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Slanted-pore photonic band-gap materials
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We present a detailed analysis of three-dimensional photonic band-gap materials consisting of lattices of
slanted pores witm=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(4ilih with
air pores. 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.
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I. INTRODUCTION structures with a precision of a few nanometers. This neces-
Since the introduction of the photonic band-g&@BG) sitates the consideration of architectures that are amenable to

concept1,2], there has been considerable interest in the demicrofgbrication gsing high resolution techniques S!JCh as
sign of materials that are amenable to large scale, low costay lithography into a polymer template followed by inver-
microfabrication, and which exhibit a large PBG. SlantedS!On and replication with silicofd]. For optoelectronic ap-
pore structure§3] are of particular interest because they canplications, it is also advantageous to develop PBG materials
exhibit a significant PBG while at the same time being amein which the dielectric backbone consists of a high quality
nable to microfabrication by a variety of techniques such asingle crystal semiconductor.

x-ray lithography[4—11], two-photon direct writind 12-15, - - - - - — - -
photoelectrochemical etchinfl6-18, ion beam etching "m = = = = ~ = -
[19-24, or a combination of the above. It is particularly = o~
interesting to develop architectures and fabrication protocol =
in which circuits of light[25] can be readily incorporated »
using the same methods. Such optical circuits would operat
using the principle of light localizatioh26,27], rather than
total internal reflection for guiding light, and would enable
frequency selective control of spontaneous emission fron
nearby atoms and moleculg®,28—-3(. The combination of
these two properties enables the development of robu:
forms of integrated optics. Here, passive waveguiding of
light can be combined with active microphotonic devices on
an optical microchip. These possibilities have inspired &

3

broad range of scientists and engineers to design and synt

size microstructures exhibiting a large photonic band ga{b

The identification of the diamond lattid81] as a primary =

candidate for a large three-dimensiof@D) PBG has led to . o

the design [32,33 and microfabrication [34-3¢ of

woodpile-type structures. An alternative square spiral struc \

ture with a potentially larger 3D PB{87,3§ and amenable ai!

to lower cost synthesif39,40 has been realized more re-

cently[41]. Likewise, self-assembly methods have achieved FIG. 1. (Color onling An example of a SP structure. The
very large scale face centered culfice) lattices with a high ~ square mask is characterized by unit vectéys(a,0,0 and 3
degree of perfection, but with a relatively small PBG =(0,a,0.¢=(0,0,0 is a vector perpendicular to the mask plane.
[42,43. On the other hand, low loss optical circuitry on a The pore axis associated with mask pofitstarts at positions
large scale, a PBG based microchip, operating at visible 0£0.53+0.53 relative toP and ends av+ 13 +1%+C. This par-
near infrared wavelengths, may require manufacturing oficular structure belongs to familg/[1,1](©->03,
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FIG. 2. (Color onling An example of a Spstructure based on a
square masls/[1,1]@[-1,-1]©59, The two pore axes associated
with the mask poinP are illustrated. The intersection between the
second pore axis and the mask plane is shiftedSbp.53 +03
relative toP. We make use of the conventi¢m, 1]=[1,1]©9.

Early studies suggested the possibility of achieving 447] has been proposed. _In this method, the interference pat-
moderate size 3D PBG using a lattice of crisscrossing poret¢n of four laser beams is used to expose a polymer photo-
[44]. The “Yablonovite” structure consists of three pores ori-resist. After a “baking” and “developing” process the over-
ented along the three primitive lattice vectors of the fcc lat-Or underexposed regions are removed, leaving behind a rep-
tice and emanating from a triangular mask on the sampléca of the laser isointensity surfaces. A variety of PBG ar-
surface. In principle, it exhibits a 17% PBG when made fromchitectures have recently been identif{d@] for this type of
optimized air cylinders in a silicon background of dielectric interference lithography. A large PBG occurs provided the
constant=11.9. While this structure has been fabricated forpolymer template is replicated with a high index of refraction
microwave applications, the corresponding semiconductomaterial, such as silicon.
material with sub-micrometer diameter pores has been diffi- Up to now the use of x-ray lithography to create slanted-
cult to achieve using reactive ion etching methpt3,20. It pore (SP photonic crystals has been restricted to Yablono-
is both difficult to drill direCtIy into the semiconductor to vite structures in low refractive index po|yme(photore_
more than a few micrometers depth and nearly impossible t@jstg and 10um, scale pore§5-9]. Using this method,
maintain sharply defined cylinder shapes near the crossinganometer scale resolution is possible. In order to achieve a
points of the pores. Focused ion beam etching has recen:'Ewotonic band gap, a double inversion of the polymer tem-

FIG. 3. (Color onling An example of a SPstructure based on a
triangular maskr/[2,1]®[-1,-2]©%9, The primitive unit vectors
of the triangular mask arélgz((llz)a,I(v§/2)a,0), where a is
the lattice constant of the mask.

been introduced in order to obtain deeper etches, but a conli . is requi . -
. quired. In the LIGALithographie, Galvanofor-
plete PBG remains to be demonstrated. A closely relate ung und Abformung technique[4,10], the pores in the

structure, referred to as “Kielovitg45], has been synthe- S :
sized on a very large scale using photoelectrochemical etd?_olymer template are mﬂltrate_d W.'th a me“t_al and t”he polymer
is subsequently removed, yielding an “inverse” structure.

ing [16,1§ in silicon and various 1lI-V semiconductors. In Thi tallic photoni tal > inciole. b d
silicon, this structure involves a triangular lattice of etch pits ' 'S MEtallic photonic crystal can, in principlé, bé used as a

on the(1,1,) crystallographic surface. PhotoelectrochemicalS€cond template for chemical vapor deposition of silicon
etching then leads to a set of three potegmmetrically throughout Its void regions. As in the case of inverse opals
placed on a 29.5° cone with respect to the surface normal42), Selective etching of the metal template yields the de-
emanating from each etch pit. This entails a tetragonal dissired “direct” structurereplica of the original polymer tem-
tortion of the Yablonovite, which requires a 35.3° cone. Theplate, now consisting of air pores in a silicon background.
PBG of the Kielovite is only 8% of the gap center frequency The reduction in feature size, to create a PBG centered at a
when optimized[46]. Moreover, the photoelectrochemical wavelength of 1.5um, using LIGA, requires the careful de-
etching process requires doping of the semiconductor, resulvelopment of high quality masks which can stop the x rays
ing in sometimes undesirable, free charge carriers in the rédrom etching the polymer template in regions other than the
sulting PBG material. desired pores. The polymer template can also be exposed
Recently, another approach to 3D photonic crystal syntheusing two-photon absorption based direct writing. This tech-
sis based on ultraviolet holography in a polymer templatenique does not provide the high resolution of x-ray lithogra-
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FIG. 4. (Color onling An example of a SPstructure based on a
triangular maskT/[2,1]&[-1,1]®[-1,-2]. The primitive unit
vectors of the triangular mask aré_vaa:((llz)a,I_(\e’:FSIZ)a,Q, /
where a is the lattice constant of the mask. When/@a the struc- 0 £

ture is identical with Yablonovit§44]. %% 028 03 0'3r2/a 084 026 0% 04

[\

phy. However, the direct writing technique may be useful for  FIG. 6. T/[1,1]®[-1,-1]©03 family of photonic crystals(a)

creating waveguide circuits and microcavity defects, onceRelative size of the full photonic band gap as a function of ¢ for

the underlying 3D PBG crystal has been imprinted on the =0.34a.(b) Relative size of the full photonic band gap as a func-

polymer photoresist. tion of r for c=1.73a. The dielectric constant of the background

In this paper we introduce a set of slanted-p¢8®,)  Material is 11.9.

photonic crystal architectures consisting f2,3,4 pores

per unit cell. In addition to having gaps as large as 25% of Il. DESCRIPTION OF THE SP ,, PHOTONIC CRYSTALS

the gap center frequency, some of the structures involve

fewer pore crossings than Yablonovite and therefore are less A photonic crystal belonging the to $Rlass can be de-

prone to disorder-induced degradation of the photonic bandcribed using a two-dimensional latti¢éhe mask and n

gap. A special nomenclature is introduced to facilitate thepore axes(“drilling directions”) associated with each unit

study of a large number of SRtructures. With the help of cell of the mask. Figure 1 displays an example of g SP

this notation the structures investigated in this paper are pastructure based on a square mask. The primitive vectors of

titioned into classes and families. The families with sizablethe mask lattice aré;a(a,0,0 and 3=(0,a,0 where a is

photonic band gaps are analyzed in detail and an optimizethe lattice constant of the maskisca vector perpendicular to

set of parameters is determined in each case. the mask plane and its length c, is unrelated to a. A pore
(illustrated in Fig. 1 as a cylindgrassociated with mask

point P, is defined by its in-plane shift relative tB, 5
=84+ 5,3 (0<§8,,8,<1); its projection on the mask

T1 T2

4

a a

length is equivalent to stacking the layer described above
FIG. 5. (Color onling Top view of theTg} andT<22> structures.  constants a and c in plane and perpendicular to the plane,

plane,n;d,+n,a, (n; andn, are integerg its vertical dis-
aZ/ @ /W placement c. We denote this pore by the synibg|n,]®x-%)
al
vertically with a periodicity of c. The resulting 3D periodic
structure has a tetragonal Bravais lattice and the basis shown
The arrows in the figure represent the pores which start on planEeSPectively. With the notation introduced above the, SP
z=0 and end on plane=c. For a perspective view of2 see class is further partitioned in families of structures denoted

\ or simply[n;,n,] when 5=0. Extending the pores to infinite
al

in Fig. 1. The tetragonal lattice is characterized by lattice
Fig. 3. by M/[nt, 045 @- - [nl,ng]*:% whereM denotes the
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FIG. 7. (Color onling Photonic band structure for the optimiz&#1,1]®[-1,-1]°3 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,gt=0.39. The inset shows the positions of the high symmetry
points in the hexagonal Brillouin zone.

type of the mask(S for square, T for triangulay and lll. SP, CLASS OF PHOTONIC CRYSTALS

[n'i,n‘g](éjiég) describes théth pore axis. The structures be- _ _ _
longing to such a family are distinguished by the radius of All the members of the SHamily are in fact 2D photonic
the pores, and the pore’s vertical displacement c. A photo_crystals. .They were used in Sec. Il only as an |Ilu§trat|on of
nic crystal obtained by drilling holes of radiusalong these ~ the notation scheme. In the rest of the paper we will focus on
pore axes in a solid background belongs to the correspondingl® Photonic crystals and we start the study with the simplest

SP, family. As an illustration, the simple SRtructure dis- nentrivial class Sp _
played in Fig. 1 belongs to familg/[1,1]©>05, We find two distinct SR structures based on a triangular

An example of a SPstructure based on a square mask is”}%Sk which exhibit phog%nlc band gaezs). These structures are
shown in Fig. 2. In this case the first pore axis runs in direc-Tzp = 7/[1,J®[-1,-1]%% and T /=T/[2,1]e[-1,
tion 14 +18,+¢ and the second, shifted by an in plane vector=2]>*®. Figure 5 illustrates schematically the position and
5=O.5§_+0§2, in direction ~Ta-14+¢. This SR structure orientation of the.pore.s for t2r)1e two structures while Flg. 3
belongs to familyS/[1,1]®[-1,-1]©59. Here agairS de- s_hows a perspectwe view G_Qp_. Me_mbers of the two_ fami-
notes the type of the masksquarg, [1,1]=[1,1]°9 indi- lies described aboye are distinguished by the radu_;s of the
cates that the first pore runs froi®, 0, 0 to 13 +13+¢ and poresr and the vertlcal pitch c. For both of these families we
4 11050 i -~ calcu_lateq photonic band structures foralarge_numbéc,of
[-1,-1 indicates that the second pore runs fram ) hoints in the parameter space. The photonic band struc-
=0.53+0% to 6—-13 - 13 +C. tures were calculated using the plane wave mefBadiwith

Similar notations can be used for SBructures withn  an expansion of more than 1400 plane waves. For all the
>2 or different masks. Two examples of SBtructures structures we used a dielectric constant of 11.9 for the back-
based on triangular masks are shown in Figs. 3 and 4. Witground material. Figure (6) shows the dependence of the
the choice of the mask primitive vectors aS;,a full photonic band gap offy) as a function of ¢ forr
=(1/2a,+v3/2a,0 the two structures correspond to =0.34a. The photonic band gap remains open for 1<2&6a
TI[2,1]®[-1,-2/%%9€SP, and T/[2,1]®[-1,1]@[-1, <2.2a and reaches its peak at c=1.73a. The slope of the
-2]€ SPR;, respectively. We note that the Yablonovite photo-curve shown in Fig. @) is discontinuous because the pho-
nic crystal[44] belongs to thel/[2,1] ®[-1,1]®[-1,-2] tonic band gap corresponding to different ¢ values closes at
family and corresponds to of6a. different points in the Brillouin zone. The volume filling

The notation introduced above is not unique. Identicgl SPfraction of the poregair) varies from 87.35% at c=1.25a to
structures can be labeled differently depending on the choicé7.35% at c=2.2a. Figure(i) shows the dependence of the
of the primitive vectors and the coordinate of the mask full photonic band gap ofrélp) as a function ofr for ¢
plane. =1.73a. The gap remains open for 0.265a<0.395a. The
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02 21 22 23 24 25 26 27 28 tures. The arrows in the figure represent the pores which start on
c/a planez=0 and end on plane=c. For a perspective view of the
6 pores of%? see Fig. 2.
(b 7 ) ) _ )
5 the orientation of the two pores relative to the mésée Fig.
\ 5). Figure §a) shows the variation of the relative size of the
full photonic band gap as a function of ¢ for0.33a. The
- % / \ volume filling fraction of the pores varies from 83.46% at
1S3 / c=2.00a to 77.11% at c=2.85a. Figurd@Bshows the varia-
g 3 / \ tion of the relative gap size as a functionrofor c=2.47a.
< \ The volume filling fraction of the pores varies from 60.51%
2 y4 atr=0.27a to 89.41% at=0.37a. The optimized'(zz) photo-
/ \ nic crystal, characterized by c=2.475a ancd).32§a, has a
11—/ \ 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 distincf SP
families which exhibit large photonic band gap%l

FIG. 8. T/[2,1]®[-1,-2©%5 family of photonic crystals(@) ~ =S/[1,1]®[-1,-1©59 and 54??55/[1,1]@[—1,1]@0- .
Relative size of the full photonic band gap as a function of ¢ forFigure 9 displays schematically the position and orientation
r=0.33a.(b) Relative size of the full photonic band gap as a func- of the pores of both these structures while Fig. 10 displays a
tion of r for c=2.475a. The dielectric constant of the ba°k9r°““dthree-dimensional perspective of the optimi crystal.
material is 11.9. For the specific choice of ci2a, theS,> structure resembles
volume filling fraction of the poregair) varies from 56.65% an inverted “woodpile’32,35,3§ crystal, consisting of cir-
at r=0.265a to 93.45% at=0.395a. Figure 7 shows the cular air rods in a solid background. The pore axes do not
photonic band structure of the optimiz&t} photonic crystal ~ cross each other but the pores can overlap if their radius is
characterized by c=1.73a ame:0.34a. The volume filing sufficiently large. In the case of the optimized), r
fraction of the pores for this optimized structure is 80.47%.=0.345a, it is the overlap of the pores which leads to a larger
The photonic band gap opens between bands 4 and 5 of tiRBG than in conventional “woodpile” structures created
hexagonal photonic band structure. The relative size of th#éhrough layer by layer growth. The $Btructures can also be
photonic band gap is 13.5% and it is centeredwat2wc  described using an alternative scheme which is more appro-
=a/\,a=0.39(c is the speed of light The inset shows the priate for a multistage fabrication process in which the pores
irreducible Brillouin zone together with the positions of the are created sequentially. For example tBd1,1]&[-1,
high symmetry points used in the calculations. For all the-1]©%9 structure can be described by two square masks,
structures studied in this paper we have also determinedisplaced by(a/2,0, each having a single pore associated
quantitatively the degree of overlap between the pores. Thigith it (see the inset of Fig. 20We studied the dependence
overlap is expressed in percent and is defined agf the photonic band structure of tt& photonic crystals
(Voored Voores networ 1)/ N WhereVyores newoniS the volume of  made from Si(z=11.9 as a function of ¢ and the radius of
the pores networklqesis the volume of all the pores as if the pores. We find the optimized structure to be character-
they were disjoint, andh is the number of pores per mask jzed by c=1.40a and=0.345a. For this optimized geometry
point. Vyoresis greater than or equal %ores nework When the  the volume filling fraction of the pores is 80.16% and the full
two volumes are equal the pores of the,Sfructure are photonic band gap, centered@a/2mc=al/\,,.=0.41, has a
disjoint and the overlap is 0%. For the optimiz‘éﬂ} struc-  relative size ofAw/w=24%. Figure 11 shows the photonic
ture the overlap is 10% and it varies from 2% to 20% Whenband structure of the optimize%]) photonic Crysta] calcu-
c=1.73a and 0.265ar<0.395a. lated using the plane wave method. The inset shows the ir-

Similar calculations have been performed for ﬂﬁgj reducible Brillouin zone together with the positions of the
=T/[2,1]®[-1,-2]©%9 structure which differs fronT(zt) in  symmetry points used in the calculations.

8.27 0.28 0.29 0.3 031 0.32 0.33 0.34 0.35 0.36 0.37
r/a
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continuous character of the slope of the curve plotted in Fig.
12(a) 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 zonkl,, Ry, I' (see

Fig. 11 and thus the relative gap size acquires a different ¢
dependence on different segments. A full photonic band gap
of more than 21% exists for 1.xac<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. For=0.345a, the photonic band gap remains
nonzero for a relative angle in the very broad range of 66° to
115°.

Figure 12b) 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
(e=11.9. We also find the full photonic band gap to be quite
robust with respect to changesrinThe gap remains open for
0.20a<r<0.42a and the air volume fraction varies from
35.3% atr=0.20a to 95.5% at=0.42a. For all values of
the upper edge of the photonic band gap closes at Bint
(see Fig. 11 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% rat0.30a to 23% at=0.38a.

FIG. 10. (Color onling The optimized siliconS/[1,1]®[-1, W_e have a!so §tud_|ed the “mver_te@fp) family ‘_Nh_'Ch
~1]050 photonic crystal. The radius of the pores is0.345a and conS|st_s of solid _S| cyllnderes_:ll.g in air. The optimized
c=1.40a. The volume filling fraction of the pores is 80.16% and thePhotonic crystal in this case is characterized by c=1.6a and
full photonic band gap has a relative size of 24%. The inset show§=0.19a. The volume filling fraction of the cylinders is
an alternative view of the pore configuration for tisé[1,1]  30.6% and the relative size of the full photonic band gap is
®[-1,-1]©59 family. The photonic band structure of this photo- 16% (in agreement with the results reported 82]). The gap
nic crystal is shown in Fig. 11. in this case opens also between bands 4 and 5 of the tetrag-

onal photonic band structure and is centered at.a#0.35.

Figure 1Za) shows the dependence of the relative size ofFor the optimized inverte@l) structure the overlap between
the photonic band gap as a function of ¢ for a fixed porecylinders is very small.
radius ofr=0.345a. We find the full photonic band gap to be A similar study was performed for théj; structure. Here
robust to changes in c. The full photonic band gap remainsve find that the optimized photonic crystal is characterized
open for 0.9a<c< 2.2a while the pore volume fraction var- by c=ay=0.305a and the relative size of the photonic band
ies from 94.37% at c=0.9a to 70.60% at c=2.2a. The disgap, centered at a(,.=0.47, is 21%see Fig. 1R The pore

0.55 — '
050+ N O~-\__7%\ CAAT

0.45 - FIG. 11. (Color online Band
1 . structure of the optimized%D
0.40 7 , - photonic crystal. The crystalp is
] i characterized by c¢=1.40a and
B354 /\ f // \ \ \/ ] 3 =0.345a. The volume filling frac-
20.305 k, \/_ tion of the pores is 80.16% and
< s the overlap between pores is 16%.
> 0.25 ] - The full photonic band gap is cen-
- tered at aX,,.—=0.41, opens be-
0.20 - tween bands 4 and 5 of the tetrag-
. onal photonic band structure, and
015 - has relative size 24%. The posi-
i tion of the irreducible Brillouin
010 3 zone symmetry points is illus-
005 5 trated in the inset.
0.00 | 1 L
T MiAl Z RIX1 ' MRAR Z T Al Rl T A2 Rl AZM2 X1 M1

Bloch vector
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FIG. 12. %t) family of photonic crystals(a) Relative size of the

full photonic band gap as a function of ¢ fior 0.345a.(b) Relative ; . .
size of the full photonic band gap as a function of the pore radius full photonic band gap as a function of ¢ for 0.305a.(b) Relative

for c=1.40a. The dielectric constant of the background material if‘ize of the full pho'Fonic t?a”d gap as a function of the pore rald_ius_
11.9. for c=1.0a. The dielectric constant of the background material is

11.9.

FIG. 13. §22p) family of photonic crystals(a) Relative size of the

volume filling fraction is 80% and the overlap between the . )

pores in this case is 13%. When c £aubic Bravais lattice & = a(cog 6),sin(6)).

the S/[1,1]®[-1,1]©%9 structure is also a member of the @D e B o
S/[1,1]@[-1,-1]©50 family and thus we find that the op- The Rzp family is a superset of the $Ramilies studied in

timized SB photonic crystal based on a square mask belongEhe pre:j/ious sectionz. The square and tlriangr;‘ular fa}r:itl)ies cor-
1) : respond to#=45° andf=60°, respectively. The angte be-
to the ép family.

tween the pore directions in this cagee the inset of Fig.

14) is given by
IV. GENERALIZED DESCRIPTION FOR SP , STRUCTURES
2 cogy) =[c? - 4& cof(0)]/[c® + 4& co()]. (1)

For some fabrication techniques such as photoelectro- . o )
chemistry it is advantageous to use “vertical drilling” for In the alternative description we consider two planes that are

creating pores in a solid material. In principle all Sferuc- Pefpe”ff“cu_'af to the two sets of pores. These are the so-
tures can be manufactured in this way provided that the soli§@/léd “polished faces” and we describe the structure in
can be “polished” after each etching step to provide facederms of thg intersections between the polished face and the
normal to prescribed directions for the subsequent etchin§®'reésponding set of nor“mall pores. ) _

step. We illustrate this alternative description on the - Figure %)5 displays a “polished chunk” of the previously
ily based on rhombohedral lattice masks))=R/[1,1] St(‘lj)d'ed_ S structure (which belongs to the #=45°
&[-1,-1]©59, The standard mask is displayed in Fig. 14.Rpfamily) when c=2a. According to Eq(1) the pore di-

The orimitive vectors of theRY) mask lattice have equal rec.tions in this case are perpendicu!ar to each other. The
IengtE and make an anglﬂew?t?ﬁpthex axis: a polished face:{labelgd bya and b mFFlg. 15 are perpen-
dicular to the(1,1,y2) and(-1,-1,J2) directions, respec-
tively. For a generaR(ZfP) structure a face is intersected at
a, = a(coq 0),-sin(h)), normal angle by one set of pores and at an oblique angle by
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a2

al

FIG. 14. (Color online The standard mask used for a rhombo-
hedralR/[1,1]®[-1,-1]©>0 SP, structure. The primitive vectors
have equal length a and make equal anglegith the x axis. The
directions of the two pores are also illustrated. The inset shows &
side view of the poresy is the angle made by two planes perpen-
dicular to the pore directions.

the other. Wheny=90° (the case illustrated in Fig. 13he
pores are either normal or parallel to the faces.

In general, the intersections between the polished face:
and the normal pores form 2D lattices like the ones sketchec
in Fig. 16. One could always choose facsuch that one row
of lattice points is right on the edge where the planes of the
polished faces intersect. We choo®eto be such a point,
common to both faces, which provides a reference position
(see Figs. 15 and 1&nd consider that the position on each
face is measured relative to its own two-dimensional coordi-
nate systentxg,Yy) centered aO.

FIG. 16. (Color online a andb are the planes of the two “pol-
ished faces” of a generiR(zlp) structure(see also Fig. 15 for a spe-
cific examplg. The intersections between a face and the set of cor-
responding normal pores form a 2D rhombohedral lattice whose
primitive vectors are illustrated is the point common to the two
intersecting facegsee Fig. 15 The coordinates on each face are
measured relative to a Cartesian coordinate system centef@d at
whose axes are parallel {8, Vo).

In the case of the genera(zfp) structure it can be shown
that the positions of the intersections between fmesd the
set of normal pores are given By a;+n,a,;n;,n, €7}
while the intersections between fabeand its set of normal
pores are given byo+m B +myBy;my,mEZ}. ay, and
B2 are the primitive vectors of the 2D rhombohedral lattices
formed on faces andb, respectively(see Fig. 16 and are
given in terms of the standard gParametergsee Fig. 14
by

L - ) —c cog6)
011=,31=a<‘3|n(9),—2 ), (2
FIG. 15. (Color onling Alternative view of theS/[1,1]®[-1, V2 + 42 cog(6)
-1]©5.9 structure when cs2a. The solid material is polished such
that faces perpendicular to the two mutually perpendicular sets of . = ) —ccogb)
pores are created. The annotations displayed on fa@slb are a = Bp =2 sin(0), 2 2 coZ ’
) i . Vc© + det cos(6)
used to describe the intersections between the faces and pores,

which are illustrated in Fig. 16. and

3
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t FIG. 19. The dependence of the relative size of the full photonic
band gap as a function of the radius of the pores fB[;lpéstructure

1 FIG'd17/' (Cglor gnllne;'he dipenfe?ce Of((l:)'{th' (Z)]’ Y [th' created using vertical pores drilling from 2D hcp lattices on perpen-
.( )], an & a[Eq.(5)] on & (see Fig. 14 for aRy, struc ure Wnose - gicular faces. ais the lattice constant of the hcp lattices.
intersections between the pores and the face perpendicular to them

form a 2D hcp lattice. The values for=90° are highlighted.

T — ()
V2 + & sirf(26)

A constraint imposed on the type of lattice formed by the
intersections between the polished face and the correspond-
According to Eqs(2) and(3) the lattices on the two faces are ing set of normal pores implies a constraint among the stan-

identical and the lengths of their primitive vectors are dard parameters &, and c. For example, a 2D square lattice
on the polished face, defined gy /4, would require

oz [+ asind(20) (26
ar_|ai|_|,3i|_a 02+4a2c052(6)' (5 C:as—%.

Half the angle between the primitive vectors of the poIishedSim”a”y, in order to obtain a hexagonal close-packiech)

Y

(4)

o=

f
/

' fied: :aﬁ )
W, - A
Wby .
2380 B0 R

¢

D\

' 4 6 /
'/ '/ ‘ y v & v N
s
2 I I I I X
FIG. 18. (Color online The transversal stacking sequence for a / ‘ ‘

R(zfp) structure as seen from a direction which is parallel tostpe L6 I8 @& 22 24 26 28 & 32 34 36
plane of Fig. 14. The profile of that plane together with the two pore
directions are also illustrated: is the angle between the pore di- FIG. 20. Relative size of the full photonic band gap as a func-
rections. The transversal cross section of the crystal’'s monoclinition of c (measured in units of)afor the T/[2,1]®[-1,1]®[-1,
unit cell is highlighted. —2] structure characterized by=0.335a.
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a a

FIG. 21. (Color onling Top view of theSE&)) andsf) structures.
The arrows in the figure represent the pores which start on plan
z=0 and end on plane=c.

Figure 17 shows as an example the dependence of c/
[Eq. (7)], v[Eq. (1)], anda,/a [Eg. (5)] on the angled (see
Fig. 14] in the case when the lattice on the polished faces i
2D hcp. @ is restricted to the intervdl0, #/3]. The values
corresponding toy=90° (perpendicular polished faceare FIG. 22. (Color onling The network formed by the pores of the
highlighted in the plot and they correspond to & Sfucture S, structure. The photonic crystal illustrated correspondsr to
which does not belong to th® or T family studied in the =0.08a and c=1.1a. The inset displays the two masks and the pores
previous sectioné§=51°). Also from Fig. 17 we find that in  configuration for the entif@ﬁ family.
order to obtain hcp lattices on the polished faces fronsan
structure (§=45° the angle between the polished facesperspective. Given the type of the lattice on the polished
should bey=~110° and c=a. From the data shown in Fig. faces(the angle in Fig. 16 and the angle between them
12(a) we find that in this case the optimized structure would(7), find the radius of the pores that generates the structure
have a full photonic band gap of onty14%. with the largest full photonic band gap. Figure 18 displays

For a manufacturing process involving the growth ofthe transverse stacking sequence of pores for a geﬁgfic
pores from the surface of the polished faces it is important tstructure. This “skewed woodpile” has a monoclinic unit cell
approach the design optimization problem from a differentwhose rhombohedral face is highlighted in Fig. 18. This

0.60 ~

0.55 -

0.50 -

0.45

0.40 ]

0.35

0.30

a/ Avac

0.25 ]
0.20

0.15 ]

0.10 3

0.05

0.00 -

A M X R z

Bloch vector

FIG. 23. (Color online Band structure for the optimizééﬁ photonic crystal. The crystal is characterized by c=1.10araril31a. The
volume filling fraction of the pores is 81.51%. The full photonic band gap is centered\gi.a0.47, 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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FIG. 24. S]] family of photonic crystals(a) Relative size of the FIG. 25. 2 family of photonic crystals(a) Relative size of the

photonic band gap as a function of ¢ for0.31a. The gap remains full photonic band gap as a function of ¢ for0.29a.(b) Relative
open for 0.8a<c=2.1a and on this interval the pore volume filling size of the full photonic band gap as a function of the pore radius
fraction varies between 93.3% and 69.2%). Relative size of the for c=1.0a. The dielectric constant of the background material is
photonic band gap as a function of the pore radider c=1.10a. 11.9.

On the interval 0.175& r <0.38a the volume filling fraction of the
pores varies from 40.26% to 95.71% and the overlap between por
varies from 14% to 52%. The dielectric constant of the backgroun
material is 11.9.

ependence of the photonic band gap size on the geometry of
he polished face lattice we refer the reader to R&9,50
where a similar structure has been investigated.
) ) The results presented in this section illustrate the flexibil-
rhombohedron is characterized by angland edge lengtA. ity of the SR design. Indeed, by removing the requirement
The height of the monoclinic unit celits extent along the f 5 high symmetry lattice maskwhich characterizes the
direction normal to the highlighted faces denoted a€. If  gquare and triangular $Btructures discussed in Sec) Me
we use a[Eq. (5)] as the unit of length then extended our study to the case of tR& family, an SR

cogé) structure whose lattice mask is rhombohedral. This family is
- , a superset of the square and triangulap &nilies and al-
sin(y) lows the use of masks for normal-to-surface drilling on the
polished faces—a feature that may be very important for
C=2g sin(¢). some manufacturing processes.
From symmetry considerations one expects that the size
of the phptonic band gap reaches its maximum valug when V. SP; CLASS OF PHOTONIC CRYSTALS
vy=90°. Figure 19 shows the dependence of the relative size
of the photonic band gap on the radius of the pores faf-a From the SPB class we studied only therl/[2,1]

structure created by vertical pore drilling from 2D hcp lat- ®[-1,1]e[-1,-2] family to which the Yablonovite struc-
tices on perpendicular polished faces. An optimal photonidure belongs. Figure 4 displays the position and orientation
band gap of 23% relative to center frequency is obtained foof the pores for this family. Because the pore axes of this
a background dielectric of 11.9. The optimum air filling frac- family intersect all in the same point in space, it is expected
tion in this case i$=80%. We limit our study to only the case that the overlap between pores will be large. The optimized
of hcp lattices on the polished faces. For a report of thel/[2,1]@[-1,1]®[-1,-2] structure, characterized by c
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=2.525a and=0.335 a, has an air volume fraction of 78.3% 3o
and an overlap between pores of 30%. This degree of overls /
is significantly larger than the one of the Sftructures stud- 95 p

ied previously. Figure 20 shows the variation of the relative
size of the full photonic band gap as a function of c for

=0.335 a. The full photonic band gapof the optimized crystal 2 P

is approximately 17%. %“15 /
<
VI. SP, CLASS OF PHOTONIC CRYSTALS 10 //
We find two distinct SPfamilies based on a square mask /
exhibiting large photonic band gaps,”)=S/([1,1]®[1, 5
-1e(-1,-Je[-1,1)©%9 and Sﬁ%ES/([l,l]@[l, /
-1 e (-1,-1e[-1,1))©505, In order to simplify the no- o = : e 4

tation we collected the pores with the same displacement i - b

parentheses. Figure 21 shows the pore configuration for these o _

two families and Fig. 22 displays the pore network for a FIG. 26. Relative size of the full photonic band gap as a func-
tion of the index of refraction of the solid materidackround for

particular member of thésﬁ,rl family. These structures can 1 . - !

also be described by means of two masks with two pores petgfri%grr‘ygﬁlhzhs;?g;engd by ¢=1.1a ar0.29a. The index of
mask point as illustrated in the inset of Fig. 22 for ﬂig '

family. . . .

We studied the dependence of the relative size of the full Figure 26 shows the deper;)dence of the relative size of the
photonic band gap as a function of c ancand find the full photonic band gap of &, crystal characterized by ¢
optimized sisY structure to be characterized by c=1.10a-1-1a and =0.29a as a function of the index of refraction of
and r=0.31a.4 The band structure of the optimized the solid materiallbackground in this cageThe photonic
SDYphotonic crvstal for a Si backaroun@=11.9 is shown band gap closes at an index of refractigr= 2.15. However,
ir?pl[:)ig. 23! Thg full photonlic bangd gl;z;(p, cen'?erled akgg the structure that yields the largest photonic band gap is not

~0.47, opens between bands 4 and 5 of the tetragonal phgje same structure that retains a photonic band gap for the

tonic band structure and has a relative size of 25%. The por; mallest refractive index contrast. We find that if we allow
the geometry of the photonic crystal to also change as the

volume filling fraction is 81.51% and the overlap between. dex of refraction is lowered then the gap can stav open for
pores is at 35%. The dependence of the relative gap size o 9ap y op

c forr=0.31a is shown in Fig. 24). The gap is larger than even onver values oft,. Alth_oggh we did not perfofm an
20% for 1.0a<c<155a When ¢ runs in this interval the exhaustive search of the minimum index of refraction con-

volume filling fraction of the pores varies from 84.5% to strast required for the photonic band gap to remain open, we

. found for example that for a solid index of refraction of 1.95
73.6% and the overlap between the pores varies from 37% L >
30%. The dependence of the relative gap sizer dor ¢ tt?(:e gap is still open when c=1.39a and0.28a.

=1.10a is shown in Fig. 28). A gap of more than 20%
remains open for 0.27&r=0.34a. Wherr runs in this in-

terval the volume filling fraction of the pores varies from |, summary, we have carried out an exhaustive study of
70.5% to 88.5% whereas the overlap between pores vari@ganted-pore photonic crystals and identified additional archi-
from 28% to 42%. L tectures for large 3D photonic band gaps in the near infrared
For the “in\_/erted”Sfl) structure made from solid cylinders (1.5 um), suitable for ultrahigh resolution lithography. These
(e=11.9 in air background we find the optimized photonic grchitectures achieve close to the largest photonic band gaps
crystal to be characterized by c=1.7a amD.15a. The pho-  ever predicted without the undesirable complexities of dia-
tonic band gap in this case is centered at,g/0.35 and  mond lattice microfabrication. Given the prospect for na-
spans a range of approximately 20% of the center frequenciometer scale precision in microfabrication, these PBG ma-
The volume fraction of the CyIlnde|(§| in this CaS;;‘iS 26% terials may open the door to near|y lossless 0ptica|
and the overlap between the cylinders is 10%. microcircuitry and a variety of unusual quantum optical ef-
We have also studied the dependence of the photonic barfdcts [29,30] involving photons and atoms placed within
gap on the and ¢ parameters for tftélzp) structure. We find  these structures.
the optimized Sisf) structure to be characterized by LIGA method can be adapted to create point defects and
=0.29a and c=1.0a. For these parameters the photonic bagtical waveguide channels within each of the fouy, BRo-
gap is centered at a(,.=0.46 and spans approximately 22% tonic crystal families described above. An optical microchip
of the center frequency. The volume filling fraction of the (containing prepatterned optical circuitryin the form of a
pores is 79.2% and the overlap between the pores is 33%lanar defect layer, may be introduced at the initial template
Figure 2%a) shows the dependence of the photonic band gagtage by means of a “negative” or otherwise distinct photo-
on c forr=0.29a and Fig. 2B) shows the dependence of the resist that is impervious to the x rays used to expose the
full photonic band gap on for c=1.0a. “positive” photoresists. The template for the microchip con-

VIl. SUMMARY AND DISCUSSION
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sists of a thin(roughly 0.5a membrane of photoresist that It has been demonstrat¢@5] that the optical waveguide
has been independently prepatterned as a 2D photonic crystalodes of the membrane, if designed appropriately, will fall
of solid rods with the periodicity of the mask lattices. De- within the 3D PBG of the cladding layers, enabling broad-
sired waveguide channels and microcavity defects may alsband, lossless, and diffractionless flow of light within the
be prepatterned as missing dielectric rods on this 2D menmicrochip.

brane. The prepatterned “negative” or otherwise distinct pho- SPB, structures can also be created using an alternative
toresist is then sandwiched between a pair of unpatternechanufacturing process. As shown in Sec. IV, vertical “drill-
positive photoresists of thickness roughlg. After suitable ing” (using for example photoelectrochemical or reactive ion
alignment of an x-ray mask, the sandwich structure is nowetching combined with “polishing” can be used to create the
patterned as a SPor SR, lattice in the regions of positive two set of pores of a SPstructure. Any type of 2D lattice
photoresistas described aboyéy x-ray lithography. Alter-  can be used as the seed pattern on the surface to be drilled.
natively, circuits of light can be created at the templatingWe showed that in the case of a 2D hexagonal close packed
state by direct laser writingtwo-photon absorptiontech-  seed lattice the SPstructure can have a gap as large as 23%
niques[12-15,51. The template can then be replicated with when the radius of the pores is appropriately chosen.

silicon using a double inversion procedure. For example, it is

posssible to invert the polymer template by room tempera-

ture chemical vapor depositiofCVD) of silica glass[52)]. ACKNOWLEDGMENT
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