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Three-dimensional photonic crystals by holographic lithography using the umbrella configuration:
Symmetries and complete photonic band gaps
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We present a detailed study of the crystallographic symmetries and band structures of three-dimensional
photonic crystals that are amenable to nanofabrication through holographic lithography. For the experimentally
preferable umbrella geometry, we identify realistic parameters that lead to structures with complete three-
dimensional photonic band gaps. We find a solution, for which the photonic crystals have rhombohedral point
symmetry. This solution is a member of the same space group as the celebrated Yablonovite structure and has
a similar crystallographic motif. We find a complete photonic band gap with a gap/midgap ratio of 5.8%
between the second and third band after silicon inversion at 38% silicon filling fraction. In addition, we identify
parameter combinations for which the optimized interference contrast is as large as a factor of 10, rendering the
fabrication of this structure possible.
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I. INTRODUCTION of high-quality 3D PC templates. Together with direct laser

The large-scale nanofabrication of high-quality three-Writing (DLW) approaches? HL offers the attractive possi-
dimensional (3D) photonic crystals(PC’s) with complete  Dbility of controlled incorporation of functional elements us-
photonic band gapg (PBG's) at near-infrared and visible iNg DLW in a second step.
frequencies still poses a major challenge to material science. In HL, a thick photoresist layer is exposed to a multiple-
Among the many theoretically suggested structures only ®eam interference pattern and subsequently developed.
few can actually be manufactured. Negative photoresists exhibit a certain exposure dose thresh-

Inverse opals offer inexpensive fabrication of large-scaleold, above which the photoresist becomes insoluble in the
PC'’s through the self-assembly of colloidal particles into PCdeveloping process. Therefore, in these materials the spatial
templates which are subsequently infilled with high-indexdistribution of the radiation dose transfers into a correspond-
materials such as silicoh® However, the self-organizing na- ing matter distribution. The final result is a porous polymer-
ture of this assembly process almost inevitably leads to thair structure, the shape of which is given by the isodose
formation of unwanted defects, such as missing particlesurface for the threshold value. Similarly, for positive photo-
(cavities), dislocationggrain boundaries), etc. In addition, resists, the underexposed regions remain after development.
the controlled incorporation of functional elements through To increase the refractive index contrast—which is neces-
suitably designed defect structures in opals remains a chatary to obtain complete PBG’s—the structures must be infil-
lenging problem. trated with a transparent high refractive index material such

PBG’'s at infrared frequencies in the layer-by-layeras, e.g., silicon. Nevertheless, the templates themselves may
structur&” have recently been realized through combinationsbe utilized for the realization of diffractive elements.
of advanced planar semiconductor nanostructuring tech- The creation of 3D periodic template structures using HL
niques for individual layers with sophisticated alignment andrequires at least four noncoplanar be&ms with five pa-
stacking procedures to combine different layers into 3Drameters per bearfbeam intensity, direction, and polariza-
PC's8-10These technologically very demanding approachesion state). Within the resulting 20-dimensional parameter
allow the incorporation of functional elements through con-space, it is necessary to identify those structures that are
trolled modifications in individual layers. However, to date, doubly connecteda polymer network for mechanical stabil-
successful stacking has been reported only for a few layersty of the template and an air network for infilling with high
This rather limited size leads to a strong coupling betweemefractive index materialand that will exhibit a PBG after
the guiding modes required for the operation of functionaltemplating. To date, two different four-beam configurations
elements embedded in these PC’s to the leaky modes of theave been discuss€dsee Fig. 1):(i) The “umbrella” and
material surrounding the PC structure. As a result, the perd) the “two-planes” or “tetrahedral® configuration. The lat-
formance of these functional elements is compromised. ter has been discussed theoretically in detail and parameters

Recently, holographic lithograph§dL)'-'3has emerged suitable for complete 3D PBG’s have been given
as a very promising technique for the inexpensive fabricatiorexplicitly.1%22Gap/midgap ratios larger than 20% have been
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about 600 nm in air for single photon absorption. The small
lattice constants of the two-planes geometry are undesired
because the resulting PBG’s or stop bands are correspond-
ingly shifted towards rather short wavelengths, which se-
verely limits the choices for infiltration with high refractive
Y index materials. Furthermore, the small lattice constants of
the two-planes configuration are barely compatible with typi-
(a) (b) cal photoresist spatial resolutions. In fact, to the best of our
knowledge none of the proposed structures in the two-planes
FIG. 1. (@) The umbrella configuration: The central bego.  geometry has actually been fabricated as a porous template
1) is along the axis of a cone with apex anglethree side beams by holographic lithography as of yet.

<

(Nos. 2, 3, 4 are equally distributed on the congd) The two- In this paper, we systematically discuss the umbrella con-
planes geometry: Two pairs of counterpropagating beams in twéiguration for the fabrication of PC templates using HL. We
perpendicular planes. identify parameters that are suitable for obtaining complete
3D PBG's. After giving a brief overview of both the um-
predicted for a dielectric contrast of 131425 brella and the two-planes geometry, we discuss the umbrella

On the other hand, for the umbrella geometry, a systemeonfiguration in terms of its crystallographic symmetries. Fi-
atic discussion has not been given in the literature. This isally, we give explicit examples for structures that would
very unfortunate because the umbrella configuration is muckxhibit PBG'’s at the telecommunication wavelength window
more convenient from an experimental point of view as allat 1.5um after infiltration with high refractive index mate-
four beams originate within the same half spaercept for  rials such as, e.g., silicon.
bcc, see beloy Therefore, opaque or absorbing substrates
can be used in umbrella configuration, whereas the two-
planes geometry requires two beams to pass the substrate || cRYSTALLOGRAPHIC SYMMETRY ANALYSIS
before they reach the photoresist layer. Another disadvantage
of the counter-propagating beams in the two-planes configu- Table I lists the angley required inside the photoresist
ration is that for a given exposure wavelengtiand desired layer for realizing the three different cubic translational
translational symmetry, the lattice constants achievable in theymmetries—simple cubi¢sc), face-centered cubigfcc),
two-planes geometry are generally smaller than those of thand body-centered cubibcc—and their periods in terms of
umbrella configuration. For instance, the lattice constanthe internal exposure wavelengie Ao/ Nynotoresistfor both
ar=1.12\ in the face-centered cubiécc) case is 2.3 times beam geometries. Due to the refraction at the air/photoresist
smaller for the two-planes configuration as compared to théterface, all internal angleg given in Table | are accessible
umbrella configuration, for whicka..=2.60\. In principle,  only by use of immersion systemThe sc symmetry can
this could be compensated by employing larger exposur@nly be obtained with the umbrella geometry. Note that for
wavelengths. However, the availability of photoinitiators cur-bcc translational symmetry in the umbrella configuration the
rently limits the exposure wavelength to a maximum ofapex angley is essentially the same as in the sc case but with

the central beaniNo. 1) traveling in the opposite direction

TABLE I. Angle y (see Fig. 1 and corresponding lattice con- With respect to the side beanios. 2, 3, 4: yp,—180°=
stantsarg for the umbrella and the two-planes geometry for the =70.53° =-ys. Indeed, for this apex anglg,.. the umbrella
realization of the cubic translational symmetri@S's). In order to ~ configuration becomes identical to the corresponding two-
allow a direct comparison of the two geometries, the face-centereplanes geometry. Thus, our above reasoning that the um-
cubic lattice constant is given for both configurations although thebrella configuration is experimentally advantageous com-
rhombohedral lattice constant would be a more natural choice fopared to the two-planes geometall beams originate within
the umbrella geometry. The lattice constants are given in multipleshe same half-spageoesnot hold for the bcc case.

of the exposure wavelengtt= o/ Npnotoresisinside the photoresist. It is crucial to note, however, that it is generally insuffi-
For bcce translational symmetry the two geometries coincide. cient to consider the lattice translational symmetry only. In-
stead, one has to analyze the symmetry of the individual unit
Umbrella configuration cell, too. For instance, fcc translational symmetry is neces-
TS v inside SU-8 layer cubic lattice constant  sary but not sufficient for the realization of a fcc PhC. In
= general, for arbitrary polarizations and relative intensities of
s¢ Ysc=ArCCO$1/3) ~70.53° 35c=AV3/2~0.87\ the four interfering beams, the only point symmetry of the
bcc Yooc=rCCO$-1/3)=109.47°  @pec=A\3/2=0.87\ resulting PhC is the identity operation. This reasoning ap-
fcc Yiec=arccos$7/9) ~ 38.94° A =A3\3/2=2.60\ plies to both beam configurations. For the two-planes con-
figuration, the special conditions to ensure certain symmetry
two-planes configuration properties have been discussed elsewH&r8.
TS y inside SU-8 layer cubic lattice constant The spatial distribution of the exposure dd3@) through
bee Yoo=arcco$-1/3=109.47°  a,=\3/2=0.87\ the interference of four plane waves with wave vectkys
fec Yiee=arcco$-3/5)~126.87°  ag,=\\5/2~1.12 and amplitude-polarization vectoE can be expressed as a

Fourier serie¥$:13
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4 2 4 . vector” of (integep Miller indices h,k,| allowed by space
D(F) = | >, E%*nfet) | = e Crm” group No.N. Finally, the vector} =(x,y,,z) denotes the

n=1 nm=1 position vectorrT with respect to the basis s, ,a,,a;} of
4 ) crystal axes of space group N& . which—in general—is not

= > Rea, £°mH2 -8, (1) a Cartesian coordinate system:
n=1m=n
where we have introduced T =(X,Y,2) = X8, + Y3 + Z 8. (5)
Gt =Ko~k =~ Grn @ Here (x,y,2) are the corresponding real spag@@artesian
20 20t coordinates of the position vector.
anm = En - Eq = 8mn. 3 In what follows, we will determine the requirements for

the four interfering beams to obtain certain desired crystal-
lographic symmetries in umbrella configuration and will ana-
lyze the limitations of this geometry. This is facilitated by

The reciprocal lattice vector@fnm for which a,,, is nonzero
fully determine the translational symmetry of the interfer-

ence pattern. Th@enerally complexform factorsa,, result i . .
from the relative amplitudes and polarizations of the incidenfXPanding the exposure doBér) in Eq. (1) in terms of the
real and imaginary part of certain geometric structure factors

laser beams. In combination wit@,, they determine the _Aﬁ{(IHBth (4). To this end, the dosél) has to be rep-

shapg of the so-called mqtif C.)f t_he crys'gal structure, !.e., th‘?ehgle_nted in an appropriate coordinate system. Any set of
explicit shape of the resist inside an individual unit cell.

. . three linearly independent reciprocal lattice vectors taken
Then, the overall point symmetry of the structure is the y pende P

maximal point symmetry common to both, the lattice and thé™®m the 12 off-diagonal,r, can serve as basis to span the
motif. In addition, we would like to note that constant phase'€ciProcal lattice which, for the umbrella configuration, is

. =0 .20 . rhombohedral.
factors of the four beams, i.d= — expli ¢n)Er, merely shift Following the crystallography conventions, a rhombohe-

the interference pattern in space and, therefore, do not affegt,| |attice is described by three basis vectors which are of
the structure’s symmetry properties. For simplicity, we have

. ) - . equal length and enclose the same angle with each other.
omitted these factors in the remainder of the manuscript, s

> ) o his applies toélzzﬁl, 6135 52, and 6145 53 which are,
that real and comple&, correspond to linearly and ellipti- norefore, chosen as reciprocal basis vectors. They span a
cally polarized light, respectively.

. rhombohedral reciprocal lattice which corresponds to a

, T(,) stgdy the gymmetry properties of the exposure qos?hombohedral lattice in real space with basis vectars
distribution D(r) in Eqg. (1), one can compare its Fourier __~ - -~ - - - S .
series(1) to certain Fourier series with well-known symme- _.27Tb1' X byl by - (b, X bg)], where(i, j k) is a CyC“.C permuta-
try properties® Such Fourier series are extensively used and'on of (1.2,3. In (_:ontrast to Ref. 20, we rewnte_: the expo-
discussed in the crystallographic literatdf& hese so-called sure dO,SED(F) (1) in r.hombohedra_\l _crystal coordinates, thus
geometric structure factors)y, are usually given in their facilitating a comparison of coefficients
respective crystallographic coordinate systéemd care has
to be exerted when translating the results to real spaee

; : D(F,) (81 + By + Aga+ 840)/2
tesian coordinates. Altogether, there are 230 space groups (F) o (811 + 82+ 853+ 84a)

describing all the inequivalent symmetries that 3D periodic + Refayfcoq2mx,) — Im{ay }sin(2mx;)
structures may exhibit. More precisely, for space group No. + Rela,dcod? —Imf{a.dsin(2
N, there exists a geometric structure facg), which is &asajcos2my,) @13} .I (2my:)
invariant under the symmetry operations of the correspond- + Re{ayfco927z) - Im{ay 4}sin(27z)
ing space group andjlvs wnjtéenz.ésN + Re{ag,lco§ 27+ % - y.)]

Fhia = Ania + 1Bhis (4)

= Im{agy}sin 27 (+ x, - y,) ]
where + Re{ayglcog 2m(+y, - z)]
- Im{ayglsin27(+y, - z)]

o
AN = cog2ahT (PN, + )]
o=1 + Re{ay tcog 2m(- X, + 7]

oV - Im{azgisin27(- %, +z)]. (6)
B = > sin2zh(P)T, + )], The spatially constant term in E@6) corresponds to a
o=1 homogeneous background illumination which is invariant

Here, the superscript T denotes transpositionsl%gﬁandfw under any symmetry operation. To enable the expansion of
are, respectively, rotational and translational parts ofate ~ E- (6) in terms of theF, they, too, have to be represented

symmetry operation of space group NG. In addition,gV'is  in the rhombohedral systefiFy,— Fiy). The expansion of
the number of gen%ral Wyckoff positions in the unit cell of the exposure dosB(F,) in terms of theﬁﬁlvkl and éévm with
space groupV' and h"=(hkl)(h,k,| € Z) is the “diffraction  expansion coefficient&ﬁﬁ, and BhNkl then reads as
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TABLE II. The geometric structure factoly, =AY +iBJy, of 160, and 166; for space groups Nos. 161 and 167 the lowest
the seven rhombohedral space groups as given in the rhombohedira®nvanishing contributions requirg=2 which are dupli-
coordinate systeniRef. 26. For convenience, common prefactors cates of Nos. 160 and 166, respectively, #pr1 but with
are omitted, since they do not affect the symmetry. The followingqqypled spatial frequency. The trigonometric functig\ﬁél

abbreviations are usedE(c+c+c)=c(hkl)+c(lhk)+c(klh), O(c+c ~N - .

+¢)=c(khi)+c(Ikh) + c(hlK), E(s+s+s)=s(hkl)+s(Ihk) +s(kih), and  @NdBriq in Table Il are supplied only ak+c+c) and(s+s
O(s+s+s)=s(khl) +s(Ikh) +s(hlk), where c(hkl)=cog2(hx +ky, +s). In turn, this implies in Eq(6) that the conditions
+lz,)] ands(lkh) =sin 27(Ix, +ky,+hz)], etc. The capital prefixe&

and O represent even and odd permutationsh&f, respectively, Re{ayz} = Refaysh = Refayt = u, (83)
with X, y,, and z, at fixed positions within the sine and cosine
arguments. Re{agyt = Re{ayst = Re(ayyt = v, (8b)
N AN BY, Im{ay,) = Im{aga} = Im{ag 4t = :p, (8¢)
146 E(c+c+0) E(s+s+9) Im{ag,} = Im{a,a} = Im{ay,} = :q (8d)
148 E(c+c+c) 0 -
155 E(c+c+0)+0(c+c+c) E(s+5+5)—O(S+5+S) must be satisfied. With Eq§8a—(8d), D(r,) (6) reads
160 E(c+c+c)+O(c+c+c) E(s+s+5)+0O(s+s+5) ~
D(r}) o (ag1+ Qo+ Az + Ayg)/2
for h+k+I even forh+k+I even
+ u{coq2mX,) + cog2 + cog2

161 E(c+c+c)+O0(c+c+0) E(s+5+5)+O(S+5+59) {cod2mx,) 2my,) 427z}

for h+k+1 odd forh+k+1 odd +v{cod2m(x - y,)} + cod2m(y, - z)]

E(c+c+c)—-O(c+c+c) E(s+s+s)—O(s+s+s) +{co§2m(-x +z)]}

166 Blctcto)+O(c+e+o) 0 - p{sin2mx,) + sin2wy,) + sin27z)}

for h+k+| even forh+k+| even —g{sin2m(x, - ;)]
167 E(c+c+c)+O(c+c+c) 0 . .

for h+k+! odd forh+k+! odd *sin2a(y, - z)]+ sif2a(=x+ )l (9)

E(c+c+c)-O(c+c+c) 0 As a result of the foregoing analysis, we have reorganized
the 20-dimensional parameter space of a general four-beam
interference setup into a form suitable for an analysis of the
= N RN BN umbrella configuration. The apex anghe determines the
D« AL+ B 7 ; . : .
% Fhithk % PrvBi @ translational lattice and the relatiot8a)—(8d) determine the

point symmetry. In addition, we have found that for arbitrary

values of(u,v,p,q), the exposure dode(r,) (9) in umbrella
configuration can be completely represented by the rhombo-
hedral space group with lowest symmetry, i.e., by space
group No. 146 alone. Thus, expansi@h is given as

Based on the fabricational advantages provided by the
umbrella configuration discussed in Sec. |, we concentrate on
the corresponding seven rhombohedral space groups. This o o
means that the numbers of space groups that may appear in Further restrictions ofu,v,p,q) result in higher symme-
expansion(7) is considerably reduced and only space groupdries: If at least is zero, i.e.(u,v,p,0), the resulting struc-

Nos. 146R3), 148R3), 155R32), 16QR3m), 161(R3c), tures belong to space group No. 160. For structures consis-

— ) , . tent with space group No. 15684,v,0,q) is required. Space
26
166(R3m), and 1§£R30) remain<°® The associated geometric group Nos. 148, 166 which in contrast to the other rhombo-
structure factors;,, are listed in Table Il. To facilitate the

hedral groups contain inversion symmetry may be obtained
comparison with the exposure dose, these structure factotarough(u,v,0,0).
are given in the rhombohedral Crystal system which is the Furthermore, we would like to note that the casep
natural system for the umbrella configuration. =0, i.e.,(0,v,0,q) implies that the contributions of the cen-
To find conditions for the form factors Re&m and  tral beam to the interference pattern are canceled out, so it is
Im{a,m in Eq. (6) to realize an interference pattern with effectively absent. This effective three-beam interference
prescribed rhombohedral symmetry, we compare the fungpattern results in two-dimensional structures, with a triangu-
tion (6) with Table Il. The structure of the trigonometric |ar |attice within the film.
arguments in Eq(6) is such that the coordinates appear ei-
ther as isolatedi.e., x;, y;, andz) or as pairwise differences
(i.e., % =Y, ¥~ 2z, and X, +z,). Therefore, it is sufficient to
consider in Table Il onlyh=%, k=0, 1=0) and (h=17, k=7, Special cases of the rhombohedral lattices are the three
I=0). We requiren=1 for space groups Nos. 146, 148, 155, cubic lattices sc, bcc, and fasee Table ). There are 36

where the set of Miller indiceghkl) runs over all values
allowed by spacegroup NaV.

A. General rhombohedral symmetry

> “ANo0.146,  AN0.146_ =No0.146_ 3NO.146
D(Fy) = UAs + vA ~PBios T~ AB

110 (10

B. Cubic symmetry
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cubic space groupéNos. 195-23p and we discuss below Bl;lf.214: gho-214

their relation to the general rhombohedral structdi®). 0 110

o« sin2m(x+y)] + siN2m(y + 2)] + sif2a7(x + 2)]
+sin2m(x - y)] + siN2m(y — 2)]
+sin2m(—x+2)]. (14

1. Simple cubic symmetry

If in space group No. 166y is made to vanish, i.e.,
(u,0,0,0, and if the apex angle is set toy=1ys

=arcco$l/3)=70.53°, the resulting structures belong to the . .
§1/3) g 9 Here, we want to note that for all bcc structures including the

(simple) cubic space group No. 22PmBm) which is a su- a5 above, the umbrella configuration becomes equivalent

pergroup to space group No. 166. For this apex angle, thg, the two-planes geometry and, consequently, their fabrica-
rhombohedral crystal coordinate system becomes a Cartesiggn, faces the challenges discussed in Sec. |.

coordinate system

D(F) « u Ng(.)221= u[cog2mx) + cog2ay) + cog2m2)]. 3. Face-centered cubic symmetry
(11 It is possible to generate structures with fcc translational
symmetry by choosing/=y;..~ 38.94°. In fact, these struc-
Simple cubic structures with a complete PBG are, for in-tures are amenable to nanofabrication through appropriate
stance, the scaffold structutéThe above structuréll) is  immersion system® However, there is no possibility to ob-
known as the nodal approximation to Schwarz’s triply peri-tain structures with fcc overall symmetry by using the um-
odic minimal P surfacé®?° For this structure, a complete brella configuration; the structure remains rhombohedral.
PBG with a gap/midgap ratio of 10% has been predicted folThis originates in the absence of a trigonometric function
silicon infiltratior?®?? in agreement with our calculations with argument(x,+y,+z) in Eq. (6), which suggests that a

(not shown. Unfortunately, the currently available immer- fourfold rotation axis required for fcc overall symmetry is
sion systems make the realization of the required apex angl@issing in this geometry.

of ys~70.53%insidethe photoresist rather challenging. Nevertheless, these rhombohedral structures with fcc
_ translational symmetry are rather interesting becgysbey
2. Body-centered cubic symmetry can actually be fabricated aril) their photonic band struc-

Structures with(u,u,0,0) and y=y,..~109.47° exhibit ture exhibits a PBG as will be shown in Sec. IV. At this
— point, we want to mention that other well-known structures
with rhombohedral overall symmetry are the Yablono¥ite
~ . ~No.229 and the A7 structure¥ Both structures exhibit complete
D(ry) = UA 7, PBG's.
In the remainder of this manuscript, we restrict ourselves
to the case ofu,0,0,0 and y=7;~38.94° and discuss
+ cog2m(X, —y,)] + cog2m(y, — z)] fabricational issues of the associated templates and the cor-
_ responding photonic bandstructures after infilling of silicon.
+cog2m(=x + )]} (12) The resulting structures belong to space group No. 166
The representation of E¢L2) in the cubic crystal coordinate (R3m). In the corresponding cubic crystal coordinate system
system which coincides with the Cartesian coordinates is (Cartesian systeinthe exposure dose becomes

the bcc symmetry of space group No. 2293m):

o u{coq2mx,) + cog2my,) + cO427Z,)

ATTot.)zzgoC cod2m(x+y)] + cod2m(y +2)] + co§2m(x + 2)] D(F) o uALS:166
+ cod2m(x—y)]+ cog2m(y - 2)] = u{cog2m(x +y - 2)] + cog2m(x—y + 2)]
+ cog2m(=x+2)]. (13 +cod2m(-x+y+2)]}. (15)

This bcc structurg13) has also been mentioned in Ref. 22.

No PBG has been found and this has been attributed to the
fact that the structure is too symmetric. By choosing another
set of form factors, a structure of lower symmetry but with a  The exposure dosB(F,) (9) is composed of a bias: =

complete PBG is obtained.In fact the result is a distorted (u1+8yy+ 850+ a)/2 and tall . Et(”) F
version of the nodal approximation to Schwarz’s triply peri- 11+ 8y " aggtase)/ 2 ANA @ Spalially varying padtr,). For

odic minimal D surfac®28 (shrinked by\e“E along the[001] a neggtivephotqresi;t vyith .thresholtﬂb+A), .the material
direction with tetragonal overall symmetry and the relative remaining after illumination is located at positions where the
width of the gap reduces from 24 to 21%. condition

For (0,0,p,p) and y=y,..~109.47° structures with bcc

C. Balanced structures

overall symmetry but without inversion symmetry, namely D(f,) «b+d(r;) =b+A (16)
that one of No. 21414,32) are obtained. The nodal approxi-

mation to Schoen'’s triply periodic minimal G surfa¢gy- s fulfilled.

roid) corresponds to that cag3C Forv=g=0 we have

165104-5



D. C. MEISEL, M. WEGENER, AND K. BUSCH PHYSICAL REVIEW EO, 165104(2004)

d(f) = +u[cog2mx,) + cog2my,) + cos277)] B.: = 'znﬁ for n=1,2,3,4. (20)
— p[sin(2mx,) + sin(2wy,) + sin(27z,)] [k X §|

such thata(Fr):—a(F,+f11]) with f111:(0.5,0.5,0.5. This  For the central beam, traveling normal to the photoresist

is a shift by half of the body diagonal of the rhombohedral|ayer, for definiteness, we deﬁ@: =§2. The intensityl , of

unit cell. This relation holds for all allowed apex angles  peamn is proportional top? and the direction of the polar-
Therefore, for each point in space which fulfills condition jzation is encoded into the angi enclosed by the vectors

(16), there is a corresponding point shifted By, for which ég and 5{1.

B(F, N _I:m) N b+a(F, N _I:m) <b-A 17 Under these conditions, Eq&a) and(8b) read
holds. Equatior{17) can be understood as follows: lfp@si- Refay} =} -E3 = u, (2139
tive resist with thresholdb-A) is exposed to the same in-
terference patterd, we obtain an identical structure as for =0 =

pattert Rela,s =E%-E9=u, (21b)

the abovenegativeresist, simply shifted byr;;;. For A=0,
the filling fraction is 0.5 and the surface of the structure is a
so-called “balance surface” dividing space into two congru- Refay, = é(l’ ‘ES=u, (219
ent regions’®

The pores for the filling fractioli have the same shape as
the photoresist structure witfl—f). To fabricate a single- Re{agy) = ég "E9=0, (223
infiltration sample with filling fractionf one has the choice
to use either a positive or a negative resist. Both templates .
with filling fraction (1-f) result in the same shape of the Relass =ES-E3=0, (22b)
infiltrated material.

IIl. FABRICATION ISSUES Re{a,, =E9-E9=0. (229

The free choice of the four parametétsv,p,q) in Egs.

) . Equations(228—220 suggest that the polarization direc-
(83)_.(8d) corres_ponds to a large V"’.‘”et.y of struc_tures._l_n thIStions of the side beam@\os. 2, 3, 4 are pairwise perpen-
section we derive the beam polarizations and intensities r

es. ; .
quired for the fabrication of structures with the above dis-g:grllacr)t;%rea(:h other and, therefore, do not interfere with

cussed symmetries and complete PBG’s. In addition, we con- : . i
sider the possibility to optimize the interference contrast Inserting Eq.(18) into Egs.(223~220) has the remark
o S - ably simple result
which is a parameter of practical importance for the quality
of the fabricated templates.
To keep the discussion limited, we restrict ourselves to
p=g=v=0 in (10), i.e., (u,0,0,0, as this is the simplest

case for useful 3D structurgsee Secs. [IB1 and Il B)3

Thus we have excluded bcc overall symmetry, see(E2). 10 ;
In what follows we will further restrict our discussion tp 9
=vo I.€., structures with sc overall symmetry ame vice, 8 ]
i.e., rhombohedral structures with fcc translational symmetry. 7

p=q=0 implies real form factors,,,, (8c) and(8d). This c 6 ]
is fulfilled if all four polarization vectorEﬂ are realsee Eq. 51
(3)] and, therefore, corresponds to linearly polarized beams. 41
It is then convenient and transparent to describe the linear 31
polarizations by beam-specific cylinder coordinatgs, 6, 24
with cylinder axisk,; we use the conventions,e(—, +») ;'
and 6,0, m):

En = pal S:Sin(6,) + prcos 6] (18)

Forn=2,3,4 theunity vectorss, andp, are pointing in the FIG. 2. Dependence of the contr&bf the interference pattern

direction of thes andp components oE? with respect to the  (10) for (“";eﬁt’ q):(ué0,0,() on the Ce;};?' beam polarization di-
- . rection 6;— 6,7 and pf/uxl,/u. While 6; (27) depends on the
plane spanned by, andk: apex angley, (p3")?/u=27/2 does not depend op(29). For sc

. K Xk overall symmetry(ys=70.549 we find (#)"=75.529 and for
§n; = j‘—f for n=2,3,4, (19 rhombohedral overall symmetry with fcc translational symmetry
[Kn X Ky (Yiec=38.949 60P'= 28.96°.
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TABLE lll. The maximum contras€™® for sc and fcc transla-
tional symmetry(TS) and the corresponding experimental param-
eterséP and 197" (p2P)2 for the umbrella configuration.

TS Ccmax 6P brzs 1P IS 1 19Pt
sc 990 7552° 5224° 1 011 044 0.44
fce 990 28.96° 2328° 1 011 044 0.44

1
0>34=6,=03=0,= tarcco$ ———|. 23
2,34 = Up=03=04 <\33ir(y)> (23
As a consequence, EqR2a—22¢) require the apex angles
v to lie within the interval
yearcsir(1/\3), 7 - arcsif1/\3)] =[35.26 °,144.747.

The = sign in Eq(23) has no relevance for the symmetry of
the structure. Following our conventions for tifg ranges,
we choose the + sign. Then, E@3) implies that all three

side beams have to be polarized along the same direction

relative to their individuak and p directions.
Inserting (23) into Egs.(218—(21¢ allows us to deter-
mine p,, p3, andp, in terms ofp,. For p, we obtain

_— V3sin(y) (
P2 P Gin(6)\3sif(y) - 1 + cosfy)cosy)’

24)

and corresponding expressions farandp, are obtained by
replacing 6, in Eq. (24) by (6,+120°) and (6,—120°), re-
spectively.

The remaining parameters to be determinedyarg, and
0. As discussed in Sec. Il, the apex anglés fixed by the

choice of the translational lattice. Therefore, we utilize the

remaining freedom in choosing, and 6, in Eqg. (24) to op-
timize the interference contra§ which is defined as the
ratio of maximum to minimum exposure do$B .,/ Dmin

:Bmaxlﬁmin). C is a parameter of practical importance for

the fabrication and largely determines the quality of the

sample. In the present case, the exposure @@stakes on
the form

©
2nc, |

0.6

0.5
0.4
0.3

3

N

N
e 4

0.2
0.1
0.0

X KT T WL U X T L UT

FIG. 3. Band structure of the rhombohedral photonic crystal

corresponding t@u,0,0,0, y= .. andf5;=38%. The underlying
Brillouin zone is illustrated in Fig. 6, the real-space crystal in Fig. 5.
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035 040 045

filling fraction £,

050 055

FIG. 4. Relative width of the gap versus filling fraction corre-
sponding to the parameters used in Fig. 3. The dots refer to the
fundamental gap and the open dots to the gap between the seventh
and eighth band. The vertical line indicates the optimum filling
fraction of f5;=38%.

020 025 030 0.60

B(Fr) % (g + 8o+ Agz+ Ags)
+ 2u[coq27X,) + cog2mYy,) + cog27z)]. (25)
This function varies by +6 around the bias valué;;+ay,
+ag3tay,). Using Eq.(18), C becomes
_pitpi+p3+pi+6u
it p3tphtpi-6u’

C (26)
Figure 2 shows the contragtas function of(pilu) and the
deviation 6,— 65" from the optimum polarization direction
¢ A sharp peak is clearly visible, corresponding to the
optimal parameter values for maximal interference contrast.

Although the optimum anglé{ depends on the choice of
the apex angley, the dependence of the contraSton 6,
-6 is universal. The optimum scaled intensity$”)?/u
does also not depend on the apex angle

The maximum contrast is reached for

bt cogy) )
® arcco( sty 1) (27
1/2
wn=(Z)", (29

which leads to corresponding intensities of the side beams

opt_ " pP ~ (}>1/4
P2 2 6 :

Remarkably, the values fgi?® n=2,3,4 do notdepend on
the apex angley either. The corresponding polarization
anglesd3? , are already fixed td, 5 4 according to Eq(23).

With these parameters, we obtain for the optimum con-
trast(sc and fcc translational symmetry incluged the um-
brella configuration

C"a(p%Pt gPY = (6 + 2/(V6 - 2) ~9.90.  (30)

For sc and fcc, the optimized beam parameters are summa-
rized in Table Ill. As discussed in Secs. [IB 1, 1B 2, and

—

— 0Pt
P ‘
L =\u

> (29)
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FIG. 5. Left: Motif of the structure according to E(L5) within ) ] o
the rhombohedral unit cell for a filling fraction ¢&=38%. Right: FIG. 6. High-symmetry points of the Brillouin zone of rhombo-

Fragment of the corresponding crystal structure. hedral structures with fcc translational symmetRef. 36.

Il B 3 only the structure with fcc translational symmetry can OF €lliptical cross section. For our structure, the region where
actually be manufactured owing to its relatively small apextN€ rods intersect is somewnhat thickened as compared to the

angle inside the photoresist which can be achieved througl@plonovite. The corresponding rhombohedral Brillouin
immersion techniques. zone is depicted in Fig. 6.. meg to Fhe rhom.bohedral over-
all symmetry, the irreducible Brillouin zone is larger than

that of the standard fcc case and the nomenclature of the
IV. BAND STRUCTURES various characteristic points is different from that of the fcc

) . . irreducible Brillouin zoné®. This lack of cubic symmetry is,
After discussing the crystallographic symmetriese Ap- o instance, manifest in the birefringence of the first two

pendix A for a graphical summargnd certain aspects about pangs in the long wavelength limit, i.e., the splitiing of the
the fabrication of corresponding template structures, we arg§sngs for low frequencies near the point. Moreover, a
now in a position to investigate the photonic band structureg|oser inspection of Fig. 3 reveals that this structure exhibits

that result when the templates are back filled with & highy second PBG at higher frequencies between bands seven
refractive index material. For these calculations, we assumg,q eight. For this PBG, the maximum size of 3.4% is ob-

that, in order to enhance the refractive index contrast, thg;ined at a silicon filing fraction of=24% and the PBG
polymer network is subsequently removed through a seleGemains open for filling fractionss; between 21 and 43%.
tive etching process. For given apex anglethe only re-  \hile this PBG might be rather sensitive to fabricational
maining free parameters are the refractive index of the '”f”“tolerance$similar to the PBG in inverse opalsve speculate

trated material and its volume filling fractidn The latter is ¢ the fundamental PBG in this structure should be rather
equivalent to scaling the overall intensity of all four beams. st against disorder.

We chose silicon as the high refractive index mate(ial
=111.9 for applications near the telecommunication wave-
length of 1.5um. This choice is inspired by the successfull
infilling of silicon into the voids of artificial opal&> In summary, we have carried out a systematic investiga-
The search for PBG's and the corresponding optimuntion of the umbrella geometry for the fabrication of photonic
volume filling fractionf for maximum gap/midgap ratio is crystal templates using holographic lithography. The attain-
carried out using a plane-wave expansion methétusing  able lattice constants using different beam geometries sug-
1219 plane waves so that the results are converged to withigest that the umbrella configuration exhibits certain advan-
less than 0.5% of their absolute value. tages when it comes to the actual fabrication of these
We consider only the cases of simple cubic and facetemplates. Our crystallographic analysis has revealed that the
centered cubic translational symmetry. For the sc case, weesulting structures are generally of rhombhedral symmetry
find a complete PBG between the fifth and the sixth bandand the most promising candidates for complete PBG's are
with a gap/midgap ratio of just above 10% after silicon in- structures with sc overall and fcc translatiogahd rhombo-
filtration with an optimum filling fraction off5;=24%. This  hedral overa)l symmetry, respectively. We have shown that
is in excellent agreement with previous wdfkEor the fcc  both the sc and the fcc templates can in principle be fabri-
case, with rhombohedral space group symmetry, we find aated as both yield interference contrast of the order of 10.
complete PBG between the second and third band with a However, the large apex angle required for obtaining the
gap/midgap ratio of 58% after silicon back filling with an sc structure will push the limits of the currently available
optimum filling fraction off5;=38% (see Fig. 3. This PBG  immersion systems. In addition, the relatively small lattice
remains open for filling fractionks; in an interval from 26 to  constanta,.=0.87\ of the sc lattice makes this structure
59% (see Fig. 4. The corresponding silicon PhQu,0,0,0, rather unattractive to applications in the near infrared. For
Y= Ve @aNdfg;=38% is illustrated in Fig. 5. Its symmetry is the fcc translational structurgsee Fig. $ we have—to the
identical to that of the celebrated Yablonovite structiiilhe  best of our knowledge for the first time—determined param-
motif of which consists of three crossing rods of cylindrical eters such as beam intensities and polarizationgithatake

V. CONCLUSIONS
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the structure experimentally feasiblattainable apex angle
and lattice constardy..=2.60\ suitable for telecommunica-
tion application$ and (i) will lead to a complete PBG be-
tween the second and third band with a gap/midgap ratio of
5.8% after silicon inversion with 38% silicon by volume.
This structure can be realized either with negative or positive
photoresistgbalanced structuyehrough single or double in-
version, respectively. These results show that holographic li-
thography is a promising technique for the rapid, large-scale,
flexible, and inexpensive fabrication of photoresist tem-
plates.

Note added in proofC. K. Ullal et al3® have indepen-
dently also found the solution with rhombohedral overall
symmetry and fcc translational symmetry accessible via the
umbrella geometry.
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APPENDIX A: GRAPHIC REPRESENTATION OF
SYMMETRY ANALYSIS

In this appendix, we present a graphic representafagn
7) of our symmetry analysis that illustrates the multitude of
parameter choices in holographic lithography, only a few of
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Crystallographic
four-beam geometry

space groups: N=1.,...,230

groups: N=146, 148, 155,
160, 161, 166, 167

Geometric structure factors
Y= 4N+ iBY

Compare B with 45 and B%,

[ Rhombohedral lattice | [ 7 thombohedral space}

Rewrite dose (1) in its
rhombohedral crystal

[Conditions for the form factors 4,

For rhombohedral overall symmetry (N=146):
Re{a,} =Re{a,} =Re{a,} = u
Re{a,} =Re{a,} =Re{a,} =v
Im{a,} =Im{a,} =Im{a,} =p
Im{a,;} =Im{a,} =Im{a,} = ¢

A 46, TNo146. DNo.146 FyNo.146
Dmu'm +v-An"-p-By"~q By

(,v,0,0) _ Wy,0,9 _ @y.p,0)
D=u-Aly+v- 45| |D=u-o+v-A%| | D=u-Ap+v-A%,
N=148, 166 N=155 N=160

For three special apex angles:
\ 4 \ 4 v
s ~N
@u,O,O) or(0,0,p, 1) ©,0,0,0) (,v.p.,q)
bec overall symmetry | | sc overall symmetry fcc overall
is possible: is possible: SVI':’:::W
Decu- 4™ Deeu-dw™ possible.
In the
following we
consider the
special case
\_(=,0,0,0) ]

which lead to structures that can actually be fabricated and FIG. 7. lllustration and summary of our symmetry analysis
that exhibit complete PBG's. (Ref. 37.
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