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Timothy Y. M. Chan, Ovidiu Toader, and Sajeev John
Department of Physics, University of Toronto, 60 St. George Street, Toronto, Ontario, M5S 1A7, Canada
(Received 23 June 2004; published 7 April 2D05

We describe the properties of three families of inversion-symmetric, large photonic bariBg@ptem-
plate architectures defined by iso-intensity surfaces in four beam laser interference patterns. These templates
can be fabricated by optical interferent®lographi¢ lithography in a suitable polymer photo-resist. PBG
materials can be synthesized from these templates using two stages of infiltration and inversion, first with silica
and second with silicon. By considering point and space group symmetries to produce laser interference
patterns with the smallest possible irreducible Brillouin zones, we obtain laser beam intensities, directions, and
polarizations which generate a diamond-liltec) crystal, a novel body-centered culglicc) architecture, and
a simple-cubic(so structure. We obtain laser beam parameters that maximize the intensity contrasts of the
interference patterns. This optimizes the robustness of the holographic lithography to inhomogeneity in the
polymer photo-resist. When the optimized iso-intensity surface defines a silicon to air boudidegtric
contrast of 11.9 to )1 the fcc, bcc, and sc crystals have PBG to center frequency ratios of 25%, 21%, and 11%,
respectively. A full PBG forms for the diamond-like crystal when the refractive index contrast exceeds 1.97 to
1. We illustrate a noninversion symmetric PBG architecture that interpolates between a simple fcc structure and
a diamond network structure. This crystal exhibits two distinct and complete photonic band gaps. We also
describe a generalized class of tetragonal photonic crystals that interpolate between and extrapolate beyond the
diamond-like crystal and the optimized bcc crystal. We demonstrate the extent to which the resulting PBG
materials are robust against perturbations to the laser beam amplitudes and polarizations, and template inho-
mogeneity. The body centered cubic structure exhibits the maximum robustness overall.
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[. INTRODUCTION degree of flexibility in the detailed PBG architecture.
Photonic band-gafPBG) materials[1,2] are periodically Early considerations of the photonic band structure fo-

ordered dielectric microstructures that facilitate the Iocaliza-cu.sed on the face center.ed CU.UED) Iatt'ic.e because the first
tion of light [3]. This is a new frontier in quantum electro- Brillouin zone (BZ) of this _Iatt|ce exhibits the least aniso-
dynamics[4], and provides a robust platform for integrating tropy. In other words, the difference between the shortest and
active and passive devices in an all-optical micro-dHip Iongest distances from the center to the sqrface of the first
For example, by introducing line defects into the periodicBZ IS the smallest. This, it was reasoriéd2], increased the

dielectric structure of the PBG material, it is possible to/Kelinood that one-dimensional stop-gaps in all directions

. . . i : ) o “would overlap and produce a 3D PBG. It was shduf],
guide light through micron-scale, single-mode air-wave however, that a spherical scatterer within the fcc unit

?u[d? channells V\;'th.l.sth?rp]; low-loss berlids;'S]. PBG,[ mla- (Wigner-Seitz cell prevents the creation of a PBG between
enais can aiso faciitate frequency Selective control ovely,q i, et possible bands due to the polarization degree of
spontaneous emission of light from individual atoms in th

L ) N€reedom of the electromagnetic field. The diamond structure,
circuit, through control of the local electromagnetic density, nich can be viewed as an fcc lattice with a two “atom”

of states. As a result, active devices such as zero threshojghgis preaks this spherical symmetry while retaining the fcc
lasers[9] and, possibly, all-optical transistof40] may be Bz |ndeed, a diamond lattice of overlapping air spheres was
included on-chip. In order to realize the goal of a photonicCtheoretically shown if16] to possess a sizeable 3D PBG,
band gap material-based optical microchip, it is necessary tgpproximately 27% of the center frequency when the air
have high quality, three-dimensioné8D) PBG materials. spheres are in a background material with a dielectric con-
The design and efficient, low-cost micro-fabrication of suchstant of 11.9, corresponding to Si.

materials have been a major scientific challenge over the past Although the diamond lattice has proven difficult to fab-
decade. Novel experimental methods for templating, inverricate on the micron scale, the possibility of a large PBG has
sion, and replicatioh11,12 have made this paramount goal led to several theoretical blueprints and subsequent fabrica-
a near term reality. The optical properties of PBG materialgion attempts for photonic crystals based on “diamond-like”
scale with their lattice constants. PBG materials destined fostructures which employ nonspherical bases on an fcc lattice.
use in optical telecommunications circuits must have submiThis began with the fabricatidi 7] of an fcc lattice of criss-
cron lattice constants. At the same time, the practical benefitsrossing pores exhibiting a 3D PBG in the microwave spec-
of a PBG material-based optical circuit necessitate low-costrum. The straightforward but tedious fabrication on the cen-
manufacturing of such materials with long range ordertimeter scale has spurred many attempts to replicate this
(LRO) on the scale of hundreds of lattice constants. Opticabtructure on the submicron scale as required for a PBG in the
interference lithograph{13—15 provides a unique opportu- optical regime. However, this has proven to be very chal-
nity to satisfy both requirements while maintaining a highlenging. Methods involving electron beam lithography fol-
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lowed by reactive ion etchind8,19 were successful in pro- eration of other blueprints which sacrifice theoretical gap
ducing submicron pores, but the resulting slabs were only aize in favor of feasibility of large-scale synthesis. One such
few periods thick and severe imperfections occurred at thélueprint is the fcc lattice of close-packed sphe@sal lat-
pore crossing points. Experiments with deep x-ray lithogratice), which does not have a PBG between the lowest pos-
phy (LIGA) patterning of an x-ray sensitive resj&0] have sible bands, but does have a small PBG between the higher
produced several periods of the criss-crossing pores, evermands[40]. Moreover, the concept of fabricating opal struc-
allowing for the incorporation of controlled defects by mul- tures by colloidal self-assembly has a long established his-
tiple exposureg21]. However, structures patterned in this tory [41,42. However, the materials suitable for the self-
fashion, to date, have lattice constants which are too large faissembly process do not have large dielectric constants and
a PBG in the optical regime. A similar outcome has beerow absorption at optical frequencies. Instead, self-
reported using a hybrid scheme involving photo-assembled silica spheres are used as a template which is
electrochemical etching followed by focused ion beam etchinverted by chemical vapor deposition of silicon, followed
ing in macroporous silicon. This method was used to syntheby selective etching of the templdt&l,43,44. This process
size a five-periods thick slab with a photonic band gapcan now be performed at large scales. It has been shéSin
centered around /8n [22]. Photo-electrochemical etching that by only partially infiltrating the template with silicon, a
methods alon§23] have also been used to produce an elonstructure with a PBG of nearly 9% of the gap center fre-
gated version of the fcc lattice of criss-crossing pd2$§]  quency can be obtained. However, the small PBG of the
with high aspect ratios, but as a result of the elongation, théverted opal structure is fragile and vulnerable to disorder
photonic band gap is reduced in sig25]. Recently, new [46], requiring that fabrication methods must yield very high
“slanted pore” architectures have been introdud@®]  quality structures.
whose simpler geometries may facilitate their fabrication by ~Many previous attempts to synthesize PBG materials have
various pore etching methods. struggled to adapt various fabrication methods to emulate
Another diamond-like structure is the layer-by-layer theoretical blueprints ill suited to fabrication at submicron
“woodpile” architecture consisting of stacked two- €ngth scales. Other attempts have focused on theoretically
dimensional photonic crystal@7,28. There have been sev- adjust'mg the fabrication parameters of_ a vyell-establlshe_d
eral approaches to address the fabrication of woodpile archfechnique in search of a PBG. The optical interference li-
tectures, but no large scafeith more than three unit cells hography method, described in this paper, offers a unique

; - . opportunity for efficient large-scale micro-fabrication of 3D
normal to the substratevoodpile photonic crystals operating ﬁ’BG structures with large gaps in the optical regime. By

at optf|cal frbelqtﬁlenmgls have_been mrf?s.s'p“’d‘;f?d as yet.hT ?nploying the 3D interference pattern of four or more laser
use (t)'t'eStz IS etd S| |co(;1 rrt'u(;]r_om?]c ining ':jec ndlq#ef] suc I.tageams to expose a photopolymerizable material such as a
e v e o e 8ot et or pohymerizale resfls 1517 5¢ neat
) M ) ferfect LRO can be maintained over length scales much

only about one periodbetween two and five layershick  |5rger than the lattice constant of the photonic cry&®i).
[29,30. Similarly, experiments using wafer-fusion and laser-pt the same time, this technique allows straightforward con-
assisted alignme81] produced only two to three periods of tro| over the periodic propertie@ourier coefficientsof the
the woodpile in the third dimension. An inexpensive but te-resulting structure through the laser beam parameters. The
dious method involving nanofabrication of two-dimensional photo-resist material undergoes a chemical alteration when
layers followed by microassembly of the separate laj/82$  the total light intensity due to the interference patté¢n), at
provides a simple way to introduce defects into the woodpilgposition T, is maintained over a time interval such that the
structure because each layer can be fabricated uniquely. Ufexposure” | (i) 7 exceeds a specified thresholfl, For a
fortunately only up to four layers have been assembled spegative photo-resist, the “underexposed” region can be se-
far. On the other hand, woodpiles synthesized by laserectively removed using a developer substance which leaves
induced chemical vapor depositi¢83] are limited only in  the “overexposed” regions intactFor a positive photo-
the number of layers by the size of the deposition chambergsist, overexposed regions are removed, leaving the under-
but due to the laser spot size, the resulting PBG is centereeixposed regions intagfThe developed photo-resist can then
around 75um. Recently, “direct laser writing” processes in- be infiltrated at room temperature with Si€12] and burned
volving two-photon absorptioiicausing polymerizationin ~ away, leaving behind a daughter “inverse” template. Finally,
resins have been used to produce woodpile structures astke daughter template is inverted by high temperature infil-
proof of concep{34,35. tration with silicon[11,53 and selective chemical etching of

An alternative PBG design, suitable for large-scale microthe SiG. As a result, a 3D silicon PC is formed, in which the
fabrication, is an architecture involving glancing angle depo-silicon-air boundary is defined by the original, optical, iso-
sition method$36] leading to the formation of silicon square intensity surfacel(f)é7=T. Alternatively, the photo-resist
spiral posts onto a silicon substrate. For suitably architectemplate can be infiltrated with a high refractive index ma-
tured spiral posts, a PBG as large as 24% of the gap centégrial such as CdSE54], which results in an inverted PC
frequency has been predictg8i7,38. Optical reflectivity in  after the photo-resist is burned or chemically etched away. A
a weakly disordered version of these silicon square spirathird option is to use a photopolymerizable film which con-
crystals has revealed a 3D PBG of roughly 10% relative tdains titanium[55], producing a direct PC after exposure to
the center frequenchd9]. an intensity pattern and removal of underexposed material.

While diamond and diamond-like structures may exhibit In this paper, we discuss the formation of 3D PCs using
large PBGs, difficulties in fabrication have led to the consid-holographic lithography based on the interference of four
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laser beams. Other proposed configurations include the U%ereﬁijzﬁi—ﬁj, #=arg&-€), and ¢ianrqéT -€). The

of multiple exposures and phase shifts between eXposurg|ographic structure is a two phase medium whose phase
[56,57] and a hybrid five beam configuration with three boundary is defined by the “shape” function

beams forming a two-dimensional pattern and two other
beams forming a one-dimensional patt¢is] in the out of S(FISPY = (1 (F) - 159,
plane direction. However, these configurations require care-

expt ; - =

ful manipulation of the relative phases between beams an\gherel_th, is a threshold value an@=1 for x=0 and zero
. X otherwise(Heaviside step function By convention, we as-
between exposures. In contrast, in a four beam, single expa- A . . ) -
; . . sume the high intensity regions in E&) become the silicon
sure configuration, the relative phases between laser beams ; Z

. ¢omponent of the photonic crystdle(r)=1 where I(F)

does not change the shape of the the interference pattern. 0 expt 41 (F=11.9 wherel () = 129, Thi ds t
previous theoretical reports, four beam holographic Iithogra-h thr ande rh_' H -~ wherair /h tr - 1NIS correcsjpon sko h
phy configurations were usd86,58,59 to create structures '€ €ase In which a negative photo-resist is used to make the

which emulate particular cases of triply periodic minimal Photonic crystal template. It will be shown in Sec. V that for
surfaces[60], which have been showf61,67 to produce the optimized structures considered here, equivalent struc-
large 3D PBGs. The resulting PCs included a diamond-likdUrés can be obtained VXV;Eh a positive photo-resist by simply
structure, a “gyroid” structure with body-centered cubic2diusting the thresholtfy™. .
(bco Bravais lattice symmetry, and a simple cutso struc- In the caséN=4 (which provides the minimum number of
ture. Using simpler symmetry arguments, holographic bearf!

on-collinear beams required to produce a nontrivial 3D in-
configurations for the diamond-like structure and a novel bed€nSity patterny Eq. (2) becomes () =lo+2AI(F), wherel,
structure have been deriv¢63]. Here, we describe our ap-

=£2+£2+ 3+ E2and
proach in detail and find alternative beam configurations for

producing the diamond-like, bce, and sc structures in which &1(F) = €1 COSKy - T+ 1+ ¢y) +¢, COSKz - T+ 72+ 6)

the intensity contrast is maximized. We also explo_re thg ro- +C3 COSKy - T+ y3+ ¢bg) + C1oCOIKyo T+ y1 = 75
bustness of the resulting PBGs against perturbations in the ~

beam polarizations and amplitudes. Both the diamond and + ¢p1p) +C13C0gKy3- T+ 9 — Y3+ b3

bcc structures are robust against deviations in the experimen- .

tal control parameters. +Cp3CO8Kos T+ ¥2~ ¥3+ 29, Q)

In Sec. Il we introduce our framework for describing with
structures created by holographic lithography. Section Il . .
presents our design process for achieving 3D photonic crys- Gi=E€iley - €l;cij = EiE|l€ - 6. (4)
tals using this method, using the three cubic Bravais lattices, . _ . . .
Section IV describes a generalized class of tetragonal PB}he_ spat!al _mod_ulat|on (.)f the Intensity pattern given by Eq.
materials that encompass both the diamond network and b _3) |sapeir|0d|c with a Iattlce_ who_se primitive vectors, sat-
structures. Section V describes the properties of our holoisfy Ki-§=2mn4;, wheren is an integer. As a consequence,
graphic photonic crystals relevant to robust micro-fabricatiorthe lattice constants are inversely proportional to the fre-

and error-tolerant PBG formation. quency of the laser beams.
The phase factorg; in Eq. (3), which result from the
Il. STRUCTURE DESCRIPTION relative phases of the laser beams, can be simultaneously

_ _ eliminated by a translation of the origin y=y, 7.+ ¥»7,
The interference o monochromatic plane waves of fre- + 37, where 7 satisfy K;7,=4;. For configurations with

guencyow, wave vectorss;, polarization vectors;, phasesi,  more than four beams, the relative beam phases impart more
and real amplitude€; creates an electric field given by than a simple translation in the intensity pattern, and cannot
N-1 be easily ignored. On the other hand, the phase fa¢icaad
E(F,t) - e—iwtei(éO.F+ao)<£0go + 3 5igié(|iir‘+yi>>, ¢ij, arising from 'Fhe dot product; between beam 'pollarization
i=1 vectors, cannot in general be simultaneously eliminated. In
the case of linearly polarized beany,and ¢;; are zero for
where all i andj and the intensity pattern is always inversion sym-
- metric relative to positiop. However, in the case of ellipti-
Ki=Gi-Go @) cally polarized beams it is possible to obtain an interference
and y,= 6,— 6,. The corresponding, stationary intensity pat- pattern that is not inversion symmetric.

tern is given by By rewriting the “experimental” intensity threshold as
- - ffhxrpt:_lo+2lth, we arrive at the following simplified shape
m N - P > unction:
() =E(FY) -E(f) = 2 £ +2 EoEllé - &lcosK; - F
i=0 i=1 O =152 = O(AI(F) — Iy (5)
+y+ &) In what follows, we focus our discussion of the resulting
N-1 shapes on the simplified intensity pattern in E8). [The
+2 5i51|éT -Ej|cos(lzij THy-y+ ), (2 intensity background, is nevertheless important, as a large
i>j=1 background intensity will overwhelm the variatidx (r).]
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Ill. DESIGN OF HOLOGRAPHIC STRUCTURES WHICH
EXHIBIT PHOTONIC BAND GAPS

We consider the design of holographic structures with in-
version symmetry. A sufficient condition for this requirement
to be fulfilled is that linearly polarized beams are usedjror
the case that elliptically polarized beams are Yidbdt the
phases¢; and ¢;; vanish for alli and j. In this case, the
design problem consists of identifying the set

C={ci.Cijli<j-13 (6)

of six polarization and amplitude coefficierissome possibly

0), threeizi vectors, and suitable threshdlg,, that generates
a photonic crystalthrough the shape function given by Eg.
(5)] with a complete PBG. Given the parameters of the in-

terference patterd@ and IZi, the laser beam directions, ampli-
tudes, and polarizations are determined by

1. Finding the four beam directionfG;}i-5—3, Which sat-
isfy Eq. (1). FIG. 1. (Color onling The reciprocal space of a simple cubic
lattice. The first(red), secondgreer), and third(blue) order neigh-
bors are located at the centers of the cube faces, the centers of the
cube edges, and the cube corners, respectngIy_x)zbandE denote
the primitive simple cubic reciprocal lattice vectors.

2. Using éi from stage 1 to find the four amplitudes and
polarization vectors{&;, €}=5-3, Which satisfy the nonlinear
set of six equations given by E¢).

The identification ofC and the choice oK, are obtained
by two guiding principles(i) choose a given Bravais lattice, constant of|a//2 in this case. Similarly, higher order sets
and(ii) identify architectures leading to the smallest possiblegenerate intensity patterns that can be described as one of the
irreducible Brillouin zoneg1BZ), then incrementally relax fundamental latticegsc, fcc, or beg with increasingly small
this condition if the resulting structure is too symmetric for alattice constants. We therefore restrict our choice for the set
fundamental gap to open. In order to satisfy criterionitis  Of target vectors to the first three, illustrated sets. We define

necessary and sufficient to choose the thfeeectors to be the_seét 7' of “target vectors” as a subseZCK
linear combinations withintegral coefficients of vectors =1{K;,K;,K3,K;,,Ky3,Ko3) corresponding to nonzero terms
from the set{f)i}, where we denote bygi,gi}i:m asetof 1IN Eq. (3) (or, quivalently, nonzero coefficients @). Ac- .
primitive and reciprocal vectors, respectively, of the desirec?0rdingly, we defin&;CC as the subset of nonzero coeffi-
Bravais lattice. On the other hand, criteriéin) is far more ~ Ci€nts of C. The requirement of high symmetry can be
restrictive. Indeed, only a very limited set m,Ri} combi- achieved by choosing simply to be a subset of one of the

. . . ) o . vector setsB". SinceAl(F) is insensitive to the sign of the
nations generate intensity patterns with sufficiently h'ghtarget vectors ir, an upper bound on the size of the st
symmetry. '

. . s - b -
Suppose that the desired holographic structure has a cubi%nggz%s In the case 0B, 6 in the case 0", and 4 in the

symmetry(sc, bcc, or fck Figure 1 shows several reciprocal
lattice vectors of a simple cubic lattice, grouped by length. In A. Face-centered cubic structure

order of increasing length, the first three sets of lattice vec- We first illustrate the choice af coefficients using the fcc

tors in the cubic reciprocal space are Bravais lattice. Since there are only four distinct directions in

* B°={#b?} of length 27/a, reaching the centers of the the 5" set(blue in Fig. 3, the target vector set can be denoted
cube faceiﬁ:d OQLIHQ,b _ _ as 7={T;,T,,T3,T4}. One possible choice for the thrég

* B°={#b’} U{b- b’} of length 2m\2/a, reaching the vectors is the following:
centers of the cube edgdgreen onling and 5

% 4 % 4 = - - 7T

« B'={zbl} U{#(bl+b,+b})} of length 273/a reaching K,=—(1,1,0,
the cube cornergblue onling a
i andj run from 1 to 3 and H b, and B denote the three
primitive vectors of the sc, bcc, and fcc reciprocal lattices, |22= =—(0,2,0,
respectively. a

ChoosingK vectors from one of these sets generates a
holographic structure with a specific cubic symmetry. The K 2_77(_ 11,1 7
first order reciprocal lattice vectors generate an sc spatial 3 e
lattice, the second order vectors a bcc lattice, and the third oo L
order vectors a fcc lattice. The fourth set of vecténet  This leads to the choice7={K;,K3,K;,,Ksgt and C
shown in Fig. 1 again generates an sc lattice, with a lattice={*,0,*,*,0,* }, where * indicates a nonzero real coeffi-
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cient. We denote the nonzero target coefficients Cas
={7,, 7,73, 74} SO that Eq.(3) becomes (@)

4
Al(f)= X 7 coT, - D). ®

i=1
Noting that the photonic band structure is invariant to the
space group of the crystal, we chodgand find a transla-
tion vector, 5, such thatAl(f) is invariant under changes of
the form THS?&(F)EO?(F)*'(S, where we have define®®

:{Ojd}j:m as the set of fcc point group operations. Such an
intensity pattern satisfies the requirement for the smallest

possible IBZ. Operating oAl (r) with S].dg yields

d

Sj,s 4

4
Al — 2 7, codT, - S (] = X 7 cof O)(T)) - F+ &1,
i=1 ' i=1

9)
whereO':{Ojr}jzm is the set ofapoeint group operations of
the fcc reciprocal space, add=T;-d}i-17 iS a set of four
phase factors. Since the target vectorBét a subset ofC,
in general theg are not independent, and are a subset of
{y1, 72, ¥3. 71~ 2, 1= ¥3, 2~ va}, Where %=K;-4. In order
to simplify the problem, we consider only the case for which
& e{0,n}, which is consistent with the conditior¥
5{7117’27'}’317’1_7’217’1_7’3,'}’2_7’3} If one aSSLImES)/,

e {0,}. For our particular choice of target vectors, it can be

verified thatOj’('Fi) c {iﬁ. ifz, ifs. iﬂ}. Since the sign of FIG. 2. The iso-inten_sity surf_aces of the fcc structure generated
> . . by Eq.(11). (a) An opal-like architecture appears fg=+1. (b) A

Ti leavesAl () unchanged, it followg tha(;t, fpr our restricted diamond-like architecture appears fpr—1. In both cases, the light
values of¢;, the point group operation®;” simply permute  ntensity is mapped to the color bar.

the coefficientdr} as they appear in E@8), in the form

d
S

4 54 phases are independent, such as in the ¢asey,, v1— va}-
Al(F) = . codT - Do S S (i L codT - ), According to(10), we can without loss of generality always
® z i cosT, jﬂz « )TPJ(') 4Ti-D choose the first three components fr@to be +1. The fcc

) ) o intensity pattern can then be written as
whereP; is a permutation of the indicg4,2,3,4 completely

determined byO" and3, is a sign vector defined as Alo(F) = cos(Bfl P+ cos(sz P+ Coﬂ(gfa B
S= {ei71,ei72,ei731ei71 — ei72,e‘71 - ei731ei72 - ei73}1
wherek=1,8 corresponds to one of thé possible choices . o
for the {y4, ¥», y3} set. Invariance ofAl(r) can therefore be Wh(_—:‘re n=+1 and{b;} are _the primitive vectors of t.he fcc
determined by requirinr|=1 for all i and usings to com- reciprocal space. The choieg= +1 leads to an intensity pat-

pensate for any permutation-induced sign changes. The eigff"n resembling an fcc lattice of spheroid “atoms”, as illus-
S, vectors are given as columns in the following table: trated in Fig. 2a). This indicates that a fundamental band
gap does not opertlt is possible for a higher-order gap to

+ n cog (b} + b+ b) - 7], (11)

3 3, 33 34 35 g 37 2 open between bands 5 and 6, characteristic of disconnected
" + -+ - + - + - F43m structured 64], which are fcc lattices of slightly non-
s + - -+ 4+ - - spherical atom$.0n the other hand, the choieg=-1 pro-
duces an intensity pattern, shown in Figb)2 exhibiting a
Vs * T T T (10) strong resemblance to a diamond network structure and cor-
Y1~ Y2 + - -+ + - -+ responding to the double diamoiiB) surface[60]. This is
Y= V3 + - + - - 4+ - 4 the diamond-like structure studied in previous theoretical re-
Yo 73 o+ - - - o 4 o4 ports[56,58,59. Accordingly, our calculations, presented in

the next section, show that a PBG as large as 25% opens
The intensity pattern contains four components3gffor  between the second and third bands in a structure whose
somek, with the condition that three of the correspondingsolid component has a dielectric constant of 10S9. It is
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interesting to note that a single sign in the intensity pattern > _ N 4 dBi i o\ P,

differentizgtes between the fcgc Iatgce of spheroidsyapnd the 6= codg)U; + e sin(@)R, (16)
diamond structure and therefore determines the existence wfith ¢; describing the relative amplitudes agdthe relative

a fundamental photonic band gap. In fact, if one extends t@hase between the two linear polarization vectors. For linear
noninversion symmetric structuréSec. Ill A 2), taking »  polarizations, the relative phase is zero and hence a linear
=1 and adding am/2 phase to the corresponding cosine polarization vector can be expressed as

term, a structure which retains both a fundamental gap and a . -

gap between bands 5 and 6 can be achidged Fig. 5. In & =cog¢)V; +sin(¢)R;, (17)

the optical inter.ference lithography tephnique, this sign Cayhere in this casep; can be interpreted as a polarization
be controlled directly though the choice of laser beam am

; ) - angle.
plitude and polarization pairs. Beam polarizations and intensities which produce the de-

sired pattern are derived by finding parameters that minimize
the intensity backgrounti,, while satisfying the desired val-
Now that we have obtained the desired intensity patternues for thec and ¢ coefficients. If one applies an overall
Eq. (11) with »=-1, it is straightforward to determine holo- scale to thec coefficients, then the minimal value &f, as
graphic beam parameters which produce this pattern. First, iell as the four beam intensities, will be scaled accordingly.
is necessary to determine the wave Vecf_argf the incident  The minimization is performed using a differential evolution
laser beams, according to E¢4) and (7). The following  method(see, e.g.[65]), which finds a global minimum for

1. Diamond structure

vectors of length/57/a satisfy our requirements: lo- In this method, one generates a randomly distributed set
of N-dimensional vectors in th&l-dimensional parameter
G = Z(O —2.-19) space(in whi_ch the constraints o and ¢ are sa_tisfie)j
L Each vector is “mated” with a random combination of the

other vectors to create a trial vector. If the trial vector im-
proves the value of,, then it replaces the original vector.

élz 7—7(2,0,1), The mating step is iterated until the minimum is found. By
a minimizing 1, while setting {c;,Cy,C3,C12,C13,Co3}
={1,0,1,1,0,-} and
=021 {cod(¢y) ,cod ;) ,COL h3) ,COL 12) , COL ¢b13) , COL hp3)
2= Ve ={1,1,1,1,1,} one arrives at the following elliptical po-

larization parameters:

= ={1.29,1.52,1.34,1.
63:7—;(—210,])_ (12) {80181152!83} { 9,1.52,1.34, 08

: . - {©0, 1, ¢2, @3} ={34.8°,66.6°,40.8°,14.6°
It is then necessary to determine the polarization vectors

which satisfy {Bo,B1. Bar Ba} = {90.0°, - 90.0°,90.0°, - 90.§° (18)
{€1,€5,C5,012,C13,C25t =11,0,1,1,0,- } (13)  These polarizations achieve a value of 6.93 for the intensity
and background,, and the total intensity reaches a maximum of

12.6. It should be noted that this particular numerical solu-
{1, 2, b3, 12, 13 $23t ={0,0,0,0,0,0 (14 tion is not uniqug’56,58,59. The beam configuration repre-
sented by this solution is shown in Fig. 3. The plane spanned

by éo and éz (éo—éz) is perpendicular to the plane spanned
by G; andG; (G;-Gg). The angle betwee@, andG, equals

[see Egs(3) and (4)]. In order to describe the polarization
vector for a givenG,, it is convenient to introduce two mu-
tually perpendicular unit vectors “upl;, and “right”, R;, to

complete an orthogonal 'fria@jiﬁi,éi ) such that the a_nglt_a betw_eeﬁ‘al and G; and has the value 126.9°. Th_e
polarization ellipses are shown next to the corresponding
ﬁi - éi % 2/|éi x 3|, beams, depicting the path traced by the polarizat?on vector as
one looks down the wave vector. The dashed lines passing
e e oo through the polarization ellipses lie in the respective planes
Ui=R X G/|Gj|, defined above.
The linear polarization parameters
Ui X R =G/|G], (15 (E0,E1,E5,E5}={2.08,0.93,1.29,2.26
where (X,¥,2) define unit vectors in a specific laboratory
coordinate frame(If Gj||z, then by convention we choose {0, @1, ¢2, 3} =1~ 29.3°,6.5%,- 46.9°,- 100.7° (19)

F-ii:>“<.) An elliptical polarization vector can then be ex- also satisfy Eqs(13) and (14) while minimizing I,. How-
pressed as the sum of two linear polarization vectors in thever, as noted if59], the ratio I /ly in this case is
up and right directions: 17.6/11.97, which is smaller than the one obtained above
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U
tan(75.4%) a L R

R R _
1O )
tan(66.60)a R

tan(55.2%) a

FIG. 3. The diagram of a beam configuration which generates
the fcc (diamond intensity pattern usingelliptically polarized

beams. The plane spanned By and éz is perpendicular to the

N - The plane spanned and G, is perpendicular to the plane
plane spanned b, andG;. The ellipses at the end of each wave P P - b%o 2 IS perp P

vector describe the polarization ellipse of the corresponding bean?panned byG, andG,. The polarization angles as one looks down_
- . i the wave vector are shown next to the corresponding beams, with
as one looks dowi;, with the dashed lindpassing through the

- i _ - the dashed line passing through the polarization circle correspond-
polarization ellipsg corresponding to th&y-G, or G4-G3 plane. ing to theGy-G, or G,-Gs plane. TheR andU pairs for each beam,

The RandU pairs for each beam, defined in B45), are shown  defined in Eq(15), are shown next to the corresponding polariza-
next to the corresponding polarization ellipse. tion angle.

FIG. 4. The diagram of a beam configuration which generates
the fcc(diamond intensity pattern usinginearly polarizedbeams.

with elliptical polarizations. This linear polarization beam gchieved with=0 [64]). The photonic band structure ob-
configuration is shown in Fig. 4. The polarization angles arggjined in this case is shown in Fig. 6.

shown as one looks down the wave vector, relative to the  The desired intensity pattern can be obtained by adjusting

Go-G, or G4-G3 plane. the polarization vectors and amplitudes of the laser beams
used to generate the diamond structure above, while retain-
2. Noninversion symmetric structure ing the wave vector§,. In this case, the laser beam ampli-

By extending to noninversion symmetric structures it istude and polarization pairs must obey

possible to achieve a connected3m (corresponding to the
space groupstructure. This structure has a two-atom basis
where, unlike the diamond lattice, the two atoms are dispro-

portionate in size. It has been shown that conne&té48im
structures display PBGs both between the second and third
bands, and between the fifth and sixth baf@¥4]. The cor-
responding intensity pattern can be written as

AI(F) = cogbf - ) + cogb}, - D) + cogb - P + cog (b + b}

+ 6f3) T+, (20)

with /=7/2. Note that the fcc lattice of spheres and the
diamond structure are achieved witk0 and{=, respec-

tively. Figure 5 shows the iso-surface of this intensity pattern
which generates a structure with a solid volume fraction of

~23%, where high intensity regions correspond to the solid £, 5. The iso-intensity surface generated by &), with
parts of the structure. When silicon is used to synthesize the /2 at a solid volume fraction 0&23%, with the field intensity

structure in an air background, a 12.5% PBG emerges bénapped to the color bar. When the high intensity regions map to
tween bands 2 and @haracteristic of the diamond structure silicon and the low intensity regions to air, this structure displays a
achieved withf=1r), and a nearly 5% PBG emerges between12.5% PBG between bands 2 and 3, and a nearly 5% PBG between
bands 5 and Gcharacteristic of the FCC lattice of spheroids bands 5 and 6.
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0.903
030—?&‘2 \67 \7 ¥C7 §/7‘§> §
0_70_§>\'x;%; o e T o reores SRR R e s ?w" HRRRIIARL LRSI, |4'95%
E @0.71
D > 780 B /
0.603 \/ , ] A ) =
B B R A e e B A SIS IS | 12.51% )
R RS S PSR | @0.55 FIG. 6. The photonic band
0.50 / / ™ structure diagram for the nonin-
a/A ] version symmetric fcc structure
0.403 shown in Fig. 5 with an 11.9:1 di-
N electric contrast. The positions of
0.30- the high symmetry points are
T shown in the inset.
0.203
1l ¥
3 Ky
0.10-
g‘ T T T T
r LK v r LU Fp WU r UX p WX
Kb
{C1,€2,€3,C12,C13,C23- ={1,0,1,1,0,} (21
and 53.2°
U
{1, b2, b3, P12 13, b3t ={0,0,0,0,071/2}. (22 ! LR
Since the structure lacks inversion symmetry, elliptical polar- Ala R
izations must be used. One set of elliptical polarization pa- \ Ja & UJ

rameters which minimizé&, with the constraints imposed by
Egs.(21) and(22) is

(E0,E1,E»E5) ={1.36,1.36,1.36,1.36
{(Po, ©1, P2, (Pg} = {37.70, 37.70, 37.80, 37$,°

{Bo. Br. B2 Ba} = {28.6°,208.6°,28.6°208.6°  (23)

These parameters achieve a value of 7.39 for the intensity
background, and a maximum total intensity of 14.78.
Figure 7 shows this beam configuration. The dashed lines 70 Rj

passmg through the polarization ellipses lie in elther(fi'@e U

-G2 or Gl G3 plane. All four ellipses are tilted by an angle of 4.1a . ) R o ")
approximately 53.2° from the corresponding plane. In all . a 4.1a 532
cases, the major axis is 4.1 times the length of the minor

axis. FIG. 7. The diagram of a beam configuration which generates

the noninversion symmetric fcc structure. The plane spann@oby
and 62 is perpendicular to the plane spanned(Byand G3 The

Next, we consider a holographic structure based on thellipses at the end of each wave vector describe the polarization
bcc Bravais lattice. There are six distinct directions in theellipse of the corresponding beam, as one looks d@ymwith the
Green set of vectors in Fig. 1, corresponding toffieset. In  dashed Ilne(passmg through the polarization ellipsmrresponding
order to obtain a nontrivial pattern which possesses the fullo the Gy-G, or G;-G; plane. In each case, the major axis of the
symmetry of the bcc Bravais lattice, one needs to use all siyolarization ellipsgrepresented by the dotted line passing through
of these directions. Unfortunately, none of the eight possibleéhe polarization ellipseis tilted by approximately 53.2° with re-
combinations folC generates a structure with a full photonic spect to the corresponding plane. TRandU pairs for each beam,
band gap. It is possible to relax the symmetry conditions byiefined in Eq.(15), are shown next to the corresponding polariza-
removing the inversion symmetry, which results in the gy-tion ellipse.

B. Body-centered cubic structure

046605-8



PHOTONIC BAND GAP TEMPLATING USING OPTICAL.. PHYSICAL REVIEW E 71, 046605(2005

= o
Go=—(-1,-1,-1,
0 g( D

= w
Gi=—(-1,1,0,
1 g( D

Gr=2(1,1,- 1,
a

észg(l,—m). (26)

The beam amplitudes and polarizations  obey

=11 1,1,0,- n
FIG. 8. The optimized bcc architecture generated by (26) ?;’C(;’C?(’b’cl; Cl?(,z;cza}(b i}_?o 0 O,OO, 01(}) Ellivticall aO(_j
with a solid volume filling fraction of~22%. When the solid re- 1257251731 120 7713, 23] =L W =0 W H B P y P

gions (interior of depicted iso-intensity surfagesonsist of silicon Ia.riz_ed_ beam parameters which obey these constraints and
and the background is air, a PBG of 21% is obtained. minimize |, are
{€0,E1,E5,E51={1.19,1.19,1.19,1.19
roid (G) surface described if60]. Instead, we relax our
symmgtry cor@tlons by choosing only fouraof Eheasmatarget {60, 01, @2 @3} = {30.0°,30.0°,30.0°,30.0?
directions, giving a target vector sef={T;,T,, T3, T4},
which leads to a larger IBZ and an intensity pattern of lower {Bo, B1, B2 B3t ={90.0°,— 90.0°,90.0°,- 90.9° (27)

symmetry. One possible choice for the thi¢evectors is It is interesting to note that, with this configuration, the bcc

- intensity pattern can be created using four laser beams of
K,=—(0,1,D, equal intensities. With this configuration, the intensity back-
. groundl, is 5.66, with the total intensity ranging from 0 to

2lo. The beam configuration represented by this solution is

shown in Fig. 9. The plane spanned éyandéz (éo-éz) is
perpendicular to the plane spanned ®y and G; (G;-G3).
The angle betweeéo and G, equals the angle betwedsy

- 27 and G; and has the value 109.5°. The polarization ellipses
K3=;(1,O,D. (24)  are shown next to the corresponding beams, depicting the
= path traced by the polarization vector as one looks down the
. . - s s o wave vector. The dashed lines passing through the polariza-
This leads to the choiceZ={Ky,K3,Kip,Kaal, and € ion ellipses lie in the respective planes defined above.
={*,0,*,*,0,*}. Using a similar derivation to the one pre- | inearly polarized beams can be used to generate the bcc
sented in the fcc case but replacing the fcc point group opstrycture, but, as in the case of the diamond structure, the
erations with those of the bcc point group, one can write theninimum value ofl, is larger than in the case of elliptical
bcc intensity pattern in terms of the vectorsZras polarizations. Here, the value bf achieved is 10.17 and the
maximum total intensity is 15.83:

{E0,E1,E2,E5} ={1.11,1.98,1.97,1.09

> 2
K,=7(1,1,0,
a

AlpedP) = cO(Ty - ) + cogT, - ) + cogT5 - ) + 7 cog T, - ),
(25)

where »=+1. The choicen=+1 produces an intensity pat- {®0. 01,02, @3} ={~ 6.1°,21.9°,107.7°,39.7>  (28)
tern resembling a bcc lattice of spheres, which produces no This linear polarization beam configuration is shown in

fundamental gap. However, the choige -1 generates abcc Fig. 10. Again, the polarization angles are shown as one
structure whose basis is similar to that of the diamond struc:

ture. Figure 8 shows the optimized structure whgn-1, IOP ks down the wave vector, relative to t@-G, or G,
which produces a PBG of 21% for a silicon structure in an-Gs plane.
air background.

Holographic beam parameters which produce this inten- C. Simple cubic

sity pattern are determined straightforwardly as b§f0re. The Finally, we consider a holographic structure based on the

target vectors i/ can be generated by the followil@vec-  sc Bravais lattice, which is the simplest of the cubic struc-
tors of lengthy37/a: tures. There are only three distinct directions in the et
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tan(60°) a R
U

..................................... FIG. 11. The optimized sc architecture generated by (26)
U N with a solid volume filling fraction of=24%. When the solid re-

e r tan(60") a gions (corresponding to regions with a red humnsist of silicon
— u and the background is air, a PBG of 10.5% is obtained.
tan(60°) a LR a

) ) ) ) coefficients are given by¢={*,*,* ,0,0,Q, where * de-

FIG. 9. The diagram of a beam configuration which generates, g 5 nonzero real coefficient. Again, without loss of gen-

the bee intensity _pattern usinglliptically polarized beams. The erality the first three nonzero coefficients can be chosen to be
plane spanned b, and G, is perpendicular to the plane spanned 1. iy this case, this applies to all nonzero coefficients. The
by G; andGs. The ellipses at the end of each wave vector describantensity pattern is thus given by
the polarization ellipse of the corresponding beam, as one looks
down G;, with the dashed line passing through the polarization el- Al() = Cog(fl 0+ Cog(fz. r) + co{ltg 1. (29)

lipse corresponding to théo-éz or Gl-é3 plane. TheR andU pairs ) ) . . . L .
for each beam, defined in E€L5), are shown next to the corre- This pattern has a simple cubic Bravais lattice and is invari-

sponding polarization ellipse. ant to all symmetry operations of the simple cubic point
group, thereby satisfying our design requirements. The inten-
: P sity iso-surface of the optimized Si sc structure is shown in
(red set onllnﬁle of vectors in Fig. 1 a”‘?' confegueptly only Fig. 11. A full photonic band gap of 10.5% opens between
three vectors in the target vector set, iB5{T1, T, Ta}. I hangs 5 and 6 for this optimized structure, which has a solid
this case, we make the simple cholGeK;=b}, so that th&  volume filling fraction of~24%.
The target vectors iff can be generated by the following

G vectors of length/3m/a:

Go= 2(-1,-1,-19,
a

= T
G =—(1,-1,-9,
1 Q( D

éZZ%aT(_ 1111_])!
é3:§(_ 11_ 1!];’: (30)

FIG. 10. The diagram of a beam configuration which generates
the bcc intensity pattern usirimearly polarizedbeams. The plane and beam polarizations which obdy,,c;,C3,C12,C13,Cogt
spanned b)éo andéz is perpendicular to the plane spannedfb]y ={1,1,1,0,0,0 ?Ud ] {b1, b2, 3, P12, P13, Po3t
and(33. The polarization angles as one looks down the wave vector:{o’O ,0,0,0,0 and minimizel, are
are shown next to the corresponding beams, with the dashed line
corresponding to théo-éz or él-é3 plane. TheR andU pairs for
each beam, defined in E(@.5), are shown next to the corresponding
polarization vector. {®0, 01, P2, o3 ={50.1°,— 7.8°,- 67.8°,52.2¢

{E0,E1,E5,E5={1.79,1.02,1.02,0.88
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FIG. 12. The diagram of a beam configuration which generates

the sc intensity pattern usinglliptically polarized beams. The FIG. 13. The diagram of a beam configuration which generates
beams are set up in an “umbrella” configuration whereG,, and  the sc |nten5|ty pattern usmgnearly polarizedbeams. Each of the

G3 each make an angle of 70.5° Wlﬂéo and are spread evenly wave vectorsGl, GZ, andG3 make an angle of 70.5° Wltﬁ:o and
around the azimuth. Beam O is elliptically polarized with a polar-are spread evenly around the azimuth. The polarlzatlon angle of
ization ellipse whose major axis is rotated 15.3° from the prOJeCtlorbeam 0 is measured with respect to the project|o|@pbnt0 the

of G; onto the plane normal t&,. The other three beams are plane normal taG,, whereas the other polarization angles are mea-
linearly polarized, with polarization vectors making identical anglessured with respect to th@, Go plane, fori=1,...,3, with the wave

of 52.2° with theGy-G; planes. vector pointing into the page.
{BoB1, B2, Bs} = {275.8°,0°,0°,07. (31) : _( 2m 2m 2_77)
In this case, an “umbrella” configuration of the beams is used ' a'a'c)’

(see Fig. 12 Each of the wave vector&,;, G,, and (33

makes an angle of 70.5° Witﬁo and is spread evenly around . on  2m 2m
the azimuth. Only beam 0 is elliptically polarized; the major T,= ( -, )
axis of the polarization ellipsédepicted as the dashed line

passing through the polarization ellipseakes an angle of
15.33° with the projection o, onto the plane normal tG,,. _ om 2w Om
The other three beams are linearly polarized, with polariza- Ty= ( T )
tion vectors making identical angles of 52.24° with 1Bg

-éi planes. The background intensltyis 6.07, and the total

intensity ranges from 0.07 to 12.07. - 2m 24 2t
If one constrains all four polarizations to be linear, the Ty4= a'a'c (34)
parameters = = =
{€0,€1,E5,E54={1.92,0.64,1.28,1.28 The general structure can be modeled in a tetragonal unit cell

whose aspect ratio is given by the quantitacBy varying
{®0, 1, @2, 3} ={— 15.5°,67.8°,7.7°,—52.2° (32)  the aspect ratio, one can scale the structure along direc-
tion. The aspect ratio can be written in terms of the acute

yield a minimum value of 7.35 fot,, with the maximum angle between any one of the target vectors and tés, é,

total intensity reaching 13.35. The linear beam conflguratlorb
is shown in Fig. 13.

IV. GENERALIZED TETRAGONAL STRUCTURES cla=|tan(d)|/V2. (35)

The diamondfcc) and bcc structures described in Sec. Il
can be considered as special cases of a larger class of phboe diamond structure is achieved whegr arctarg, 2)
tonic crystals. The varying intensity pattern associated with=54.7° (corresponding to £a=1) and the bcc structure re-

these structures can be written as sults whené=45° (corresponding to ka=1/ V2).
- - R . The desired target vectors can be obtained by changing
AI(F) =coqT; - P) + cogT, - T) + cog T3 - 1) — cogT, - 1), the angle between wave vectors, which we denote,bin

(33) the counter-propagating scheme used for the fcc and bcc
. structures described in Sec. [Bee, e.g., Fig. )3 For target
where the target vectors;, are given by vectors characterized by a givénhan anglev given by
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S hody contered cabic (545) as¢ varies, for structures with a dielectric contrast of 11.9 to
_ faceycemered cubic (E254.74%) 1 correspond_lng to silicon in air. T_he solid volume fraction
25 T in_all cases is 22.1%. The maximum PBG occurs at
— I \ =54.74°, which is the diamond structure. Figure 15 shows
20 V4 : the photonic band structure for a structure wgth50°, be-
g / | \ tween the bcc and fcc cases. A full photonic band gap of 23%
15 / ! opens for this structure.
s i \
10 / I V. ROBUSTNESS OF HOLOGRAPHIC PHOTONIC
/ : CRYSTALS
> f We now turn our attention to the properties of the inver-
/ : sion symmetric holographic photonic crystals obtained from
5

%45 35 20 25 30 5 50 5 the int.ensity_ patterns dgriyec_i in the previous section_. For a
£ (deg) given intensity pattern, it is first necessary to determine the

optimal value of the threshold, in the simplified shape

FIG. 14. The relative size of the full photonic band gap as afunction, Eq.(5). The choice ofly, corresponds to choosing
function of the angle¢, between the target vector‘Ei,, and thez  a particular iso-intensity surface, and therefore the solid vol-
axis. The structure has a solid volume fraction of 22.1%. The solidume filling fraction of the resulting crystal. The one-to-one

has a dielectric constant of 11.9, corresponding to silicon. The becenapping from thd, to the volume fraction is displayed in
structure corresponds t=45° and the diamontfcc) structure cor-  Fig. 16 for the fcc, bcc, and sc structures. The functional

responds t@=54.74°. dependence of the volume fractitmeasured in %on |, is
not strictly linear, but can be taken to be so for the volume
€ cog8) ) fractions of interest. The linear part of the mapping can be
v=2 arccop ———— (36) written as
V2 - cod(é)

. . i ff= =21, + 50,
is sufficient. As shown in Figs. 3 and 9, angles between wave
vectors of 126.9° and 109.5° satisfy the conditions for fcc b_ _

: o ; f?=-21U, + 50,
and bcc structures, respectively. Beam polarizations which
satisfy the constraintgc,,c,,C3,C12,C13,Coat={1,0,1,1,0,

-1} and f*= =29+ 50, (37)
{cod¢1),cogd»),coq p3),COL P1,) ,COKL p13), COS Do)} wheref, f°, andfS are the volume fractions of the fcc, bcc,
={1,1,1,1,1,} can then be found using the minimization and sc structures, respectively. Since the fcc and bcc struc-
procedure described previously. tures are both specific examples of the generalized structure

Figure 14 shows the size of the relative photonic band gaplescribed in Sec. IV, the mapping is identical for the two

R /ﬁ

1|23.00%
@0.60

0.70

[NREENEN] FERETEI

0.60

0.50 FIG. 15. The photonic band
structure of the generalized struc-
ture with £=50°, at a solid volume

a/A 0.40 fraction of 22.1% and a dielectric

contrast of 11.9 to 1, correspond-
ing to silicon. The high symmetry

points and the irreducible Bril-

louin zone are shown in the inset.
This exhibits a PBG of 23%.

0.30
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ITTREREETE ITRRREREN] INTRTNERT] SRRERNTRETE INRRERERN] RENERT!

-

046605-12



PHOTONIC BAND GAP TEMPLATING USING OPTICAL.. PHYSICAL REVIEW E 71, 046605(2005

W
(=

! ! 25 / — face centered cubic [ |
= face centered cubic \ — — body centered cubic
s — — body centered cubic / 2l N\ |- - - simple cubic
5 40 n - simple cubic | 20 7 )i J \

5 . 1 N
< * N
& . 9 / \
230 = 2 13 7 N
- g el N
= Ee 3 I
() S AN
§ 20 N < 10— \ N
v—o< b T ’ . . \
-; s A 5 ‘ . o‘ “
=10 N I : R b
S <N : el \
\ L . N \
0 S 0 - : >
o 0.5 1 15 ) G 3 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65
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thr

. . FIG. 17. The relative size of the full photonic band gap as a
FIG. 16. The volume solid versus threshold used in the ShalD?unction of the solid volume fraction, for the fcc, bcc, and sc struc-

function Eq.(5), for fcc, bee, and sc structures. The fce and bCCtures. The solid has a dielectric constant of 11.9, corresponding to
curves overlap each other because both structures are members

. . . ) ﬂfcon. The optimized fcc structure i$21.5% solid and generates
the generalized HLPC structures described in Sec. IV. The solui relative gap of 25%. The optimized bcc structure=22% solid
material is found in the regions whend (1) > .

and generates a relative gap of 21%. The optimized sc structure is
~24% solid and generates a relative gap of 10.5%.

structures. One may note that this mapping is symmetric

around a volume fraction of 50%. In fact, it can be shown Figure 17 displays the relative size of the full photonic
that, for the three cubic structures we have obtained, takinfand gap as a function of the solid volume fraction for the
lywr— —ly pProduces an equivalent but inverted structurefcc, bce, and sc structures composed of a material with a
(solid and air regions are interchangetb within a transla- dielectric constant of 11.9Si) in an air background. The
tion of the origin. In terms of a physicakexperimentally —optimized fcc structure occurs at a solid volume fraction
measurell intensity, this corresponds tX" —21,—I1$*'.  ~21.5% and has a relative fundamental gaptween the
This implies that the desired structure can be achievegecond and third bang®f 25%. The optimized bcc struc-
equivalently by both single and double inversion processetire, which is=22% solid, also has a fundamental gap,
simply by adjusting the threshold value accordingly. Simi-which is 21% of the gap center frequency in this case. Fi-
larly, this means that one can compensate for the distinctionally, for a solid volume fraction 0f24%, a full photonic
between positive and negative photo-resist materials byand gap of 10.5% opens between bands 5 and 6 for the
changing the holographic exposure time or overall intensityoptimized sc structure. The photonic band structure diagrams
Consider the shape functiofg of the direct structure ang for the three optimized structures are shown in Fig. 18. Fig-

of the inverted structure, given by ure 19 shows the dependence of the relative photonic band
gap on the index of refraction of the solid material for the
STAMEICIGGEI W E three optimized structures. For the fcc structure, a full pho-
tonic band gap appears when the refractive index is larger
S(F i) = Ol — AL(P)). (38)  than about 1.97. The relative width increases with the index
L. R N of refraction until saturation at about 38%. The refractive
We endeavour to fincp=r"— such that&(f,ln)=S(,  index threshold for the bce structure is approximately 2.24
~lin). This implies thatAl (") =-Al(F). This condition is met  and the relative PBG saturates at 34%. The index threshold
provided that for the sc structure is 2.77 and the relative PBG saturates at
- 16.5%.
Ki-p=0@2n+1)m The global intensity contrast, defined as fjasl(7)[)/ 1,
is of important practical concern. The larger the contrast, the
|Zij -p=(2n; + D, (390  more effective the developing process to create the polymer

photonic crystal template. An alternative metric for measur-
wheren; andn;; are integers, for all such that;# 0 and all  jng the global intensity contrast can be found[68]. The
I, j such that;; # 0. Recall that; andc;; are the members of intensity contrast depends both on the shape being created
the setC defined in Eq(6). Equation(39) can only be satis- and on the particular beam configuration used to create that
fied if, whenc;; is nonzero, eitheg; or ¢; is zero. The format  shape. Table | shows the global intensity contrast for each of
of the setC of the three inversion symmetric structures dis-the beam configurations for the inversion symmetric struc-
cussed above satisfies this condition. It can be shown that thgres discussed in Sec. Ill. For each structure, the use of
corresponding translation vectogs, arep;=(a/2,a/2,a/2)  elliptically polarized beams improves the contrast over the
for the fcc structurep,=(a/2,a/2,0), for the bce structure, case when only linearly polarized beams are used. The ellip-
andp,=(a/2,a/2,al/2), for the sc structure. tical beam configuration for the bcc structure achieves a
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FIG. 19. The relative size of the full photonic band gap as a
function of the index of refraction of the solid material, for the
optimized fcc, bee, and sc structures. The background is assumed to
be air. The threshold index of refraction for the emergence of a
photonic band gap is 1.97 for the fcc structure, 2.24 for the bcc
structure, and 2.77 for the sc structure. The inset shows a magnified
view of the curve, near the threshold indices of refraction for the fcc
and bcc structures.

ing” of the interface between “exposed” and “unexposed”
polymer even though the iso-intensity contours are perfectly
smooth. Therefore, it is useful to maximize the gradient of
the intensity pattern at precisely the threshold intensity iso-
surface. This minimizes the spatial extent of “exposure
roughening”. In order to compare the intensity contrasts for
the fcc, bee, and sc structures, we define an average intensity
contrast factor for an iso-intensity surfacel @t Cy g1t as

(40)

whereV corresponds to the region which becomes the inte-
rior of the resulting structure an@v corresponds to its sur-
face(i.e., the iso-intensity surfageln other words, the con-

Kb TABLE I. Global intensity contrast in the interference patterns

of the various beam configurations. The global intensity contrast is

FIG. 18. Photonic band structure diagrams for the optim{zgd defined as the ratio of the amplitude of the varying part of the
fcc, (b) bee, and(c) sc holographic photonic crystals structures intensity, max|2Al(f)|), and the background intensity. The use of

characterized by an 11.9:1 dielectric contrast. The positions of thelliptical polarizations improves the global intensity contrast for

high symmetry points together with the corresponding irreducibleeach of the three structures.

Brillouin zones are shown in the insets.

“perfect” contrast ratio of 1, meaning that a value of zero
total intensity is found in the interference pattern. f
When comparing the exposure efficiency of different in-
terference patterns, it is not sufficient to consider only thedcc
global intensity contrast. Disorder in the PBG template may
arise from polymer inhomogeneities that lead to small, ransc

Structure  Polarizations lo max(|2Al(r)))  Contrast

cc elliptical 43 42 0.816
linear 11.97 42 0.472
elliptical 42 42 1
linear 10.17 42 0.556
elliptical 6.06 6 0.989
linear 7.35 6 0.816

dom variations in the exposure threshold from point to point
in the bulk photo-resist. This, in turn, may cause “roughen
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structures, created using elliptically polarized beams which producgaction for the fcc, bee, and sc intensity patterns which produce

minimal background intensities. The solid part of the photonic crys-minimal background intensities using elliptically polarized beams.
tal corresponds to regions where the intensity exceeds the threshold

vale tive photo-resist, or if double inversion is used with a posi-

. i ) _ tive photo-resist.
trast factor gives the average value of the intensity gradient | aqdition to considering average intensity gradient, we
along the iso-intensity surface, normalized by the iSO-gyamine the minimum intensity gradient for various iso-

intensity value. Normalization by the iso-intensity value intensity surfaces by finding the figure of me]:
means that the contrast factor is not symmetric with respect

to a solid volume fraction of 50%. Using Gauss’ theorem and .
taking the area of the iso-intensity surfacefashe contrast Crin= Alm'_’l‘ IVIAID) (g + 24n)]- (42
factor can be rewritten as Ot
This is calculated analytically for every point on the tri-
angular mesh used to approximate a given iso-intensity sur-
Cang = (Io+ 2Ithr)A~fv face. The. regions yvhere contrast is minimum along the
threshold iso-intensity surface represent the weak points of

Figure 20 shows a plot of the average intensity contrast fac'® Photonic crystal template. These regions are most suscep-
tor, C,q, as a function of the volume fraction of solid for the tible to disorder in the holographic process. Shown in Fig.
fcc, bee, and sc structures. The contrast factor is calculate@il: Cmin gives @ measure of the worst case for each iso-
by discretizing the conventiondtubio unit cell in 256 intensity surface. I_n §h|s case, the fc_c mterference pattern has
boxes and sampling the appropriate intensity pattern. Thihe best characteristics near the optimized volume fraction of

area of the iso-intensity surface in the cubic cell is calculated2%0; Whereas the fcc and bee patterns have similar charac-
by approximating the surface with a triangular mesh. Thderistics near 78% volume fraction. It should be noted that

volume integral is calculated by taking the sc interferenc_e pattern appears to achieve the worst case
near both the optimized direct and inverted volume fractions.

VI AI(P)]dV. (41)

. . Finally, we consider the sensitivity of the holographic
f VAI(F)]dV — > VAL, photonic crystals to imprecision in the laser beam param-
v AlD)=lgnr eters. We do this by considering the trajectories of the pho-

R tonic band edges as beam polarizations and amplitudes are
wherev is the volume of the small voxels aiif[AI(F)] is  perturbed from the optimal configurations. Figure 22 shows
calculated analytically from the corresponding intensity patthe photonic band edges of the fcc, bcc, and sc structures as
tern. The solid part of the photonic crystal corresponds ta single beam amplitude is perturbed from the optimal value.
regions where the intensity exceeds the threshold value. Thidnly the worst(most sensitivecase out of the four possible
could be achieved using negative photo-resists and doubleeam perturbations is shown for each of the structures. The
inversion. Near the respective optimal solid volume fractionscc structure shows the most robustness against amplitude
(=22%), the contrast factors for the fcc and bcc structuresperturbations, allowing the single beam amplitude to range
are approximately equal and larger than the sc contrast fadrom 70% to 250% of the optimal value before the gap
tor. However, near 78% solid volume fractiGwhich corre-  closes, with the bcc structure showing similar characteristics.
sponds to the inverted structiyréhe bec contrast factor be- On the other hand, a 10% perturbation in the single beam
comes larger than the fcc contrast factor. This is relevant if amplitude closes the gap in the case of the sc structure. Next,
single inversion process is used in conjunction with a negawe consider perturbations to the polarization vectors in the
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FIG. 22. The photonic band edges of the optimized fcc, bce, and - FIG. 24. The photonic band edges of the optimized fec, bee, and
sc structures as functions of perturbations in the holographic beamsc structures as functions of perturbations in the ayleee Eq.

amplitudesAE;. The structure is assumed to consist of a material of(16)]. The structure is assumed to consist of a material of dielectric
dielectric constant 11.9 in an air background. constant 11.9 in an air background.

optimal elliptically polarized beam configurations used 10j,4ti0n angle of a single beam. Figure 25 shows the photonic
create the structures described in this paper. RecallBJ.  )an4 edges of the inversion symmetric fcc, bee, and sc struc-
where we write an elliptical polarization vector as the sum ofy o5 45'the polarization angle of the most sensitive beam is
two linear polarizations such that=cog@)U+€#sin(¢)R.  perturbed. In the worst case, the photonic band gap of the
Figure 23 shows the photonic band edges of the three strugcc structure remains open after an 8° change in a single
tures when the quantity tég), which describes the relative polarization angle, whereas for the fcc structure, a 6° pertur-
amplitude of the two linear components, is perturbed frombation closes the gap. Again, the sc structure is least robust.
the optimal value. The dependence of the photonic band

edges on perturbations @, the relative phase between the

linear polarization components, is shown in Fig. 24. For both VI. CONCLUSION

graphs, only the worst case out of the four possible pertur-

! e L In summary, we have derived beam configurations for cre-
bations for each structure is displayed. For these elllptlcallyating fec, bee, and sc photonic crystals using holographic

polarized beam configurations, _it is noted that the.phmom(ﬁthography through simple, intuitive symmetry consider-
band gap of the bcc structure is most robust against bearzl?tions. The guiding principle in this procedure is that a large

parameter perturbations, while the sc structure displays th . . . i
least robustness. Finally, we consider perturbations to EBG can be obtained by choosing a structure with the small

single polarization andles. for the optimal linearly polar- est possible irreducible Brillouin zone. The fcc structure,
singie p , giGp, Tor P arly p which resembles the diamond network structure, exhibits a
ized beam configurations in Fig. 25, by changing the polar-
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FIG. 23. The photonic band edges of the optimized fcc, bce, and  FIG. 25. The photonic band edges of the optimized fcc, bcc, and
sc structures as functions of perturbations in the ratiggafsee  sc structures as functions of perturbations in single linear polariza-
Eq. (16)]. The structure is assumed to consist of a material of di-tion anglese. The structure is assumed to consist of a material of
electric constant 11.9 in an air background. dielectric constant 11.9 in an air background.
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full photonic band gap of 25% when made with materialspreferred for telecommunications, it is necessary to use a
with a dielectric contrast of 11.9:1. Our results also reveaphoto-resist or other photo-polymerizable material which can
that an optimized geometrical structure within the unit cellbe exposed by laser beams of wavelength of about 750 nm.
enables the bcc lattice to exhibit a PBG comparable to that ofhe SU-8 negative photo-resist which has been used in sev-
the widely studied diamond lattice. Here the photonic banceral experimental studiegl3,47,49 is intended for near-
gap is 21% for materials with a dielectric contrast of 11.9:1.ultraviolet rather than near-infrared lithograpf§6]. Other
Finally, we have found a simple cubic holographic architec-issues to be considered are the postprocesgirfgtration
ture which exhibits a PBG of roughly 11% in the case ofand inversion limitations imposed on the final, high-index
Si:air materials. This sc PBG material can be achieved usingtructure. For example, in some architectures, an infiltration
a simple “umbrella configuration” for the interfering laser process may not be able to produce complete inversions of a
beams. In each case, we find that an equivalent but invertei@¢mplate, and pockets of air may persist in thicker regions of
structure can be achieved simply by changing the thresholthe infiltrating material(partial inversion. The presence of
intensity. This implies that there need be no distinction besuch imperfections may have a deleterious effect on the op-
tween direct structures and structures made by inversiofical properties of the resulting photonic crystal.
techniques. The beam configurations which we describe are Finally, it is of considerable interest to incorporate line
optimal with respect to maximizing the intensity contrast inand point defects into photonic crystals for use in optical
the respective laser interference patterns. The fcc and bdwvicrochips. Photonic crystal templates created using optical
structures exhibit similar contrast near the optimal filling interference lithography offer a unique opportunity for the
fractions, while the sc structure displays worse contrast. Foinclusion of such defects. After the photo-resist has been
all three structures, the use of elliptically polarized beamsexposed by interference patterns such as those described in
enables better intensity contrast than can be achieved by tlikis paper, a localized exposure technique such as direct laser
use of linearly polarized beams alone. We have also studiedriting [34,35 by two-photon absorption can be used to pat-
the sensitivity of our holographic structures to perturbationgern the photo-resist further with the desired defects. In such
of the amplitudes and polarization angles of the holographi@ scheme, defects can be introduced at the templating stage
laser beams. The fcc and bce structures each continue toto the bulk photo-resist, rather than after the photonic crys-
exhibit full photonic band gaps even as a single linear polartal has been synthesized. In the latter situation, complications
ization angle is adjusted by 6° or a single beam amplitude isan arise due to scattering of the “writing” laser beam at the
adjusted between 70% and 240% of the optimal value. Theseumerous air-dielectric interfaces. These possibilities suggest
structures also show robustness against perturbations inthat optical interference lithography together with direct laser
single polarization when elliptical polarizations are used.writing can provide a powerful platform for the eventual cre-
These results suggest that holographic lithography providesation of optical microchips containing circuits of light in a
fault-tolerant approach to PBG micro-fabrication. photonic band gap.

All three of the structures we describe yield photonic
band gaps centered at wavelengths approximately twice the ACKNOWLEDGMENT
wavelength of the incident interfering laser beams. There- This work was supported in part by the National Sciences
fore, in order to achieve PBGs at the 1B wavelength and Engineering Research Council of Canada.
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