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We present a detailed analysis of three-dimensional photonic band-gap materials consisting of lattices of
slanted pores withn=2, 3, and 4 pores per unit cell. These slanted pores emanate from one or two masks
consisting of a two-dimensional square or triangular lattice of holes placed on the top surface of the crystal. We
also consider the case in which the top surface is “polished” at an angle after the first set of slanted pores is
generated from the first mask. A second set of slanted pores is then generated from a second mask placed on
the new angled surface. Using these architectures, we demonstrate photonic band gaps of up to 25% of the gap
center frequency when the crystal is made from materials with a dielectric constant ratio of 11.9:1ssilicon with
air poresd. The proposed structures are amenable to microfabrication using established techniques such as x-ray
lithography or two-photon direct writing in a polymer template, followed by inversion and replication of the
template with polycrystalline silicon. They can also be microfabricated by direct plasma etching in single
crystal semiconductors. An alternative fabrication protocol consists of photoelectrochemical etching of deep
pores in a single crystal semiconductor followed by focused ion beam or reactive ion etching of the second
lattice of directed pores.

DOI: 10.1103/PhysRevE.71.036605 PACS numberssd: 42.70.Qs

I. INTRODUCTION

Since the introduction of the photonic band-gapsPBGd
conceptf1,2g, there has been considerable interest in the de-
sign of materials that are amenable to large scale, low cost
microfabrication, and which exhibit a large PBG. Slanted
pore structuresf3g are of particular interest because they can
exhibit a significant PBG while at the same time being ame-
nable to microfabrication by a variety of techniques such as
x-ray lithographyf4–11g, two-photon direct writingf12–15g,
photoelectrochemical etchingf16–18g, ion beam etching
f19–24g, or a combination of the above. It is particularly
interesting to develop architectures and fabrication protocols
in which circuits of light f25g can be readily incorporated
using the same methods. Such optical circuits would operate
using the principle of light localizationf26,27g, rather than
total internal reflection for guiding light, and would enable
frequency selective control of spontaneous emission from
nearby atoms and moleculesf2,28–30g. The combination of
these two properties enables the development of robust
forms of integrated optics. Here, passive waveguiding of
light can be combined with active microphotonic devices on
an optical microchip. These possibilities have inspired a
broad range of scientists and engineers to design and synthe-
size microstructures exhibiting a large photonic band gap.
The identification of the diamond latticef31g as a primary
candidate for a large three-dimensionals3Dd PBG has led to
the design f32,33g and microfabrication f34–36g of
woodpile-type structures. An alternative square spiral struc-
ture with a potentially larger 3D PBGf37,38g and amenable
to lower cost synthesisf39,40g has been realized more re-
cently f41g. Likewise, self-assembly methods have achieved
very large scale face centered cubicsfccd lattices with a high
degree of perfection, but with a relatively small PBG
f42,43g. On the other hand, low loss optical circuitry on a
large scale, a PBG based microchip, operating at visible or
near infrared wavelengths, may require manufacturing of

structures with a precision of a few nanometers. This neces-
sitates the consideration of architectures that are amenable to
microfabrication using high resolution techniques such as
x-ray lithography into a polymer template followed by inver-
sion and replication with siliconf4g. For optoelectronic ap-
plications, it is also advantageous to develop PBG materials
in which the dielectric backbone consists of a high quality
single crystal semiconductor.

FIG. 1. sColor onlined An example of a SP1 structure. The
square mask is characterized by unit vectors aW1=sa,0,0d and aW2

=s0,a,0d. cW =s0,0,cd is a vector perpendicular to the mask plane.

The pore axis associated with mask pointP starts at positiondW

=0.5aW1+0.5aW2 relative to P and ends atdW +1aW1+1aW2+cW. This par-
ticular structure belongs to familyS/ f1,1gs0.5,0.5d.
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Early studies suggested the possibility of achieving a
moderate size 3D PBG using a lattice of crisscrossing pores
f44g. The “Yablonovite” structure consists of three pores ori-
ented along the three primitive lattice vectors of the fcc lat-
tice and emanating from a triangular mask on the sample
surface. In principle, it exhibits a 17% PBG when made from
optimized air cylinders in a silicon background of dielectric
constant«=11.9. While this structure has been fabricated for
microwave applications, the corresponding semiconductor
material with sub-micrometer diameter pores has been diffi-
cult to achieve using reactive ion etching methodsf19,20g. It
is both difficult to drill directly into the semiconductor to
more than a few micrometers depth and nearly impossible to
maintain sharply defined cylinder shapes near the crossing
points of the pores. Focused ion beam etching has recently
been introduced in order to obtain deeper etches, but a com-
plete PBG remains to be demonstrated. A closely related
structure, referred to as “Kielovite”f45g, has been synthe-
sized on a very large scale using photoelectrochemical etch-
ing f16,18g in silicon and various III-V semiconductors. In
silicon, this structure involves a triangular lattice of etch pits
on thes1,1,1d crystallographic surface. Photoelectrochemical
etching then leads to a set of three poresssymmetrically
placed on a 29.5° cone with respect to the surface normald
emanating from each etch pit. This entails a tetragonal dis-
tortion of the Yablonovite, which requires a 35.3° cone. The
PBG of the Kielovite is only 8% of the gap center frequency
when optimizedf46g. Moreover, the photoelectrochemical
etching process requires doping of the semiconductor, result-
ing in sometimes undesirable, free charge carriers in the re-
sulting PBG material.

Recently, another approach to 3D photonic crystal synthe-
sis based on ultraviolet holography in a polymer template

f47g has been proposed. In this method, the interference pat-
tern of four laser beams is used to expose a polymer photo-
resist. After a “baking” and “developing” process the over-
or underexposed regions are removed, leaving behind a rep-
lica of the laser isointensity surfaces. A variety of PBG ar-
chitectures have recently been identifiedf48g for this type of
interference lithography. A large PBG occurs provided the
polymer template is replicated with a high index of refraction
material, such as silicon.

Up to now the use of x-ray lithography to create slanted-
pore sSPd photonic crystals has been restricted to Yablono-
vite structures in low refractive index polymerssphotore-
sistsd and 10-mm, scale poresf5–9g. Using this method,
nanometer scale resolution is possible. In order to achieve a
photonic band gap, a double inversion of the polymer tem-
plate is required. In the LIGAsLithographie, Galvanofor-
mung und Abformungd techniquef4,10g, the pores in the
polymer template are infiltrated with a metal and the polymer
is subsequently removed, yielding an “inverse” structure.
This metallic photonic crystal can, in principle, be used as a
second template for chemical vapor deposition of silicon
throughout its void regions. As in the case of inverse opals
f42g, selective etching of the metal template yields the de-
sired “direct” structuresreplica of the original polymer tem-
plated, now consisting of air pores in a silicon background.
The reduction in feature size, to create a PBG centered at a
wavelength of 1.5mm, using LIGA, requires the careful de-
velopment of high quality masks which can stop the x rays
from etching the polymer template in regions other than the
desired pores. The polymer template can also be exposed
using two-photon absorption based direct writing. This tech-
nique does not provide the high resolution of x-ray lithogra-

FIG. 2. sColor onlined An example of a SP2 structure based on a
square maskS/ f1,1g % f−1,−1gs0.5,0d. The two pore axes associated
with the mask pointP are illustrated. The intersection between the

second pore axis and the mask plane is shifted bydW =0.5aW1+0aW2

relative toP. We make use of the conventionf1,1g;f1,1gs0,0d.

FIG. 3. sColor onlined An example of a SP2 structure based on a
triangular maskT/ f2,1g % f−1,−2gs0,0.5d. The primitive unit vectors
of the triangular mask are aW1,2=(s1/2da,7 sÎ3/2da,0), where a is
the lattice constant of the mask.
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phy. However, the direct writing technique may be useful for
creating waveguide circuits and microcavity defects, once
the underlying 3D PBG crystal has been imprinted on the
polymer photoresist.

In this paper we introduce a set of slanted-poresSPnd
photonic crystal architectures consisting ofn=2,3,4 pores
per unit cell. In addition to having gaps as large as 25% of
the gap center frequency, some of the structures involve
fewer pore crossings than Yablonovite and therefore are less
prone to disorder-induced degradation of the photonic band
gap. A special nomenclature is introduced to facilitate the
study of a large number of SPn structures. With the help of
this notation the structures investigated in this paper are par-
titioned into classes and families. The families with sizable
photonic band gaps are analyzed in detail and an optimized
set of parameters is determined in each case.

II. DESCRIPTION OF THE SP n PHOTONIC CRYSTALS

A photonic crystal belonging the to SPn class can be de-
scribed using a two-dimensional latticesthe maskd and n
pore axess“drilling directions”d associated with each unit
cell of the mask. Figure 1 displays an example of a SP1
structure based on a square mask. The primitive vectors of
the mask lattice are aW1=sa,0,0d and aW2=s0,a,0d where a is
the lattice constant of the mask. cW is a vector perpendicular to
the mask plane and its length c, is unrelated to a. A pore
sillustrated in Fig. 1 as a cylinderd associated with mask

point P, is defined by its in-plane shift relative toP, dW

=d1aW1+d2aW2 s0ød1,d2,1d; its projection on the mask
plane,n1aW1+n2aW2 sn1 and n2 are integersd; its vertical dis-
placement c. We denote this pore by the symbolfn1,n2gsd1,d2d

or simply fn1,n2g whendW =0W. Extending the pores to infinite
length is equivalent to stacking the layer described above
vertically with a periodicity of c. The resulting 3D periodic
structure has a tetragonal Bravais lattice and the basis shown
in Fig. 1. The tetragonal lattice is characterized by lattice
constants a and c in plane and perpendicular to the plane,
respectively. With the notation introduced above the SPn
class is further partitioned in families of structures denoted

by M / fn1
1,n2

1gsd1
1,d2

1d %¯% fn1
n,n2

ngsd1
n,d2

nd, whereM denotes the

FIG. 4. sColor onlined An example of a SP3 structure based on a
triangular maskT/ f2,1g % f−1,1g % f−1,−2g. The primitive unit
vectors of the triangular mask are aW1,2=(s1/2da,7 sÎ3/2da,0),
where a is the lattice constant of the mask. When c=Î6a the struc-
ture is identical with Yablonovitef44g.

FIG. 5. sColor onlined Top view of theT2p
s1d andT2p

s2d structures.
The arrows in the figure represent the pores which start on plane
z=0 and end on planez=c. For a perspective view ofT2p

s2d see
Fig. 3.

FIG. 6. T/ f1,1g % f−1,−1gs0,0.5d family of photonic crystals.sad
Relative size of the full photonic band gap as a function of c for
r =0.34a.sbd Relative size of the full photonic band gap as a func-
tion of r for c=1.73a. The dielectric constant of the background
material is 11.9.
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type of the masksS for square, T for triangulard and

fn1
k ,n2

kgsd1
k,d2

kd describes thekth pore axis. The structures be-
longing to such a family are distinguished by the radius of
the poresr, and the pore’s vertical displacement c. A photo-
nic crystal obtained by drilling holes of radiusr along these
pore axes in a solid background belongs to the corresponding
SPn family. As an illustration, the simple SP1 structure dis-
played in Fig. 1 belongs to familyS/ f1,1gs0.5,0.5d.

An example of a SP2 structure based on a square mask is
shown in Fig. 2. In this case the first pore axis runs in direc-
tion 1aW1+1aW2+cW and the second, shifted by an in plane vector

dW =0.5aW1+0aW2, in direction −1aW1−1aW2+cW. This SP2 structure
belongs to familyS/ f1,1g % f−1,−1gs0.5,0d. Here againS de-
notes the type of the maskssquared, f1,1g;f1,1gs0.0d indi-
cates that the first pore runs froms0, 0, 0d to 1aW1+1aW2+cW and

f−1,−1gs0.5,0d indicates that the second pore runs fromdW

=0.5aW1+0aW2 to dW −1aW1−1aW2+cW.
Similar notations can be used for SPn structures withn

.2 or different masks. Two examples of SPn structures
based on triangular masks are shown in Figs. 3 and 4. With
the choice of the mask primitive vectors as aW1,2
=s1/2a,7Î3/2a,0d the two structures correspond to
T/ f2,1g % f−1,−2gs0,0.5d[SP2 and T/ f2,1g % f−1,1g % f−1,
−2g[SP3, respectively. We note that the Yablonovite photo-
nic crystalf44g belongs to theT/ f2,1g % f−1,1g % f−1,−2g
family and corresponds to c=Î6a.

The notation introduced above is not unique. Identical SPn
structures can be labeled differently depending on the choice
of the primitive vectors and thez coordinate of the mask
plane.

III. SP 2 CLASS OF PHOTONIC CRYSTALS

All the members of the SP1 family are in fact 2D photonic
crystals. They were used in Sec. II only as an illustration of
the notation scheme. In the rest of the paper we will focus on
3D photonic crystals and we start the study with the simplest
nontrivial class SP2.

We find two distinct SP2 structures based on a triangular
mask which exhibit photonic band gaps. These structures are
T2p

s1d;T/ f1,1g % f−1,−1gs0,0.5d and T2p
s2d;T/ f2,1g % f−1,

−2gs0,0.5d. Figure 5 illustrates schematically the position and
orientation of the pores for the two structures while Fig. 3
shows a perspective view ofT2p

s2d. Members of the two fami-
lies described above are distinguished by the radius of the
poresr and the vertical pitch c. For both of these families we
calculated photonic band structures for a large number ofsc,
rd points in the parameter space. The photonic band struc-
tures were calculated using the plane wave methodf31g with
an expansion of more than 1400 plane waves. For all the
structures we used a dielectric constant of 11.9 for the back-
ground material. Figure 6sad shows the dependence of the
full photonic band gap ofT2p

s1d as a function of c forr
=0.34a. The photonic band gap remains open for 1.25a,c
,2.2a and reaches its peak at c=1.73a. The slope of the
curve shown in Fig. 6sad is discontinuous because the pho-
tonic band gap corresponding to different c values closes at
different points in the Brillouin zone. The volume filling
fraction of the poressaird varies from 87.35% at c=1.25a to
77.35% at c=2.2a. Figure 6sbd shows the dependence of the
full photonic band gap ofT2p

s1d as a function ofr for c
=1.73a. The gap remains open for 0.265a, r ,0.395a. The

FIG. 7. sColor onlined Photonic band structure for the optimizedT/ f1,1g % f−1,−1gs0,0.5d photonic crystal characterized by c=1.73a and
r =0.34a. The air volume filling fraction is 80.47% and the full photonic band gap opens between bands 4 and 5 of the hexagonal photonic
band structure. The relative size of the gap is 13.5% and it is centered at a/lvac=0.39. The inset shows the positions of the high symmetry
points in the hexagonal Brillouin zone.
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volume filling fraction of the poressaird varies from 56.65%
at r =0.265a to 93.45% atr =0.395a. Figure 7 shows the
photonic band structure of the optimizedT2p

s1d photonic crystal
characterized by c=1.73a andr =0.34a. The volume filling
fraction of the pores for this optimized structure is 80.47%.
The photonic band gap opens between bands 4 and 5 of the
hexagonal photonic band structure. The relative size of the
photonic band gap is 13.5% and it is centered atva/2pc
=a/lvac=0.39 sc is the speed of lightd. The inset shows the
irreducible Brillouin zone together with the positions of the
high symmetry points used in the calculations. For all the
structures studied in this paper we have also determined
quantitatively the degree of overlap between the pores. This
overlap is expressed in percent and is defined as
sVpores/Vpores network−1d /n whereVpores networkis the volume of
the pores network,Vpores is the volume of all the pores as if
they were disjoint, andn is the number of pores per mask
point.Vporesis greater than or equal toVpores network. When the
two volumes are equal the pores of the SPn structure are
disjoint and the overlap is 0%. For the optimizedT2p

s1d struc-
ture the overlap is 10% and it varies from 2% to 20% when
c=1.73a and 0.265aø r ø0.395a.

Similar calculations have been performed for theT2p
s2d

=T/ f2,1g % f−1,−2gs0,0.5d structure which differs fromT2p
s1d in

the orientation of the two pores relative to the maskssee Fig.
5d. Figure 8sad shows the variation of the relative size of the
full photonic band gap as a function of c forr =0.33a. The
volume filling fraction of the pores varies from 83.46% at
c=2.00a to 77.11% at c=2.85a. Figure 8sbd shows the varia-
tion of the relative gap size as a function ofr for c=2.47a.
The volume filling fraction of the pores varies from 60.51%
at r =0.27a to 89.41% atr =0.37a. The optimizedT2p

s2d photo-
nic crystal, characterized by c=2.475a andr =0.325a, has a
photonic band gap of only 6%. The volume filling fraction of
the optimized structure is 77.9% and the overlap between the
pores is 10%.

For the case of a square mask we find two distinct SP2

families which exhibit large photonic band gaps:S2p
s1d

;S/ f1,1g % f−1,−1gs0.5,0d and S2p
s2d;S/ f1,1g % f−1,1gs0,0.5d.

Figure 9 displays schematically the position and orientation
of the pores of both these structures while Fig. 10 displays a
three-dimensional perspective of the optimizedS2p

s1d crystal.
For the specific choice of c=Î2a, theS2p

s1d structure resembles
an inverted “woodpile”f32,35,36g crystal, consisting of cir-
cular air rods in a solid background. The pore axes do not
cross each other but the pores can overlap if their radius is
sufficiently large. In the case of the optimizedS2p

s1d, r
=0.345a, it is the overlap of the pores which leads to a larger
PBG than in conventional “woodpile” structures created
through layer by layer growth. The SPn structures can also be
described using an alternative scheme which is more appro-
priate for a multistage fabrication process in which the pores
are created sequentially. For example theS/ f1,1g % f−1,
−1gs0.5,0d structure can be described by two square masks,
displaced bysa/2,0d, each having a single pore associated
with it ssee the inset of Fig. 10d. We studied the dependence
of the photonic band structure of theS2p

s1d photonic crystals
made from Sis«=11.9d as a function of c and the radius of
the poresr. We find the optimized structure to be character-
ized by c=1.40a andr =0.345a. For this optimized geometry
the volume filling fraction of the pores is 80.16% and the full
photonic band gap, centered atva/2pc=a/lvac=0.41, has a
relative size ofDv /v=24%. Figure 11 shows the photonic
band structure of the optimizedS2p

s1d photonic crystal calcu-
lated using the plane wave method. The inset shows the ir-
reducible Brillouin zone together with the positions of the
symmetry points used in the calculations.

FIG. 8. T/ f2,1g % f−1,−2gs0,0.5d family of photonic crystals.sad
Relative size of the full photonic band gap as a function of c for
r =0.33a.sbd Relative size of the full photonic band gap as a func-
tion of r for c=2.475a. The dielectric constant of the background
material is 11.9.

FIG. 9. sColor onlined Top view of theS2p
s1d andS2p

s2d pore struc-
tures. The arrows in the figure represent the pores which start on
plane z=0 and end on planez=c. For a perspective view of the
pores ofS2p

s1d see Fig. 2.
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Figure 12sad shows the dependence of the relative size of
the photonic band gap as a function of c for a fixed pore
radius ofr =0.345a. We find the full photonic band gap to be
robust to changes in c. The full photonic band gap remains
open for 0.9a,c,2.2a while the pore volume fraction var-
ies from 94.37% at c=0.9a to 70.60% at c=2.2a. The dis-

continuous character of the slope of the curve plotted in Fig.
12sad is explained by the fact that as c increases from 0.9a to
2.2a the upper edge of the photonic band gap closes at dif-
ferent symmetry points of the Brillouin zone,M1, R1, G ssee
Fig. 11d and thus the relative gap size acquires a different c
dependence on different segments. A full photonic band gap
of more than 21% exists for 1.1a,c,1.6a corresponding to
a relative angle between pores ranging from 104° to 83°. The
overlap between pores varies between 20% at c=1.1a to 15%
at c=1.6a. Forr =0.345a, the photonic band gap remains
nonzero for a relative angle in the very broad range of 66° to
115°.

Figure 12sbd shows the dependence of the relative size of
the full photonic band gap as a function of the pore’s
radiusr for a fixed c=1.40a. The background material is Si
s«=11.9d. We also find the full photonic band gap to be quite
robust with respect to changes inr. The gap remains open for
0.20a, r ,0.42a and the air volume fraction varies from
35.3% atr =0.20a to 95.5% atr =0.42a. For all values ofr
the upper edge of the photonic band gap closes at pointR1
ssee Fig. 11d. A full photonic band gap of more than 20%
exists for 0.30a, r ,0.38a and the overlap between the
pores varies between 10% atr =0.30a to 23% atr =0.38a.

We have also studied the “inverted”S2p
s1d family which

consists of solid Si cylinderss«=11.9d in air. The optimized
photonic crystal in this case is characterized by c=1.6a and
r =0.19a. The volume filling fraction of the cylinders is
30.6% and the relative size of the full photonic band gap is
16%sin agreement with the results reported inf32gd. The gap
in this case opens also between bands 4 and 5 of the tetrag-
onal photonic band structure and is centered at a/lvac=0.35.
For the optimized invertedS2p

s1d structure the overlap between
cylinders is very small.

A similar study was performed for theS2p
s2d structure. Here

we find that the optimized photonic crystal is characterized
by c=a,r =0.305a and the relative size of the photonic band
gap, centered at a/lvac=0.47, is 21%ssee Fig. 13d. The pore

FIG. 10. sColor onlined The optimized siliconS/ f1,1g % f−1,
−1gs0.5,0d photonic crystal. The radius of the pores isr =0.345a and
c=1.40a. The volume filling fraction of the pores is 80.16% and the
full photonic band gap has a relative size of 24%. The inset shows
an alternative view of the pore configuration for theS/ f1,1g
% f−1,−1gs0.5,0d family. The photonic band structure of this photo-
nic crystal is shown in Fig. 11.

FIG. 11. sColor onlined Band
structure of the optimizedS2p

s1d

photonic crystal. The crystal is
characterized by c=1.40a andr
=0.345a. The volume filling frac-
tion of the pores is 80.16% and
the overlap between pores is 16%.
The full photonic band gap is cen-
tered at a/lvac=0.41, opens be-
tween bands 4 and 5 of the tetrag-
onal photonic band structure, and
has relative size 24%. The posi-
tion of the irreducible Brillouin
zone symmetry points is illus-
trated in the inset.
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volume filling fraction is 80% and the overlap between the
pores in this case is 13%. When c=ascubic Bravais latticed
the S/ f1,1g % f−1,1gs0,0.5d structure is also a member of the
S/ f1,1g % f−1,−1gs0.5,0d family and thus we find that the op-
timized SP2 photonic crystal based on a square mask belongs
to theS2p

s1d family.

IV. GENERALIZED DESCRIPTION FOR SP 2 STRUCTURES

For some fabrication techniques such as photoelectro-
chemistry it is advantageous to use “vertical drilling” for
creating pores in a solid material. In principle all SPn struc-
tures can be manufactured in this way provided that the solid
can be “polished” after each etching step to provide faces
normal to prescribed directions for the subsequent etching
step. We illustrate this alternative description on the SP2 fam-
ily based on rhombohedral lattice masksR2p

s1d;R/ f1,1g
% f−1,−1gs0.5,0d. The standard mask is displayed in Fig. 14.
The primitive vectors of theR2p

s1d mask lattice have equal
length and make an angleu with the x axis:

aW1 = a„cossud,− sinsud…,

aW2 = a„cossud,sinsud….

The R2p
s1d family is a superset of the SP2 families studied in

the previous sections. The square and triangular families cor-
respond tou=45° andu=60°, respectively. The angleg be-
tween the pore directions in this casessee the inset of Fig.
14d is given by

cossgd = fc2 − 4a2 cos2sudg/fc2 + 4a2 cos2sudg. s1d

In the alternative description we consider two planes that are
perpendicular to the two sets of pores. These are the so-
called “polished faces” and we describe the structure in
terms of the intersections between the polished face and the
corresponding set of normal pores.

Figure 15 displays a “polished chunk” of the previously
studied S2p

s1d structure swhich belongs to the u=45°
R2p

s1dfamilyd when c=Î2a. According to Eq.s1d the pore di-
rections in this case are perpendicular to each other. The
polished facesslabeled bya and b in Fig. 15d are perpen-
dicular to thes1,1,Î2d and s−1,−1,Î2d directions, respec-
tively. For a generalR2p

s1d structure a face is intersected at
normal angle by one set of pores and at an oblique angle by

FIG. 12. S2p
s1d family of photonic crystals.sad Relative size of the

full photonic band gap as a function of c forr =0.345a.sbd Relative
size of the full photonic band gap as a function of the pore radiusr
for c=1.40a. The dielectric constant of the background material is
11.9.

FIG. 13. S2p
s2d family of photonic crystals.sad Relative size of the

full photonic band gap as a function of c forr =0.305a.sbd Relative
size of the full photonic band gap as a function of the pore radiusr
for c=1.0a. The dielectric constant of the background material is
11.9.
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the other. Wheng=90° sthe case illustrated in Fig. 15d the
pores are either normal or parallel to the faces.

In general, the intersections between the polished faces
and the normal pores form 2D lattices like the ones sketched
in Fig. 16. One could always choose facea such that one row
of lattice points is right on the edge where the planes of the
polished faces intersect. We chooseO to be such a point,
common to both faces, which provides a reference position
ssee Figs. 15 and 16d and consider that the position on each
face is measured relative to its own two-dimensional coordi-
nate systemsx0,y0d centered atO.

In the case of the generalR2p
s1d structure it can be shown

that the positions of the intersections between facea and the
set of normal pores are given byhn1aW 1+n2aW 2;n1,n2[Zj
while the intersections between faceb and its set of normal

pores are given byhsW +m1bW 1+m2bW 2;m1,m2[Zj. aW 1,2, and

bW 1,2 are the primitive vectors of the 2D rhombohedral lattices
formed on facesa andb, respectivelyssee Fig. 16d and are
given in terms of the standard SP2 parametersssee Fig. 14d
by

aW 1 = bW 1 = aS− sinsud,
− c cossud

Îc2 + 4a2 cos2sud
D , s2d

aW 2 = bW 2 = aSsinsud,
− c cossud

Îc2 + 4a2 cos2sud
D , s3d

and

FIG. 14. sColor onlined The standard mask used for a rhombo-
hedralR/ f1,1g % f−1,−1gs0.5,0d SP2 structure. The primitive vectors
have equal length a and make equal anglesu with the x axis. The
directions of the two pores are also illustrated. The inset shows a
side view of the pores.g is the angle made by two planes perpen-
dicular to the pore directions.

FIG. 15. sColor onlined Alternative view of theS/ f1,1g % f−1,
−1gs0.5,0d structure when c=Î2a. The solid material is polished such
that faces perpendicular to the two mutually perpendicular sets of
pores are created. The annotations displayed on facesa and b are
used to describe the intersections between the faces and pores,
which are illustrated in Fig. 16.

FIG. 16. sColor onlined a andb are the planes of the two “pol-
ished faces” of a genericR2p

s1d structuressee also Fig. 15 for a spe-
cific exampled. The intersections between a face and the set of cor-
responding normal pores form a 2D rhombohedral lattice whose
primitive vectors are illustrated.O is the point common to the two
intersecting facesssee Fig. 15d. The coordinates on each face are
measured relative to a Cartesian coordinate system centered atO,
whose axes are parallel tosx0,y0d.

O. TOADER AND S. JOHN PHYSICAL REVIEW E71, 036605s2005d

036605-8



sW =
bW 1

2
. s4d

According to Eqs.s2d ands3d the lattices on the two faces are
identical and the lengths of their primitive vectors are

ar = uaW iu = ubW iu = aÎ c2 + a2 sin2s2ud
c2 + 4a2 cos2sud

. s5d

Half the angle between the primitive vectors of the polished
face,j in Fig. 16, is given by

cossjd = cossud
c

Îc2 + a2 sin2s2ud
. s6d

A constraint imposed on the type of lattice formed by the
intersections between the polished face and the correspond-
ing set of normal pores implies a constraint among the stan-
dard parameters a,u, and c. For example, a 2D square lattice
on the polished face, defined byj=p /4, would require

c = a
sins2ud

Îcoss2ud
.

Similarly, in order to obtain a hexagonal close-packedshcpd
2D lattice, defined byj=p /3, the following has to be satis-
fied:

c = a
sins2ud

Î1 + 2 coss2ud
. s7d

FIG. 17. sColor onlined The dependence of c/afEq. s7dg, g fEq.
s1dg, and ar /a fEq. s5dg on u ssee Fig. 14d for a R2p

s1d structure whose
intersections between the pores and the face perpendicular to them
form a 2D hcp lattice. The values forg=90° are highlighted.

FIG. 18. sColor onlined The transversal stacking sequence for a
R2p

s1d structure as seen from a direction which is parallel to thexy
plane of Fig. 14. The profile of that plane together with the two pore
directions are also illustrated.g is the angle between the pore di-
rections. The transversal cross section of the crystal’s monoclinic
unit cell is highlighted.

FIG. 19. The dependence of the relative size of the full photonic
band gap as a function of the radius of the pores for aR2p

s1d structure
created using vertical pores drilling from 2D hcp lattices on perpen-
dicular faces. ar is the lattice constant of the hcp lattices.

FIG. 20. Relative size of the full photonic band gap as a func-
tion of c smeasured in units of ad for the T/ f2,1g % f−1,1g % f−1,
−2g structure characterized byr =0.335a.
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Figure 17 shows as an example the dependence of c/a
fEq. s7dg, g fEq. s1dg, andar /a fEq. s5dg on the angleu ssee
Fig. 14g in the case when the lattice on the polished faces is
2D hcp. u is restricted to the intervalf0, p /3g. The values
corresponding tog=90° sperpendicular polished facesd are
highlighted in the plot and they correspond to a SP2 structure
which does not belong to theS or T family studied in the
previous sectionssu<51°d. Also from Fig. 17 we find that in
order to obtain hcp lattices on the polished faces from anS2p

s1d

structure su=45°d the angle between the polished faces
should beg<110° and c=a. From the data shown in Fig.
12sad we find that in this case the optimized structure would
have a full photonic band gap of only<14%.

For a manufacturing process involving the growth of
pores from the surface of the polished faces it is important to
approach the design optimization problem from a different

perspective. Given the type of the lattice on the polished
facessthe anglej in Fig. 16d and the angle between them
sgd, find the radius of the pores that generates the structure
with the largest full photonic band gap. Figure 18 displays
the transverse stacking sequence of pores for a genericR2p

s1d

structure. This “skewed woodpile” has a monoclinic unit cell
whose rhombohedral face is highlighted in Fig. 18. This

FIG. 21. sColor onlined Top view of theS4p
s1d andS4p

s2d structures.
The arrows in the figure represent the pores which start on plane
z=0 and end on planez=c.

FIG. 22. sColor onlined The network formed by the pores of the
S4p

s1d structure. The photonic crystal illustrated corresponds tor
=0.08a and c=1.1a. The inset displays the two masks and the pores
configuration for the entireS4p

s1d family.

FIG. 23. sColor onlined Band structure for the optimizedS4p
s1d photonic crystal. The crystal is characterized by c=1.10a andr =0.31a. The

volume filling fraction of the pores is 81.51%. The full photonic band gap is centered at a/lvac=0.47, opens between bands 4 and 5 of the
tetragonal photonic band structure, and has relative size 25%. The positions of the irreducible Brillouin zone symmetry points are illustrated
in the inset.
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rhombohedron is characterized by angleg and edge lengthA.
The height of the monoclinic unit cellsits extent along the
direction normal to the highlighted faced is denoted asC. If
we use ar fEq. s5dg as the unit of length then

A = 2ar
cossjd
sinsgd

,

C = 2ar sinsjd.

From symmetry considerations one expects that the size
of the photonic band gap reaches its maximum value when
g=90°. Figure 19 shows the dependence of the relative size
of the photonic band gap on the radius of the pores for aR2p

s1d

structure created by vertical pore drilling from 2D hcp lat-
tices on perpendicular polished faces. An optimal photonic
band gap of 23% relative to center frequency is obtained for
a background dielectric of 11.9. The optimum air filling frac-
tion in this case is<80%. We limit our study to only the case
of hcp lattices on the polished faces. For a report of the

dependence of the photonic band gap size on the geometry of
the polished face lattice we refer the reader to Ref.f49,50g
where a similar structure has been investigated.

The results presented in this section illustrate the flexibil-
ity of the SP2 design. Indeed, by removing the requirement
of a high symmetry lattice maskswhich characterizes the
square and triangular SP2 structures discussed in Sec. IIId we
extended our study to the case of theR2p

s1d family, an SP2
structure whose lattice mask is rhombohedral. This family is
a superset of the square and triangular SP2 families and al-
lows the use of masks for normal-to-surface drilling on the
polished faces—a feature that may be very important for
some manufacturing processes.

V. SP3 CLASS OF PHOTONIC CRYSTALS

From the SP3 class we studied only theT/ f2,1g
% f−1,1g % f−1,−2g family to which the Yablonovite struc-
ture belongs. Figure 4 displays the position and orientation
of the pores for this family. Because the pore axes of this
family intersect all in the same point in space, it is expected
that the overlap between pores will be large. The optimized
T/ f2,1g % f−1,1g % f−1,−2g structure, characterized by c

FIG. 24. S4p
s1d family of photonic crystals.sad Relative size of the

photonic band gap as a function of c forr =0.31a. The gap remains
open for 0.8aøcø2.1a and on this interval the pore volume filling
fraction varies between 93.3% and 69.2%.sbd Relative size of the
photonic band gap as a function of the pore radiusr for c=1.10a.
On the interval 0.175aø r ø0.38a the volume filling fraction of the
pores varies from 40.26% to 95.71% and the overlap between pores
varies from 14% to 52%. The dielectric constant of the background
material is 11.9.

FIG. 25. S4p
s2d family of photonic crystals.sad Relative size of the

full photonic band gap as a function of c forr =0.29a.sbd Relative
size of the full photonic band gap as a function of the pore radiusr
for c=1.0a. The dielectric constant of the background material is
11.9.
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=2.525 a andr =0.335 a, has an air volume fraction of 78.3%
and an overlap between pores of 30%. This degree of overlap
is significantly larger than the one of the SP2 structures stud-
ied previously. Figure 20 shows the variation of the relative
size of the full photonic band gap as a function of c forr
=0.335 a. The full photonic band gapof the optimized crystal
is approximately 17%.

VI. SP4 CLASS OF PHOTONIC CRYSTALS

We find two distinct SP4 families based on a square mask
exhibiting large photonic band gaps:S4p

s1d;S/ sf1,1g % f1,
−1gd % sf−1,−1g % f−1,1gds0.5,0d and S4p

s2d;S/ sf1,1g % f1,
−1gd % sf−1,−1g % f−1,1gds0.5,0.5d. In order to simplify the no-
tation we collected the pores with the same displacement in
parentheses. Figure 21 shows the pore configuration for these
two families and Fig. 22 displays the pore network for a
particular member of theS4p

s1d family. These structures can
also be described by means of two masks with two pores per
mask point as illustrated in the inset of Fig. 22 for theS4p

s1d

family.
We studied the dependence of the relative size of the full

photonic band gap as a function of c andr and find the
optimized SiS4p

s1d structure to be characterized by c=1.10a
and r =0.31a. The band structure of the optimized
S4p

s1dphotonic crystal for a Si backgrounds«=11.9d is shown
in Fig. 23. The full photonic band gap, centered at a/lvac
=0.47, opens between bands 4 and 5 of the tetragonal pho-
tonic band structure and has a relative size of 25%. The pore
volume filling fraction is 81.51% and the overlap between
pores is at 35%. The dependence of the relative gap size on
c for r =0.31a is shown in Fig. 24sad. The gap is larger than
20% for 1.0aøcø1.55a. When c runs in this interval the
volume filling fraction of the pores varies from 84.5% to
73.6% and the overlap between the pores varies from 37% to
30%. The dependence of the relative gap size onr for c
=1.10a is shown in Fig. 24sbd. A gap of more than 20%
remains open for 0.27aø rø0.34a. Whenr runs in this in-
terval the volume filling fraction of the pores varies from
70.5% to 88.5% whereas the overlap between pores varies
from 28% to 42%.

For the “inverted”S4p
s1d structure made from solid cylinders

s«=11.9d in air background we find the optimized photonic
crystal to be characterized by c=1.7a andr =0.15a. The pho-
tonic band gap in this case is centered at a/lvac=0.35 and
spans a range of approximately 20% of the center frequency.
The volume fraction of the cylinderssSi in this cased is 26%
and the overlap between the cylinders is 10%.

We have also studied the dependence of the photonic band
gap on ther and c parameters for theS4p

s2d structure. We find
the optimized SiS4p

s2d structure to be characterized byr
=0.29a and c=1.0a. For these parameters the photonic band
gap is centered at a/lvac=0.46 and spans approximately 22%
of the center frequency. The volume filling fraction of the
pores is 79.2% and the overlap between the pores is 33%.
Figure 25sad shows the dependence of the photonic band gap
on c forr =0.29a and Fig. 25sbd shows the dependence of the
full photonic band gap onr for c=1.0a.

Figure 26 shows the dependence of the relative size of the
full photonic band gap of aS4p

s1d crystal characterized by c
=1.1a andr =0.29a as a function of the index of refraction of
the solid materialsbackground in this cased. The photonic
band gap closes at an index of refractionnb<2.15. However,
the structure that yields the largest photonic band gap is not
the same structure that retains a photonic band gap for the
smallest refractive index contrast. We find that if we allow
the geometry of the photonic crystal to also change as the
index of refraction is lowered then the gap can stay open for
even lower values ofnb. Although we did not perform an
exhaustive search of the minimum index of refraction con-
strast required for the photonic band gap to remain open, we
found for example that for a solid index of refraction of 1.95
the gap is still open when c=1.39a andr =0.28a.

VII. SUMMARY AND DISCUSSION

In summary, we have carried out an exhaustive study of
slanted-pore photonic crystals and identified additional archi-
tectures for large 3D photonic band gaps in the near infrared
s1.5 mmd, suitable for ultrahigh resolution lithography. These
architectures achieve close to the largest photonic band gaps
ever predicted without the undesirable complexities of dia-
mond lattice microfabrication. Given the prospect for na-
nometer scale precision in microfabrication, these PBG ma-
terials may open the door to nearly lossless optical
microcircuitry and a variety of unusual quantum optical ef-
fects f29,30g involving photons and atoms placed within
these structures.

LIGA method can be adapted to create point defects and
optical waveguide channels within each of the four SPn pho-
tonic crystal families described above. An optical microchip
scontaining prepatterned optical circuitryd, in the form of a
planar defect layer, may be introduced at the initial template
stage by means of a “negative” or otherwise distinct photo-
resist that is impervious to the x rays used to expose the
“positive” photoresists. The template for the microchip con-

FIG. 26. Relative size of the full photonic band gap as a func-
tion of the index of refraction of the solid materialsbackroundd for
the S4p

s1d crystal characterized by c=1.1a andr =0.29a. The index of
refraction of the pores is 1.
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sists of a thinsroughly 0.5ad membrane of photoresist that
has been independently prepatterned as a 2D photonic crystal
of solid rods with the periodicity of the mask lattices. De-
sired waveguide channels and microcavity defects may also
be prepatterned as missing dielectric rods on this 2D mem-
brane. The prepatterned “negative” or otherwise distinct pho-
toresist is then sandwiched between a pair of unpatterned
positive photoresists of thickness roughly 5c. After suitable
alignment of an x-ray mask, the sandwich structure is now
patterned as a SP2 or SP4 lattice in the regions of positive
photoresistsas described aboved by x-ray lithography. Alter-
natively, circuits of light can be created at the templating
state by direct laser writingstwo-photon absorptiond tech-
niquesf12–15,51g. The template can then be replicated with
silicon using a double inversion procedure. For example, it is
posssible to invert the polymer template by room tempera-
ture chemical vapor depositionsCVDd of silica glassf52g.
The resulting daughter template made of silica can withstand
the heat of silicon CVD and inversionf42g.

It has been demonstratedf25g that the optical waveguide
modes of the membrane, if designed appropriately, will fall
within the 3D PBG of the cladding layers, enabling broad-
band, lossless, and diffractionless flow of light within the
microchip.

SP2 structures can also be created using an alternative
manufacturing process. As shown in Sec. IV, vertical “drill-
ing” susing for example photoelectrochemical or reactive ion
etchingd combined with “polishing” can be used to create the
two set of pores of a SP2 structure. Any type of 2D lattice
can be used as the seed pattern on the surface to be drilled.
We showed that in the case of a 2D hexagonal close packed
seed lattice the SP2 structure can have a gap as large as 23%
when the radius of the pores is appropriately chosen.
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