocity ef0.26%,, which
covers the entire on-chip band gap of roughly 90 nm. The
FDTD results show that the transmissior=i99% for almost
the entire band gap and the reflection<i®.3% for the same
range. This is in contrast with the previously reported wave-
guide bend using two layers in the woodpile structie8g]
where there exists reflection of up to 5% over the spectral
range of~145 nm. Figure 20 shows a shap shot of the elec-

FIG. 17. Schematic of the woodpile based heterostructure. Thé”omagnetic pulse propagati_ng_along the WaV?gUide bend and
2D PC layer consisting of a square lattice of square rods is placeth€ inset shows the transmission and reflection spectra. The
on top of the lower woodpile 3D PBG cladding layer. A linear field pattern is shown for thecomponent of the electric field

waveguide(missing row of rodsis depicted in the 2D PC layer. at the center of the 2D PC layer. To further illustrate the
The upper 3D PBG cladding layer is separated to help visualize thtossless flow of light on the microchip layer, we consider a
2D PC layer. single-defect cavity displaced byaZrom the air waveguide
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FIG. 19. Dispersion relation for an air waveguide channel in the § 0-6_’
woodpile based heterostructure. The thickness of 2D PC layer is & guabansHiission
0.8a. L
0.2+
as shown in Fig. 2@). In addition, we adjust the quality 00.|37

factor of the cavity mode by reducing the dielectric constant
of the intervening rod. This is to reduce the interaction time i ) )
between the waveguide and resonator in our computations, F'C: 21 (8 Schematic of the waveguide-defect cavity system
The transmission and reflection spectra shown in Figh)21 inside the woodpile based heterostructure. A single-defect cavity is
clearly indicate the—100% reflectFiJon at the resonant fre- created by changing the dielectric constant of one rod in the vicinity

y ) . of the waveguide from 11.9 to 2.0@a from the waveguide The
quency ofa/A=0.382. Unlike the corresponding result for

- . . . _dielectric constant of the adjacent rgalso adjacent to the wave-
the 2D PC slab with a uniform medium above and below, in uide is adjusted to 6.45 for computational convenieribg Trans-

_our 2D'3D_ PB_G hetgrostructure,_ the_re is no I_eakage of "g_hﬁwission and reflection spectra for the systentancalculated by 3D
into the third dimension. The oscillation seen in the transmisgpp.
sion spectrum is an artifact of the computational method

[4.6,35,38. VI. SLANTED PORE STRUCTURES

In this section, we describe in detail the 2D-3D hetero-

, , , Joo structure appropriate to the recently discussed slanted pore
! transmission 100 3D PBG architecture§21]. We consider only the simplest
_08r ] : E g slanted pore PBG architecturgsl] which we denote at)
‘%0.6- . o SPB, and (b) SR;. They are fabricated by drilling 2 slanted
2. 10O pores in each unit cell of the square lattice, ®P 3 slanted
oo pores in each unit cell of the triangular lattice;S®ne class
oo of SP; structuregsometimes called Yablonovijtevas among
"E g the first PBG materials fabricated with a 3D PBG in the
A microwave spectruri22].
oo
oo A. SP>-based heterostructures
0o @; E The SB photonic crystals are defined by a tetragonal lat-
o) . sllalis| tice with lattice constants along thez axis anda along the
== | B.L 1oooo x andy axes. One unit cell consists of two cylindrical pores
B0 o Gk G i g ak of radiusr aligned in the(a,a,c) and(-a,-a,c) directions.
[ajiaf Teif Hmjeimf (o] {e) ] [E)a) [z a8 . . . .
o mgm - s R o o s These two pores are displaced in theirection by 0.%. The

optimized SR structure we use here has the structural pa-
FIG. 20. Electric field pattern in the vicinity of the waveguide rametersc=1.40a and r=0.34% and exhibits a complete
bend as an electromagnetic pulse propagates along the waveguiB8G of ~24% [21]. The dielectric volume fraction is ap-
bend. The field pattern is shown for taeomponent of the electric proximately 20%. Figure 22 shows a schematic of the
field at the center of the 2D PC layer. The inset shows the transmisslanted pore structure based heterostructure.
sion and reflection spectra of the waveguide bend. The transmission To consider the embedding position, we show a unit cell
is over 99% for almost the entire on-chip band gap. of the SB structure in Fig. 23. Observably, the structure
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FIG. 22. Schematic of the $Based heterostructure. The 2D PC
layer consisting of a square lattice of circular rods is placed on top
of the lower SR 3D PBG cladding layer. A linear waveguidmiss-
ing row of rods is depicted in the 2D PC layer. The upper 3D PBG
cladding layer is separated to help visualize the 2D PC layer.

FIG. 23. Schematic showing two unit cells of the,Sf#ructure.
The structural parameters ate 1.40a andr=0.345.

exhibits a spiralling feature. By analogy to the square spiral
PBG material, it is suggestive that we choose the embeddin
position at the “elbow” of the spiral feature. This corre-
sponds to the positior=1/8c. It is noticeable that in fact the
cross-section of the SRtructure at this embedding position
represents a square lattice of isolated dielectric isldeds
Fig. 22. This structurally matches with the 2D PC layer,
which is a square lattice of circular dielectric rods. This is
also true the square spiral structure. This further suggests thE?
resemblance of the cross section to the chosen 2D PC lay
may serve as a rule of thumb for selection of the embedding

position. A square lattice of circular dielectric rods with ra- 0:5
diusr=0.15 and thicknes$=0.6a is assumed for the 2D PC
layer. One rod is placed at each of the square lattice points

defined by the center of dielectric islands visible at the cross 045 2D PC ]
section. L bands

We create the air waveguide by removing a row of dielec-
tric rods in the 2D PC layer. The dispersion relation of the
waveguide mode for=0.6a is calculated by the PW method
and shown in Fig. 24. The single-mode, air waveguiding
bandwidth is approximately 180 nm in this case and remains
well above 165 nm throughout the range @4t <0.65.

oint of the triangular latticE22]. The drilled structure forms

n fcc lattice with its surface parallel to tli#ll) plane. We
employ the SP structure with the following structural Fpa-
rameters: the radius of air cylinders 0.3, wherea is 1/12
times the lattice constant of the fcc lattice. The structure
consists of roughly 31% of dielectric and 69% of air. The
size of the 3D PBG is-15%. Here, we employ the principle
uggested in the previous sectidhat the cross section of

e Yablonovite structure at the embedding position should

al\

B. SP;-based heterostructures

We illustrate the heterostructure structure based on the 0.1 02 03 04 05
SR;-Yablonovite structure with an intercalated triangular lat-
tice of dielectric rods forming the microchip layer. The;SP
structure can be fabricated by drilling holes through a trian-  FIG. 24. Dispersion relation for an air waveguide channel in the
gular lattice mask in three directions at an angle 35.26° awagp, based heterostructure. The thickness of 2D PC layer &sdnhé
from normal and spread out 120° on azimuth, for each latticehe radius of rod in the 2D PC layer is 0al5

Wave vector[27/a]
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FIG. 26. Dispersion relation for an air waveguide channel in the
Yablonovite based heterostructure. The Yablonovite structure with
radius of air cylinderr=0.3a, wherea is 11\5 times the lattice
constant of the fcc lattice is used. The thickness of 2D PC layer is
0.4a and the radius of rod in the 2D PC layer is &.2

the [111] direction[25]. The 2D photonic crystal slab must
FIG. 25. Schematic of the Yablonovite based heterostructurethen he a triangular lattice, in order to match tt&1) plane

The 2D PC layer consisting of a triangular lattice of circular rods isgf the inverse opal structure.
placed on top of the lower Yablonovite 3D PBG cladding layer. A practice, this heterostructure can be fabricated in one of
linear waveguidgmissing row of rodsis depicted in the 2D PC 5 \ways. The first is by infiltrating the opal template with
layer. The upper 3D PBG cladding layer is separated to help visu-si"con and overgrowing a silicon slab layer of prescribed
alize the 2D PC layer. An inset describes the crystalline directior{hickness above the top surface of the silicon-silica compos-
I-J. ite, during the silicon chemical vapour depositio@VD)

process. This silicon slab surface is then polished and pat-
represent a triangular lattice of dielectric rods. This corretgrned as a 2D photonic crystal with a triangular lattice of
sponds to the positions=1/6c, 3/6c, or 5/€ below the  poles and circuitrymissing holek This patterning step may
surface at which all three pores coincide, whetig J6a. A be done by electron-beam lithography, where it has been
layer of dielectric rods with radius=0.2a and thickness  shown that accurate alignment of this patterning with the
=0.4a is embedded at such position and one row of rods inynderlying photonic crystal is achievatj0]. An alternative
the I'-J direction (see Fig. 25 insetis removed to create a ajignment method using laser beam diffraction developed by
waveguide. Figure 25 illustrates the heterostructure based QQodaet al.[37] is also available and very high precision in
the Yablonovite structure. We show in Fig. 26 the band strucalignment has been achievgtd]. The holes are then filled
ture of the air waveguide inside the Yablonovite based hetusing silica CVD and the surface is polished once again. The
erostructure. Clearly, a single-mode waveguide that spans thﬁpper cladding layer can then be created by depositing an
entire on-chip band gap of approximately 160 nm is successgpal template on top of the solid microchip slab layer, apply-

fully obtained. ing silicon CVD to the upper layer, and finally removing
silica throughout the heterostructure by wet chemical etching
VII. INVERSE OPAL STRUCTURES [25]. This approach provides a microchip consisting of air

holes in a silicon membrane.

As a final illustration of a 2D-3D PBG heterostructure, we  An alternative microchip architecture may be realized by
consider the inverse opal structure. In order to obtain theCVD of silicon into the lower silica opal template section,
maximum bandwidth for embedded optical circuitry, we em-either up to or below the top of the silica spheres in the
ploy the inverse opal cladding structure reported in R2f].  uppermost layer of spheres. After this, silica CVD is per-
The structure contains closed-packed air sphéred.5, formed to create a solid slab of silica of desired thickness on
where a is a distance between the center of two adjacentop of the silicon-silica composite structure described above.
spherey surrounded by spherical shelfsadius 1.25) and  The exposed silica surface is then polished. This silica mem-
connected by cylindrical windowgadius 0.4). The volume  brane is patterned as a 2D photonic crystal with a triangular
fraction of dielectric materials is approximately 21%. Our lattice of holes and circuitrymissing holes The holes of the
calculation shows that there exists a PBG~011.2% in a  silica membranéthat sits on top of the previously infiltrated
normalized frequency range/\=0.583-0.653. We choose silicon-silica composite beloware then filled using silicon
to cut the inverse opal structure at ttil1) plane, since in  CVD and the exposed surface is polished. The upper clad-
real fabrication processes, the opal spheres are stacked alodigg layer is created as in the previous case and finally silica
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FIG. 28. Schematic showing the inverse opal structure. The opal
spheres are assumed stacking along (i) direction. (a) Side
view of the inverse opal structure showing three equivalent planes,
namely A, B, and C.(b)—(f) Cross sections of the inverse opal
structure at the planes=0, z=1/24c, z=1/1%, z=1/8c, and z
=1/6c, respectively.

FIG. 27. Schematic of the inverse opal based heterostructurdions of inverse opal structure and 2D photonic crystal layer
The 2D PC layer consisting of a triangular lattice of circular rods ismatch each other. The 2D photonic crystal layers is inserted
placed on top of the lower inverse opal 3D PBG cladding layer. Ain a manner that each dielectric rod is centered at the center
linear waveguidémissing a row of rodsis depicted in the 2D PC  of the corresponding hollow-core dielectric rod visible at the
layer. The upper 3D PBG cladding layer is separated to help visueross section of the inverse opal PBG. We note here that the
alize the 2D PC layer. inner and outer radii of the hollow-core dielectric rods are

is removed from the entire heterostructure by wet Chemica?pproxmately 0.12 and 0.28, respectively.

etching. This second approach provides a micro-chip consist- V\/te dcc:)n&der an ar wavegwd]? C;.nsl|det Fhe Zetgro;;regcture
ing of silicon rods in air backgroun@ee Fig. 27. created by rémoving one row ot dielectric rods in

In the first heterostructure, waveguides consist of cqumngireCtiqn of the triangular Iattic(aor'they ('direction'as indi-
of solid silicon in the micro-chip layer, whereas in the latter @ted in Fig. 28 We show the dispersion relation of the

heterostructure we obtain air waveguides in a triangular latvaveguide mode for the case that0.222 andt=0.1% in
tice of silicon rods. As discussed in Sec. II, here we choos&19- 29. We can clearly see a single waveguide mode span-
to concentrate on the latter. ning a large fraction of the on-chip band gap framA
Figure 27 shows a schematic of the heterostructure based0.586—-0.616.
on the inverse opal 3D PBG with an intercalated triangular We scan the structural parameterfrom 0.18& to 0.2&
lattice microchip of dielectric rods in an air background. andt from 0.1a to 0.2a and calculate the waveguiding band-
First, we consider the embedding position. Figurga28 width for each case. The results are summarized in Fig. 30.
shows a side view of the inverse opal structure, wherezthe We find that the largest waveguiding bandwidth~e74 nm
axis is parallel to thg111] direction. The lattice constant is obtained when the thicknesstis0.1%. The dependence
along the[111] direction isc. There are three equidistant of the waveguiding bandwidth to the radiuss relatively
planes in one period of the structure, namely A, B, and Csmall in the range shown in Fig. 30.
respectively. Since these planes are symmetrically equiva- Finally, we summarize in Table | the results for all of the
lent, it is adequate to consider the embedding position withir2D-3D heterostructures considered in Secs. IV=VILI. It is in-
the range ofz=0 to z=1/6¢c. We show in Figs. 2&)-28f)  teresting to note that the maximal bandwidth of the single-
cross sections of the inverse opal structure at the planes mode air waveguide is roughly 180 nm for a number of dif-
=0, z=1/24, z=1/1%, z=1/8c, andz=1/6c, respectively. ferent 3D PBG cladding, while the complete PBG of these
Clearly, the structures in Figs. @8—28(f) are quite distinct.  structures differ by considerably. For the 3D structures with a
While Figs. 28b) and 28c) represent disconnected dielectric large PBG, the 2D PC slab modes emerge quickly as the
rods in air background in a hexagonal lattice, Figgd2@&nd thickness of 2D PC layer increases. This destroys large parts
28(e) show a triangular lattice of air rods in dielectric back- of the PBG and leaves-180 nm of bandwidth for the air
ground. Figure 28) shows a triangular lattice of hollow- waveguide channdfor example, see Fig. 200n the other
core dielectric rods in air background. For compatibility with hand, for the 3D structures with a smaller PBG, the appear-
a 2D photonic crystal layer consisting of a triangular latticeance of 2D PC slab modes is slower and a smaller part of the
of dielectric rods in air background, we choose to place thé®BG is spoiled. Finally, this again leavesl80 nm of band-
bottom surface of the 2D microchip layerat1/6c (or half ~ width for the air waveguide channdfor example, see
the way between two sphejes$n this manner the cross sec- Fig. 14).
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Wave vector[2n/a] FIG. 30. Waveguiding bandwidth as a function of the thickness
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FIG. 29. Dispersion relation for an air waveguide channel in the y u ! yer for the
. ) inverse opal based heterostructure.
inverse opal based heterostructure. The thickness of 2D PC layer is
0.1% and the radius of rod in the 2D PC layer is (2dhe PC

layer is 0.8 disordered system will be presented using FDTD at the end

of this section. Figure 31 shows the change in the position of
the lower and upper edges of the waveguiding frequency
VIll. EFFECTS OF STRUCTURAL DISORDERS band as a function of the changerimndt. The frequencies
From a practical point of view, it is important to examine of the band edges are plotted against the relative change in
the robustness of the heterostructures described above tloe above parameters. The initial structure corresponds to the
small changes in the geometry of the structures. For illustrainverse square spiral based heterostructure with45 and
tive purposes, we study the effect of structural disorders in=0.17a. Clearly, an error in the thicknesdas a more del-
the inversg 001]-diamond:5 square spiral-based heterostruceterious effect than a comparable error in the radius
tures. We may classify the disorders effects in the inverse Second, the effect of transverse misalignment between the
square spiral-based heterostructure into two categories: tH#D PC layer and the inver$601]-diamond:5 square spiral is
first one related only to the square spiral itself and the seconeixamined. For simplicity, we assume that the 2D photonic
one related to the 2D PC layer. Since the disorder effects inrystal is registered with the lower inverse square spiral clad-
the square spiral PBGs have been reported elsewWh&le ding layer. The upper layer is then assumed shifteds-
here we consider only the disorders related to the 2D P@®laced from its designed position by the distance &fin
layer. either thex or y direction. Here, thec andy direction refer to
First, we consider small random variations in the paramthe waveguiding direction and the perpendicular direction,
etersr (radius of rods in the 2D PC layeandt (thickness of  respectively, and the direction is normal to the microchip
the 2D PC layerthat are likely to occur from point to point layer. We calculate the band structures for varidusr both
within the photonic crystal heterostructure. The usefulthe shift in thex andy direction and show the results in Fig.
waveguiding bandwidth in a weakly disordered heterostruc32. The results reveal that the single-mode waveguiding
ture may then be estimated by the intersection of the varioubandwidth of the heterostructure remains larger than 142 nm
waveguiding bands obtained from the set of perfect heteroand 160 nm for the shift of up to 100 nfor ~0.18) in the
structures which sample the distribution of parametesad X andy directions, respectively. The single-mode waveguid-
t. A more direct measure of backscattering loss in a truéng bandwidth vanishes when the shift is larger than

TABLE |. Summary of the optimized heterostructures for different types of 3D PBG cladding.

3D Size of PBG 2D lattice Optimized single-mode Thickness of
structure of 3D cladding structure waveguide bandwidtinm) 2D layer
Direct [001]-diamond:5 spiral 16% square 155 a.5
Inverse[001]-diamond:5 spiral 23% square 183 045
Direct [001]-diamond:1 spiral 15% square 185 0e55
Inverse[001]-diamond:1 spiral 22% square 184 a.5
Woodpile 18% square 186 0.85
SP, 24% square 180 026
SP; (Yablonovite 15% triangular 160 oa
Inverse opa[111] 11% triangular 74 0.1%
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FIG. 31. Waveguiding band edges of the waveguide in the in- FIG. 33. Transmission spectra for electromagnetic waves propa-

verse square spiral based heterostructure as a function of changegating through a distance of 20 unit cells in disordered waveguides

the geometry of the 2D PC layer. The relative changeandr are in the inversg 001]-diamond:5 square spiral based heterostructure.

measured in percentage. The initial geometry corresponds to Each line represents an averaged result of 10 configurations of ran-
=0.4m andr=0.17a. domly disordered waveguide.

~200 nm for thex direction and~250 nm for they direc- waveguiding channel. We investigate these backscattering
tion. Our studies suggests the following general rules ofosses by the FDTD simulations. An air waveguide is created

thumb: (i) Transverse misalignment by 80 nm has almost nddy removing a row of dielectric rods in a disordered inverse
deleterious effect on the single-mode waveguidingl001-diamond:5 heterostructure witk 0.5a. Dielectric rods
bandwidth; (i) the heterostructure can withstand roughly With different diameters ranging frond=(0.34-Ad)a to
150 nm of misalignment before losing a major part of its(0.34+Ad)a are randomly distributed in the 2D PC layer.
functionality. The number of rods possessing a certain radius forms a uni-
The analysis above focussed on the effect of structurdiorm distribution with an averagel=0.34a. We consider
variations on the overall spectral window of single-modethree cases of disorders, namelyj=0.02, 0.04, and 0.G8
waveguiding. Clearly these variations reduce the availabléFor a microchip operating at wavelengths near 1.5 microns,
window. However, even within the reduced windows, disor-this corresponds tad~12, 24, and 48 nm, respectively.
der can lead to optical backscattering losses along the aifhe transmission coefficients of electromagnetic waves
propagating through a distance of 20 unit cells across the
— T disordered waveguide are shown in Fig. 33. The broken line,
""""" x-direction | open-circle line, and solid-circle line correspond Aa
— y-direction . =0.02, 0.04, and 0.@8 respectively. The solid line at trans-
] mission equal to one is a guide to the eyes. Figure 33 repre-
sents the averaged result of 10 configurations of randomly
disordered waveguide. It is seen that the transmission is re-
duced by~1-2 % (or ~0.0036-0.0072 dB«4m) for a dis-
order of~24 nm. The averages of the reflection coefficients
over a range of frequencg/A=0.341-0.367 are 0.32%,
] 1.34% and 4.04% fornd=0.02, 0.04, and 0.G8 respec-
. tively. Although more numerical data are required for a solid
1 conclusion, we find that the reflection coefficients roughly
follow the quadratic function oAAd, as appropriate for a 1D
Rayleigh scattering mechanism.
014 0.5 Finally we note that diffractionless flow of light in our
2D-3D PBG heterostructure, with disorder, is considerably
more robust than waveguiding in a solid waveguide through
FIG. 32. Waveguiding bandwidth of the waveguide in the in- & 2D PC membrane with uniform dielectrisay aij above
verse square spiral based heterostructure as a function of misalignd below. In the latter case, significant small angle forward
ment between the 2D PC layer and the upper 3D PBG cladding. Thecattering can lead to leakage of light into the third dimen-
x andy directions correspond to the waveguiding direction and thesion (normal to the membrang38,39. In the 2D-3D PBG
perpendicular direction, respectively. The parameters of the heteranicrochip, all “final states” with a vertical wave-vector com-
structure ar¢=0.45 andr=0.17a. ponent, that light could even “in principle” scatter into, have
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been removed by virtue of the on-chip 3D PBG.

IX. 2D-1D HETEROSTRUCTURES

It is tempting to ask whether other cladding materials
above and below an 2D microchip might also be effective in
preventing diffractive loss into the third dimension. In order
to address this question, we provide a comparison between
the heterostructures using 3D PBG materials as cladding lay-
ers and a hypothetical heterostructure using 1D PC omnire-
flectors[26,27] as cladding layers. Omnireflectors consisting
of 1D multilayer stacks have been shown to reflect plane
waves impinging from any angle onto their surface under
idealized conditions. Earlier, a theoretical analysis on the
2D-1D heterostructures or the heterostructures using 1D PC
omnireflectors as cladding layers has been repoft.
However, the analysis employed a simplified model that as-
sumes only 1D omnireflectors with a thin layer of air wave-
guide and does not really include the 2D PC layer. This has
lead to an overly optimistic result on the confinement of .
light. In contrast, we present here a 3D analysis of the 2D-1D FIG. 34. Schematic of the 2D-1D heterostructure. The 2D PC
heterostructure based on the 3D FDTD methods. layer consisting of a square lattice of circular rods is placed on top

We begin by discussing the types of confinement of IightOf the lower 1D omnlreflec_tor cl_addl_ng layer. The da_rk and_ light
inside the waveguide created by removing a row of dielectriéaIyers correqund 0 ma.te”als with “'Q“e.f af‘d lower d'elecm.c con-
rods in the 2D photonic crystal layer. It is important to em- StS: respectively. A linear waveguidissing row of rodsis

. o . . depicted in the 2D PC layer. The upper 1D omnireflector cladding
p_hasme here .that .It I$ not possible to Obtf""” a'complete .Coqéyer is separated to help visualize the 2D PC layer.
finement of light inside such a waveguide since the light
inside the waveguide acts as a point source very near to thgaveguide mode is completely confined and nonleaky, thus
surface of the omnireflector. Moreover, the evanescent fielfacilitating identification of the air waveguide mode. We as-
of the air waveguide penetrates into the interior of the om-sume a supercell consisting of 5 dielectric rods on either side
nireflector. Consequently, light from the waveguide will of the waveguide in the 2D PC layer and 5 unit cells of the
couple to the propagating modes of the omnireflector unlikelD omnireflector layers on each sittep and bottorhof the
the light from a source far away from the omnireflector sur-2D PC layer. Shown in Figs. 89 is the dispersion relation
face[26]. Therefore, our aim here is not simply to disprove of the TM-like waveguide mode, which spans the frequency
complete confinement, but rather to evaluate the strength ahngea/A=0.28—-0.37 as expected. Figure(Bbshows the
confinement of the 2D-1D heterostructure waveguide offield pattern in the vertical cross section for the wave vector
equivalently, the leakiness of the waveguide. 0.2[2w/a]. Second, we assume the Mur’s second order ab-

Figure 34 shows a schematic of the 2D-1D heterostrucsorbing boundary conditiofABC) in the vertical direction
ture. We assume the 1D omnireflectors with the same strudnstead of the periodic boundary conditions to allow leakage
tural parameters as 0], that is, one unit cell of the 1D of light from the heterostructure. These ABCs simulate semi-
omnireflector consists of GaA@=3.5 with thicknessd, infinite stacks of GaAs cladding on top and bottom of the
and oxidized AlAs(n=1.56 with thicknessd,. The 1D lat- 2D-1D heterostructure and allow the light leaked to be ab-
tice constant=d,; +d, and we choose the ratiy/d,;=2. The  sorbed without being reflected back into the heterostructure.
thickness of the 2D photonic crystal layer is assumed equal The propagation loss of the waveguide can be found by
to d,. The model in40] was only one-dimensional and did calculating the quality factofQ) of the waveguide mode
not include the 2D photonic crystal. In our model, we choosd41]. The transmission coefficient after propagating the
the intercalating 2D PC lattice to have a lattice constant length L for particular angular frequencw is equal to
=1.5c in order to obtain overlap between the 2D PBG andexp(-Lw/Qug), where vy is the group velocity of the
the 1D omnireflection spectral range. The omnireflecting frewaveguide mode at. The Q factor of the waveguide
quency range for the multilayer stacks above is approximode is calculated by measuring the ratio of the total
mately fromc/A=0.17-0.28. An idealized 2D square lattice power inside the heterostructure and the power absorbed
of infinitely long dielectric rods with radius of 0e2n an air by the ABCs. We find that the propagation loss for the
background provides an in-plane band gap for the similawave vector 0.22x/a] (or a/\~0.306 is on the order of
frequency range 0&/A=0.28—-0.42. ~2 dB/um for light at 1.5microns. Qearly, the 2D-1D

First, we employ the 3D FDTD method with the Bloch heterostructure with 5 unit cells of 1D omnireflectors on
boundary condition in the waveguiding direction and the peeach side is extremely ineffective in confining light in the
riodic boundary conditions in the other two directions to es-waveguide. Since the waveguide mode excites propagat-
timate the frequency and dispersion relation of the waveing modes of the 1D omnireflector, increasing the thick-
guide mode. By using periodic boundary conditions, the aimess of the cladding does not improve matters. This is in a
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(a) — order to obtain a large bandwidth waveguide mode, the 2D
PC layer has to be adequately thick. For the 2D-3D hetero-
structure with certain 2D PC layer thickness, we can obtain a
maximal on-chip band gap by minimizing the bandwidth of
the spurious planar defect mod&D PC slab modgsThis
can be achieved when the fields of the planar defect modes
are delocalized fronfless confined inthe 2D PC slab re-
gion, since less confinement implies that the frequencies are
near to the band eddaot deep inside the band gafhis, in
turn, can be achieved when the field distributions in the 2D
PC slab region and the 3D PBG region are well matched at
the interfaces. Therefore, the 2D PC layer should be embed-
ded into the 3D PBG materials at the cross section at which
ol o0z o3 oa the field distribution is similar to that of the 2D PC. This
(b) Wave vector[27/a] turns out to be the position where the cross section itself
resembles the 2D PC as will be shown in the followings, and
thus our principle for the embedding position used in Secs.
VI and VII.

To summarize the above statements, planar optical micro-
chip functionality, in 3D PBG materials, requires the identi-
fication of a cutting plane where there exists one set of 3D
eigenmodes whose field distributiofet that cross sectigon
closely resembles the field distribution of a “complete” set of
eigenmodes of the 2D PC spanning every in-plane wave vec-
tor. Mismatch of 2D and 3D field distributions leads to a
filling in of the on-chip 3D PBG with spurious defect modes,
whereas matching of the 2D and 3D field patterns facilitates
confinement of the planar defect mode into the narrowest
possible spectral range. When the 2D PC slab is inserted in
between two semi-infinite 3D PBG materials at the pre-
scribed cutting plane, the field distributions in both regions

FIG. 35. (a) Dispersion relation for the fundamental TM-like match well with each othe.r, causing minimal local dlsruptlon
mode of air waveguide channel in the 2D-1D heterostructure. Thé)f the 3D PBG. The resulting set of heterostructure modes, in

thickness of 2D PC layer is 0.44and the radius of rod in the 2D turn, rea_ct to engin(_eered point_ and Ii_ne defects _in the 2D PC
PC layer is 0.2. (b) Distribution of the electric field for the wave- S!ab region by forming three-dimensionally confined electro-
guide mode at the vertical cross section that cuts through the cent@t@gnetic modes in a planar microcircuit within the on-chip

of dielectric rods. The wave vector is 0.27/a]. 3D PBG. ) o ) )
We provide plausibility to the above conjecture by direct

strong contrast with the 2D-3D heterostructure where thé:omp_utatlon Of electric field dlstrlt_)utlon_s in the 3D P.B.G
confinement is better than 10dB/zm for five unit cells cladding material and the 2D PC microchip layer comprising

. : the inverse-opal-based heterostructure. In particular, we
T e o the fleld dstbuton for (e dilecnc bandsands
with cladding thickness. below the band gapresponsible for microcavity and Imear
waveguide defect modes created by removing dielectric ma-
terials from the heterostructure. First, we show in Fig$aB6
and 3@&b), the band structures for the close-packed inverse
opal structure and the infinitely high dielectric rods

We have shown through the illustrations that 2D-3D het-=0.228) in a triangular lattice 2D PC, respectively. For sim-
erostructures enable total confinement of light in planar miplicity, the band diagrams are shown only for one crystalline
crocircuits over a large frequency bandwidth, by careful sedirection(=direction of the waveguideSince it is more con-
lection of structural parameters. In this section, we present amenient to describe the translational symmetry of the wave-
interpretation of the underlying physics of the 2D-3D hetero-guide in a rectangular lattioghan in a triangular lattige we
structures. In particular, we provide an answer to the fundause a rectangular lattice containing two dielectric rods in one
mental question: “What is the underlying mechanism for dif-unit cell for Fig. 36b) and an orthorhombic lattice contain-
fractionless high bandwidth light flow in the 2D microchip ing six air spheres in one unit cell for Fig. @6. There are
layer of the 2D-3D heterostructure?” six bands below theecond2D TM band gap(Fig. 36b)],

We begin by considering the conditions for high band-and forty-eight bands below the 3D PBG in the inverse opal
width microcircuitry. These ardl) the waveguide mode structure[Fig. 36a)]. Six bands of the inverse opal structure
spans a large bandwidtbr the dispersion is not flaand(2)  that correspond to the six bands of the triangular lattice 2D
the on-chip band gap is large. It is clear from Sec. IV that inPC are indicated by solid lines. It is interesting to note that

0.36

0.34F

al\

0.32f

0.3F

negative 0 positive

X. MECHANISM OF 2D-3D HETEROSTRUCTURES
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FIG. 36. Band diagrams fdr) the inverse opal 3D PBG mate-
rial and (b) the triangular lattice of circular dielectric rods 2D PC. FIG. 37. Distributions for the-component of electric displace-
The band diagrams are shown only for one crystalline directiorment field of(a) the six dielectric bands in the 2D PC affy) the
(=direction of the waveguide There are six bands below the sec- corresponding six dielectric bands in the inverse opal 3D PBG at
ond order 2D TM band gaf), and forty-eight bands below the 3D the optimized embedding position. The field patterns are shown for
PBG in the inverse opal structu(a). Six bands of the inverse opal the wave vectok=(0.25,0 2=/a. The broken lines show geometry
structure that correspond to the six bands of the triangular lattice 2[@f the corresponding photonic crystal structures. Note tha®in
PC are indicated by thick solid lindsvith circles. the areas inside circles correspond to dielectric butbin these
correspond to air.
the frequency range of the 3D PBG of the inverse opal struc-
ture is in the same range as the frequency range afdbend  patterns at nearby planes do not resemble those of the 2D PC
2D TM band gap of the triangular lattice 2D PC. and thus contribute to creation of other spurious defect
We show in Fig. 37 field patterns for the six dielectric modes. In the 2D-3D heterostructure, the “2D-like” field dis-
bands of the 2D PC and the six corresponding bands of thgibutions are “enhanced” by the insertion the 2D PC slab at
inverse opal structure for the wave vectok the optimum position. This makes possible single-mode, air
=(0.25,0 2m/a. Clearly, the field patterns of the 3D PBG waveguides with almost completely lossless 90° sharp bends
correspond well with those of the 2D PC. The two bandsand many other microcircuit elements characteristic of an
indicated by thick solidred) lines with circles in Figs. 3@  idealized(infinite aspect ratip2D photonic crysta[28].
and 3@&b) are responsible for the formation of the waveguide

mode Whe_zn a row of dielectric rods is removed. However, XI. CONCLUSION
only the higher frequency band of these two bands enters the
on-chip PBG as seen in Fig. 29. We have presented extensive analyses of a variety of

We have presented above an explanation of defect-mod2D-3D heterostructures. On-chip, single-mode, waveguiding
formation in 2D-3D heterostructures. A further question con-in air is demonstrated in the heterostructures based on the
cerns the detailed requirements for formation of single-square spiral, woodpile, slanted pore, Yablonovite, and in-
mode, air waveguides in 3D PBG materials. In particularyverse opal 3D PBG materials. In particular, the heterostruc-
“Can optimally functional 2D PC-like, single-mode, air tures based on the square spiral, woodpile, and inverse opal
waveguides be created in the 3D PBG materials without re3D PBG materials are optimized to yield maximal single-
course to a 2D-3D heterostructure?” For example, at thenode waveguiding bandwidths. The waveguiding band-
plane where two layers touch in the woodpile structure, thevidths of ~73 nm and 150-180 nm have been achieved for
field resembles that of the 2D PC. It is tempting to argue thathe inverse opal based heterostructure and for other types of
single-mode, air waveguides with 90° sharp bends in a singlbeterostructures, respectively. We also demonstrated lossless
layer can be obtained directly from the 3D woodpile struc-propagation of light inside the optical microcircuit layer in-
ture by removing dielectric materials from this plane and theside the heterostructure by 3D FDTD simulations. We exam-
positions nearby. However, our calculations show that sucined the effects of fabrication-related disorder and showed
air defects do not yield an ideal, single-mode waveguide thathat the heterostructure is robust to on-chip structural disor-
spans the entire band gap. In fact, many modes are creaté@r and misalignment between the 2D and 3D photonic crys-
inside the 3D PBG that do not have 2D-PC characteristicstal layers. Finally, we provided a physical interpretation of
The underlying reason is that although the field patterns ahe mechanism of the 2D-3D PBG heterostructure based op-
the chosen plane resemble those of the 2D PC, the fieltical microcircuitry. Certain modes in the 3D PBG materials
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with electromagnetic field distribution, at specific cutting of the electromagnetic vacuum” for highly frequency selec-
planes, resembling a “complete set” of 2D PC modes werdéive control of spontaneous emission from atoms and the
found responsible for the diffractionless, on-chip, optical mi-incorporation of novel active devices within the optical mi-
crocircuitry in the 2D-3D heterostructure. This suggests thatrochip.
many of the optical microcircuit elements presented earlier

[28] in the context of idealized 2D photonic crystals can be

readily incorporated into real 3D PBG materials, without the
problem of leakage of light into the third dimension. More-  This work was supported in part by the Natural Sciences
over, the 2D-3D PBG heterostructure enables “engineeringnd Engineering Research Council of Canada.
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