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Photonic properties of multicontinuous cubic phases
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We present a systematic study of the photonic propeftiasd structuresof periodic multicontinuous cubic
phases based on tlie D, G, |-WP, F-RD, andC(P) triply periodic minimal surfaces. We investigate the
structures with up to five separate interwoven subvolumes. The influence of the dielectric constant modulation
at different spatial scales is discussed. The lowest dielectric constant contrasts required to observe the full
three-dimensional photonic band gaps are stated.
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[. INTRODUCTION structures accessible through the self-assembly, the widest
full three-dimensional3D) photonic gaps'* are found in
13 years have passed since the discaeof the photo-  the triply periodic multicontinuous architectur€EPMCA's).
nic band gapgPBG) materials—materials exhibiting a “for- A detailed explanation of the structure of these phases is
bidden” frequency region, where electromagnetic waves caneontained in Sec. Ill. The first computations of the band
not propagate for both polarizations along any directionstructurew,(k) for the TPMCA were done for the special
From the very start the phenomena of controlling the flow ofcase of a two subvolumé2V) system with the interface
light without or with very minimal losses captured the imagi- given by a triply periodic minimal surfacélPMS). During
nation of many scientists. The effort to confirm the observa-our computations we became aware of another r&booin-
tions and to develop better PBG structures resulted in anerning photonic properties of these structures. In this report
exponentially growing number of both theoretical and ex-it has been shown that the 2V structures based on the double
perimental studies. For example, the first theoretical worksgiamond(D) TPMS display a gap of a quality factéQF)
concerning optical properties of spheric@olloidal) par- f=100\w/wy up to 27 and the gyroidG) TPMS based
ticles arranged in fcc and dfcc latticédas already been phases up to 24. Howeveli) our calculations for the 2V
cited several hundred times. structures provide slightly different result@,) Maldovanet
The theoretical studies concentrate on solving Maxwell'sal.** did not find any full 3D photonic gap in three subvol-
equationgME’s) for a periodic dielectric mediurtPDM). In ume systems which is in a disagreement with our results, and
the absence of nonlinear effects the possible forms of elediii) optical properties of multicontinuoud, D, G and some
tromagnetic propagation can be expressed as superpositioogher well-known structuregl-WP,F-RD,C(P)] have not
of definite-frequencytime-harmoni¢ modes of ME’s. Sev- been examined.
eral approaches towards eigenmode decomposition of ME's The purpose of this work is to provide a detailed, system-
in PDM have been proposed. The aim of a largest area of thatic study of the photonic properties of multicontinud@tvgo,
theoretical studies is to find a structure which displays thehree, four and five subvolumériply periodic structures. In
widest possible full PBG. addition to giving an exhaustive view of the photonic prop-
On the other hand, experimental efforts are aimed aerties of the TPMCA we want to answer the following ques-
manufacturing materials of desired photonic properties. Heréions. (i) Does the low spatial scale modulation of the dielec-
two main streams can be underlined. One is the so-callettic constant enhance the band gap widths similarly to the
top-down approach in which sophisticated methods for engieoated spherical particle systenig’? Does it induce opening
neering at thex m level are used. Several periodic structuresof several gaps at different frequency scales?
with very low defect density have been already Up to now the TPMCA architectures are most easily ob-
manufactured:®> However the top-down approach has sometained in surfactant and polymer systems. In the amphiphilic
drawbacks such as a slow fabrication rate and usually higimixtures both bicontinuous and tricontinuous cubic struc-
costs. An alternative is the bottom-up method which rely ontures have been observed. In block copolymer systems the
self-assembly processes. It is often enough to mix the propéyicontinuous and tricontinuous phases have already been ex-
constituents to observe a self-assembly at nanoScaieton  plored and there is no constraint prohibitingblock copoly-
scale’ or macroscal&.The world of self-assembly is very mer to form even more complicated multicontinuous cubic
rich. The phenomenon has been observed, studied and uspldases. In order to use the multi continuous phase as a tem-
in many different systems(surfactants, polymers!® plate for the photonic crystal, the blocks can be either selec-
colloids! etc). Even though the defect density is still a tively enriched in a polymerizing inorganic agent, or selec-
problem there are already prominent examples of successftively etched and filled with a different material.
fabrication of large monocrystalline domains with interesting The frequency used in the telecommunication industry
photonic propertie$? lies in the thermal rangen(=1.54 um). The typical lattice
Self-assembly processes provide various geometries gfarameters in the copolymer cubic phases are of the order of
the resultant periodic media. To our knowledge, within the30—-100 nm>!€ This is the reason why the polymer based
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structures obtain less experimental attention than colloidal
systems. However, to be able to operate on the telecommu-
nication frequency, photonic crystal should have domain
sizes in the periodic structure of the order of 250 (Ref.

17) and such scale has been already obtained in block
copolymers® Moreover, on the basis of the block copoly-
mers 1D, 2D, and 3D photonic crystals have already been
made'®

Since the TPMCA display very interesting photonic prop-
erties we believe that it is important to know into which
directions experimental efforts to fabricate them at the de-
sired scale should follow.

The article is organized as follows. First we give a very
brief introduction to the triply periodic minimal surfaces. In
the next section we describe modeling of TPMCA. In Sec.
IV we briefly outline the details of computations. Sections V
and VI include the results for the 2iwo subvolumes, i.e.,
bicontinuou$, 3V (three subvolumes, i.e., tricontinuguand
4V and 5V TPMCAs based on balanced,(D, G) and
unbalanced!-WP, F-RD, andC(P)] minimal surfaces, re-
spectively. In Sec. VIl we discuss PBG width dependence on
the dielectric contrast for structures for which the widest
PBG was found. The last section contains a summary of the
results and outlook.

1. PERIODIC SURFACES AND MULTIPLY CONTINUOUS FIG. 1. The unit cells of the triply periodic minimal surfaces
STRUCTURES studied in this paper.

The periodic surface is the surface that moves onto itsel{here are two such continuoggercolating subvolumes the
under a unit translation in one, two, or three coordinate di

_structure is called bicontinuous. One can imagine a more

rections similarly as in the .pe”Od'C_ arrangement Of. atoms Irl:omplex situation when there are two triply periodic surfaces
regular cr_ystals. The most interesting are trlply_ periodic SUNnside the systentFig. 2). They divide the space into three
faces which are periodic in all three dimensions forming

structures which have various crvstalloaraphic s rnmetriecongruent nonintersecting subvolumes and hence such struc-
(Fig. 1 y grap y Yure is called tricontinuous. In general one can consiter

. - . periodic surfaces separating a space intol congruent
The paradigm structures for all periodic surfaces are trlpl)f; P 9 P 9

L o onintersecting subvolumes.
periodic ”.“”'ma' surfaces. Th(_a hame r.nllnlmal follows rom Such structures are formed in surfactant systems, diblock
the experiment of PIatea@Bglgmn physicist XIX century copolymers, ionic crystals, etf.In order to illustrate the
use a soap solut_|on and dip a metal framet qecessanly formation of such structures in real systems let us consider
planay in it. The film that forms on the frame will adopt the
shape such as to minimize the surface free energy, i.e., as to
minimize the area of the surfadeence the name minimal
surface. Moreover, from the minimization of the area it fol-
lows that the mean curvature of such a surface at every point
is zero. So the name minimal surfaces have been adopted for
all surfaces having zero mean curvature at every point.

Surfaces are characterized locally by the GausKiamd
meanH curvaturesK andH are given by the equatiorts
=1/2(1R,+1/R,), K=1/(R4R,), whereR; andR, are the
principal radii of curvature. The four typical surface motifs
are sphericalfi >0, K>0), cylindrical H>0,K=0), pla-
nar H=0K=0), and a perfect saddl&K0H=0). The
minimal surfaces consists of the perfect saddles, i.e., their
mean curvaturéd =0 at every point. The unit cells of some
of the triply periodic minimal surface§r’PMS’s) are shown
in Fig. 1.

The periodic surface divides the volume into two congru-  FIG. 2. The example of the unit cell of the tricontinuous peri-
ent non-intersecting subvolumes. Each of the subvolumesdic system. Two triply periodic surfaces divide space into the three
forms a continuous network inside the whole system. Sinceongruent nonintersecting subvolumes.
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the case of diblock copolymers. A&-B diblock copolymer

is a polymer consisting of a linear sequenceé\df/pe mono-
mers chemically joined to a sequenceBfype monomers.
Even a small amount of incompatibilitgifference in inter-
actions between monomerd and monomer® can induce
phase separation. However theand B homopolymers are
chemically joined in a diblock, therefore a system of
diblocks cannot undergo a macroscopic phase separation. In-
stead a number of order-disorder phase transitions take place
in the system between the isotropic phase and spatially or-
dered phases in whicirich andB-rich domains, of the size

of a diblock copolymer are arranged in a periodic way. The
surface in this case is defined as the average location of the
chemical bonding between th® homopolymer and ho-
mopolymer. Among the structures formed by ti#eB
diblock copolymer there are bicontinuous structures where

the surface between continuodsgich subvolume and-rich gl <0
subvolume is the triply periodic surface such as one of those
shown in Fig. 1. A number of possible triply periodic mini- 0

mal surfaces is infinite and it has been recently shown that
they can be generated as the local minima of the Landau-
Ginzburg functional used to describe ordering phenomena in

microemulsiorf FIG. 3. The construction of the constant distance parallel sur-
faces(PS. In every point of the TPM$top panel an axisé normal
to it can be drawn and oriented into one of the subvolumes into
which the TPMS divides the space. If we mark a given displace-
ment £; on every ¢ axis and stretch a surface through resultant
The TPMCA are composed of continuous subvolumegpoints we obtain a PS. Whegy is positive we shrink the plus
which are interwoven but distinct. The surfaces which dividenetwork (middle panel and whené; is negative we shrink the
the different continuous domains are triply periodic surfacegninus network(bottom panel

which can be derived from the triply periodic minimal sur- shifting the PS. For the TPMCA's based on the balanced
faces(Fig. 1. They can be modelﬁdl by the constaﬂt MeANrp\MS there is a symmetry between the positive and negative
curvature(CMC) surfaces or parallel surfacé®S. These g qjatal cores. Therefore an inverse situatiobtained by

two approaches are very close to each other and lead t0jgerchanging the skeletal netwoykdoes not have to be con-
close agreement in various calculated propefe® In our sidered.

work we have used the PS as they are easier to handle. The

IIl. MODELING OF THE MULTICONTINUOUS TRIPLY
PERIODIC ARCHITECTURES

I

construction of the PS is shown and described in Fig. 3. @: @

The base TPMS divides the volume of the unit cell into K K
two subvolumes. In the case of the balanced TPMS the two _'."? oo I 1
systems of channels have the same volume fraction and are B Rl ALECEE A I
identical and can be transformed onto each other by the op- Yy !
eration from the appropriate space symmetry group. Still we _— :

can orient the TPMS and obtain an unambiguous distinction
of the channels. One of them can be called a negative chan-
nel and the other a positive one. Then if we shift the base
TPMS by a negative displacement we shrink the negative
channel and expand the positive one. Each channel is asso- —
ciated with a construction made out of straight rods which

2yuns
’0

l

join at a given coordination numbéFig. 4). The skeletal : ;, P
networks are only an abstract geometrical constructions - .. Fei :‘a’f
which are not really present in the system. o1 I' .‘.'0; |“."

In the case of only one interface PS there are only two
distinct channels each containing it's skeletal core. To com- 5 4 Each TPMS divides the space into two distinct net-
pute the dispersion relations(k) we have assigned one of ks Each of them can be represented by a skeletal core consist-
the channels with a high dielectric constdC) and the ing of straight rods joining at given coordination numbers. In the
other one with a low DC. Thus the structure is composed Otase of the balanced TPMS both cores are geometrically and topo-
a single dielectric network in an air matrix. This situation is |ogically equivalent. Still one can assign a different name to each of
schematically shown in the top panel of Fig. 5. The volumethem (here plus and minQs This distinction becomes important
fraction of the dielectric channep., can be adjusted by when unbalanced TPMS are taken into account.
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sl TABLE |. Space symmetry groups and types of reciprocal lat-
2V ° e tice of the TPMCA based on various TPMSRef. 27. sc: simple

dielectri . ; .
C;;gg;llc cubic, bce: body centered cubic, fcc: face centered cubic.
a channel TPMS TPMCA reciprocal

®  with template space group lattice
a hole —

P Pm3m (221) sc
two D Fd3m (227 bee
dielectric G 14,32 (214 fcc
channels _

C(P) Pm3m (221) sc
a channel I-wp Im3m (229 s¢
and a channel F-RD Fm3m (225 sc

with a hole

propagation of electromagnetic waves in such a medium are
given by ME. Ignoring the nonlinear effects, possible solu-
tions of ME’s can be expressed as a superposition of the
time-harmonic modes. The frequencies of these modes are an
two channels eigenvalues of a linear Hermitian operafdorming discrete
and a dielectric sequence of bandédispersion relations) w,(k) as a func-
layer tions of the “wave vector’k. Note, that all the properties of
the band structure are completely specified by specifying all
FIG. 5. An interpretation of the triply periodic multicontinuous the bands in the first Brillouin zonéBZ). Due to symme-
architecturesTPMCA's). The black dots represent the abstract Ske|-triesl one can further restrict valueslafleading to different
etal constructions around which either air or dielectric channels arg, ., to the irreducible part of the first BZ. The space sym-
created. In the case of the unbalanced templates the cores should ll?%try groups of the studied structures as well as the types of
assigned with the plus/minus signsf and their inversion changes thg,qir reciprocal lattices are given in Table I.
structure. See Sec. Il for explanation. There are few common approaches to the eigendecompo-
o ] sition of ME’s. Two most frequently used are frequency-
Building a three subvolume structure results in a networkjomain or time-domain techniques. In the frequency-domain
containing (i) the negative coreii) a layer around it, and  approach one expands the fields in some basis subjected to a
(iii ) a network with the positive core inside. In this case ther&inite truncation. Most often the plane-wave basis is used.
are two possible ways to assign the dielectric constants. Ongnen a resulting linear eigenproblem is solved. The time-
is to create two dielectric networks separated by an air layeomain techniques involve direct simulations of ME over
Then we have two parameters defining the structure—th@me on a discrete grid using finite-difference time-domain
volume fractions of the firstkpen;y) and second channels (EDTD) algorithms. The frequencieéband structure are
$en(2)- The other possibility is to put a hole in the dielectric then extracted via a Fourier-transform of the fields.
network—then the parameters are the volume fraction of the Sjnce we are primary interested in the photonic band
channelg, (including the holg and of the hole itselé,. In structure of the TPMCA, the frequency-domain approach is
fact the second possibility can be equivalently interpreted aghe most natural choice. We have used a freely available
two air networks with a dielectric layer between them. Both\pB (Refs. 28 and 20computation package to find fully
situations are schematically sketched in Fig. 5. vectorial eigenmodes of ME and the corresponding disper-
The four subvolume structure has three PS. Again in th&jon relations. The MPB uses smoothed effective dielectric
case of the balanced templates the symmetry allows us t{énsoﬁo which brings convergence proportiona| to the
choose a convenient interpretation which is shown in Fig. Ssquare of spatial resolution even for sharply discontinuous
We will discuss the dependence of the band widths on thregijelectric structures. In our calculations we have modeled the
parameterg éen(1), den(2), Pn(2)}- unit cell with a resolutions 64, 128, and 256 in each of three

Finally, the most complicated, five subvolume structuredimensions with computational grid of size 32, 40, 48, 64,
can be build in two ways. The first one has two piercedand stated expected convergence.

two channels
with holes

dielectric networks{en(1), Pn(1) ben(2). Pn(2)}, the other We performed closest point transfortCTP) of the
has two dielectric networks separated by air, dielectric, and/pMS, i.e., in each space point we computed minimal dis-
air layers{ ¢en(1), Pair1) Prayers en(2)) - tance to the surface. Level surfaces of the resulting scalar

field of distances are exactly the PS introduced above. They
form the boundaries of the different DC domains.
We have investigated structures composed from only two
kinds of material with distinct DC’s—€,,, and ep;gn, respec-
The photonic crystal is a periodic arrangement of regiongively. In the search for the widest PBG we have usgg
with different dielectric constants. The laws governing the =1 and eyg,=13. Only for the “champion” structures the

IV. COMPUTATIONS OF THE PHOTONIC BAND
STRUCTURE
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X incrementA ¢,=0.1. Then a finerp, grid was imposed.

2 All together 39 different D2V structures have been explored.
0.9t The dispersion relations,(k) have been computed up to
0.8z the n=55 band. In addition to the gap between the eighth

0 0.7F and ninth band8-9) also a(32-33 gap has been noticed for

(!30.6_ dep=0.3 with f<1. The latter one is, perhaps, of little prac-

0.5 tical importance because of very small width and high posi-
0.4 4 tion in the spectrum. It's technological exploration will re-
03[ ] quire very accurate reproducing of the structure, which
02k - seems problemati@r impossible at all The QF of thg8-9)

PBG reaches the largest value of 28.7 t#,=0.23. The
Yo, L] corresponding dispersion relation diagram is shown in Fig. 6

(B( UL T X WK and the structure itself in Fig. 7. The dependence of 818

gap oneey is shown in Fig. 8.

The three subvolumé3V) binary DC structures can be
built in two possible ways. One is to assign the high DC to
We subvolume in the middle of the structure. This results in

Yhe dielectric channel surrounded with the hollow channels
architectures. The second possibility is to keep the middle
bands above and upper linif, o, Of the bands below the gap. The subvol_ume with a Iovy DC which makes two dielectric chan-

middle frequency, is the average iy aNd wpgom. All Of the nels with the hollow in between. In both cases there are two

frequencies are given in the units of2/a wherea is the latice ~ adjustable parameters which can be varipdi,, ¢} and

parameter of the structure. The unit cell of this champion architec{¢c_h(1)!¢ch(2)}v respectively. In the preliminary runs both
ture is visualized in Fig. 7. variables have been sampled withp=0.05 increment. In

interesting regions fine® grid has been implemented. All
dependence on the dielectric contrast is discussed in Se@gether 121 structures have been sampled. Contrary to Mal-
VII. The P, D, G and|-WP triply periodic minimal surfaces dovanet al** we find that both kinds of D3V structures
(TPMS’s) have been approximated by the new, efficient fromdisplay full 3D PBG.
computational viewpoint, improved nodal approximations D3V: dielectric channel with a hole. In addition to the
taken from Ref. 31 and thE-RD and C(P) from Ref. 27.  wide (8-9) gap which has been checked in detail also the
(32-33 PBG has been observed. We found the largest QF

0.1F .

FIG. 6. The dispersion relations,(k) (n<55) for the double
diamond dielectric network eg,ig,=13) of a volume fractiong,,
=0.23 in an air matrix é,,=1). The relative width of the com-
plete photonic band gap of this structure reaches a remarkably hi
value of f=100(A w/w)=28.7. HereAw= wp— @potiom IS the
difference between the lower limib, of the frequency of the

V. RESULTS: BALANCED TPMS TEMPLATES values for two sample$=4.0 (¢.p=0.35¢,=0.15) andf
_ _ =3.8 for (pn=0.4,4,=0.1). Still as it is much smaller then
A. D: Double diamond TPMCA family the (8-9) gap we did not look for the structures in which it

The two subvolume2V) structures are composed of a would obtain the best QF. The dependence of the QF for

single dielectric network in an air matrix. For the preliminary (8-9) gap is shown in Fig. 8. Putting a hole throughout the
runs we have set the DC of the netwasly,=13.0. Now the dielectric network does not enhance the PBG. In fact the act

only variable left is the volume fractiog., of the dielectric
channels. In the first step the structures were sampled with an N——T——————

25t $,=0.0

T T T T
D 3V a channel
with a hole
gap 8-9
20F

100A0)/0)0

N
T

FIG. 8. The relative width of th€8-9) photonic band gap as a
function of the channel volume fractiog, in the D 3V pierced
dielectric network structure, i.e., the network with a single dielectric
channel of volume fractiogp, pierced in the middle by the hollow
channel of the volume fractiow,, (see Fig. 4. Different curves

FIG. 7. The unit cell of the structure exhibiting the largest com- correspond to the different values @f, . Top panel of Fig. 9 shows,
plete photonic band gap out of all the structures studied here. Coas an example, one of those structures dgf=0.25, ¢,=0.05
responding dispersion relations are shown in Fig. 6. indicated by an arrow on this plot.
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30 T T T T T T
D 3V
=0.0,
2sf Yen) two channels
=0.05 gap 8-9 |

[353
(=]
T
o
=
3
o

IOOA(o/coO
w o o
T T T
r;e- [2)
§ & 8
“n 2 1l
o u =4
| = 1l =
B2 &
LUl
=
_ ;)//
1 1 1

FIG. 10. The relative width of thé8-9) photonic band gap as a
function of the channel volume fractiop,) in the D 3V two
dielectric network structure, i.e., the network with two dielectric
channels of volume fractiongcn1y and ¢en(2y with a hollow chan-
nel of volume fraction * ¢en1)— den(z) in between(see Fig. 4
Different curves correspond to the different valuesdgf,,,. The
bottom panel of the Fig. 9 shows, as an example, one of those
structures forgen1)=0.2, ¢en2)="0.05 indicated by an arrow on
this plot.

The four subvolume&4V) D based TPMCA's have been
sampled withA ¢=0.1. The parameters subjected to varia-
tion were the first dielectric network volume fractigiy, 1),
the second networkb,, (including the holg and the air
hole’s volume fractiong,,. Taking into account the+,—)
symmetry these results in 84 different structures. T88)
PBG has a smaller width than the one for the 2V systems.
The results for the nonzer8-9) PBG D4V structures are
shown in Fig. 11. The largest QF valug<21.6) was found
for (éen1)=0.2, éden2)=0.7, and ¢,=0.6). The general
tendency is that the bigger the second network and it's air
hole the wider th€8-9) PBG. In other words within the D4V
structures the widest gaps are offered by a single dielectric
network and a thin dielectric layer. The only other PBG
found was again th€32-33 gap with the best QF approach-
ing 2.1 for the @cy1)=0.1, ¢en2)=0.8, and ¢,=0.6)
sample.

dielectric networkarchitecture. The network is built around one of
the skelets while the other side remains empty. The solid lines show
the second skeletal network. The second possibility of the two di-
electric networks is shown in the bottom panel. Here a dielectric
network is built around each of the cores.

of perforation of the dielectric network could be interpreted
as a perturbation to the otherwise perfect 2V architecture.
The widest(8-9) PBG 3V structurdout of the ones testeds
visualized in the upper panel of Fig. 9.

D3V: two dielectric networks. Only thé8-9) PBG has
been observed. TH8-9) QF's are sketched in Fig. 10. Again
introducing another dielectric domain to a 2V structure only
weakens the gap. It is worth noting here that the gap closes
up completely forgcn1)= denzy—that is, for the symmetric
structures. This explains why Maldova al'* did not see

20 [T T T T _'I
15 Q™01
1of 00 4y =06
! ANy 707
5 ._ 0—a (1)01-1(2):0'8
o OF
8 20 __ * ¢ch(2):0'4
é 15 __ c—O ¢ch(2):0'5
g 10r B Pap=0-6
o 5 A—ADy =07
— 20 —
15F =0.3
10 5 090,05
5F —£ ¢ch(2)=0'6
0 [ R T R B B
03 04 05 06 07

o,

any gaps at all, as they probably tested only symmetric 3V FIG. 11. The relative width of thé8-9) photonic band gap for
structures. The architecture for which the widé®9) PBG  the D 4V network and a pierced network structur@ee text and

was observed is shown in the bottom of Fig. 9.

Fig. 4 for explanation of the dielectric architecture
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o9
(=4

T T T T
G 3V achannel

with a hole -

gap 4-5

[ae]
W
T T

IOOA(J)/O)O

n

ch

FIG. 13. The relative width of thé4-5) photonic band gap as a
function of the channel volume fractiog, in the G 3V pierced
dielectric network, i.e., the network with a single dielectric channel
of volume fractiong, pierced in the middle by the hollow channel
of the volume fractionp,, (see Fig. 4. Different curves correspond
to the different values oy, . A curve for the 2V structuréno hole,

. . ¢,=0) is shown for comparison. The best 2V structufe-6.6
The five subvolume(5V) D based structures did not ex- tor ¢ —0.19) is shown in Fig. 12.

hibit significant gaps. The structures have been sampled with
A¢$=0.11(78 structures testedin the range of the param- ¢ cture only weakens the widegt-5) gap (see Fig. 14
eters studied we have found or§-9) gaps for the architec- e |arger the second network is the thinner the PBG is
tures composed of two dielectric networks separated by ag) nd. The(24-25 gap has been observed in the symmetric
air, dielectric and air layers. Th@-9) QF obtained the larg- (eny=0.1 andegny=0.1) sample {~1). In symmetric
es(t) \ialluaengzz 6.8 f(c)’rgg‘;’ch%)Th%13-{;:;&;)(]});356%%%6(1 samples also the(8-9 pseudogap can be found for
- ch(2)— VY- . =
dielectric netwéri(s thé€8-9) QF has reached a similar value [Ed)(cg(é)0¢§g()2])2861307)195§p Opr\)ten[;bjglr)ea%hliﬁginf ) E?ﬁe(zs)e
f=6.2 (den1)=0.22, ¢n1)=0.11, denz)=0.67 andénz)  gaps are also insignificant.
=0.56). GA4V. The {den(1), beni2): Pn(z)} Structures have been
sampled withA ¢=0.1 resolution. The widest is again the
B. G: Gyroid TPMCA family (4-5) PBG. It's width dependence on the structural param-
eters is shown in Fig. 15. Similarly to the D4V structures the
\I/videst (4-5) gaps are fqund fo_r Iargg values g, and _
$h(2)—that is, for a single dielectric network and a thin
dielectric layer. Apart from the4-5) gap few other have been
Bbserved. The most commonly found is a very wekk-17)

FIG. 12. Eight unit cells of the champion gyroid architecture
(see Fig. 13

G2V The preliminary increment was ¢=0.1. However
together 99 G2V structures have been tested. The widest
the (4-5) gap which acquires the QF 26.6 fef.,=0.19.
This structure is visualized in Fig. 12. The whole dependenc
of the (4-5) gap width on the volume fraction of the dielec-
tric network is shown in Fig. 13. Apart from thét-5) 30— ' . . ' '
PBG only a (36-37) pseudogap has been observed for I ¢ch(z;=0~0 ' ' ' L Gav
0.35< ¢pp<0.45. 25+ two channels -

128 three subvolume gyroid structures were tested with gap 4-3
the starting¢ incrementA ¢=0.05 and then finer grid ap-
plied. Again the structures can be divided into two classes.

G3V: a perforated dielectric network. As in the case of the
D3V structures, the G3V display weaker gaps than the 2V
samples. Increasing the volume of an air hole in the dielec-
tric channel causes a systematic closing up of(#hb) PBG.
This is illustrated in Fig. 13. Apart from th@-5) gap three 0
other small PBG have been found. Tti&-17) gap opens up
for ¢ene (0.4,0.8) andp, e (0.1,0.3). It acquires the largest

QF value of 1.4 in the ¢¢;=0.6 and¢;,=0.3) sample. The FIG. 14. The relative width of thé&4-5) photonic band gap as a
(¢cn=0.3 and¢,=0.1) structure opens up @8-29 P?’G function of the channel volume fractiop 3 in the G 3V two
(f~1). Finally two (40-41) gaps have been observefdv1  gielectric network structure, i.e., the network with two dielectric
(¢cn=0.4 and ¢,=0.1) and f=1.2 (¢c,=0.5 and &, channels of volume fractiongn;) and ghen2) With a hollow chan-
=0.1). These gaps are too small to be significant for thee| of volume fraction T en1y— ben(z) I between(see Fig. 4
applications. Different curves correspond to the different valuesdaf,5). A

G3V: two dielectric networks. Again, as in the case of curve for the 2V structuréwithout the second channehep(»y=0)
D3V, introducing the second dielectric network in the 2V is shown for comparison.

201
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20— 12 T T T T T T T
15F Qeny=0-1 / jq) Y3 10'_ 2 o\.‘ S . $,=0.1 ]
1 0'_ O Og=Y- | @/ ® A 3Viby =01 i
L LG =07 .
sk eh(2) sc sk v v 4Vi0,,=02,6,,=0.1
i ek 0y=08 < 8 % 4V:i4,,=03.0,,=0.1 |
80 20 q) 0.4 g 6F TR \ED . - -
* Dopy= | v D \ 1
3 :(5) O G0 g \ . P2V.3Vand 4V |
-
é] i 6—0 9y =0-6 - R " gap 5-6
S St a—Ady =07 ok S Ny \ 4
20 — oy \ ;
[ =0.3 ] 0 ® . ' :
15} . 0.1 02 03 04 05 06 07
10} G0 ¥yy070-3 ¢ch(1)
5 i AA ¢ch(2)=0'6
0 R TP S B | FIG. 16. The relative width of th€5-6) photonic band gap of
03 04 05 06 07 the various TPMCA's based on the Plumber’s nightmare TR&®
¢h text and Fig. 4 for explanation of the dielectric architecture

FIG. 15. The relative width of thé4-5) photonic band gap of
the G 4V a network and a pierced network structutsse text and For example in the case of dAWP based 2V structure the
Fig. 4 for explanation of the dielectric architecture minus network is four coordinated and the plus channels are
) , eight coordinated. Therefore even a single dielectric network
PBG with the QF approaching the value of 1.&cu)  \hich originates from the minus core is a different structure
=0.1, ¢on(2)=0.7, and_¢>h(2)=0.3) ._Also (32-33 f”_l 98P than a network originating from the plus core. In general
Eiseut:jeoenafzgg(-j%h((%:l-%; 9;;*52();20473 ggg;;'}g%;|?'4a){ _ these two structures can have different photonic properties.
pear ASarFt) for 4_5’ gap no,other significant gaps hgvepbeeThiS lack of symmetry has been taken into account in testing
) ﬂwe [-WP, F-RD, andC(P) based TPMCASs. Still as they

found.
G5V: two perforated dielectric networks. The widest is open only weak gaps or do not open complete PBG at all we
will not discuss their construction in detail. An interested

again gap(4-5 reachingf=2.5 for (¢cn1)=0.22, ¢ne) , S
=0.11, hon(2)=0.56, andebpz=0.45). Gap(16-17 obtains reader can find such a descrlpt_lon in Ref. 25. _
similarly small QF valuef=1.3 at ¢n1y=0.33, dn(1) For the C(P)-Neovious, conjugate t&®-TPMCA family

=0.22, ¢on=0.56, andep=0.34). Als0(28-29, (32- We have found only_a(19-2() pseudogap in 2V structures.
33), (40-41), and (42-43 pseudogaps have been found, The 4V and 5V architectures have not been sampled.
which have no significance from the practical point of view. ~The F-RD-TPMCA family did not exhibit any gaps at all

G5V: two dielectric networks and a dielectric layét-5)  in the range(only 2V) of the structures tested. Since in the
PBG has been observed in only one sample wWith3.2  case ofP, D, andG TPMS based families the largest PBG's
(den(1y=0-11, dair(1)=0.44, djaye=0.11, and¢y2=23).  have been found in 2V architectures, we did not sample any
In two samples also weakl6-17 and (48-49 PBG were more complicated structures.
found. As in the case of D5V these results did not prompt us |-WP wrapped package TPMCA family. The 2V and 3V
to test more than the initial 78 structures. TPMCA's did not present any gaps at all. In the 4V samples

we have found two pseudo gafis3-19 and(46-47). The 5V
C. P: Plumber’s nightmare TPMCA family structures have not been tested.

For all 2V, 3V, and 4V TPMCA's based dA TPMS tested
(187 structuresthe widest is thg5-6) PBG. It acquires the 30
largest QF valuef=11.2 for a 2V architecture withp.,
=0.22. Introducing additional air/dielectric subvolumes de- 25
creases the gap width. The nonzef6) gap results are .
sketched in Fig. 16. Apart from thé&-6) PBG only four
others have been found11-12 and (38-39 gaps withf
=3.6 andf~1, respectively, in a symmetric P3Vi(1)
= ¢en(2y=0.1) sample. Two gaps in a P3V pierced dielectric
network structure(19-20 f=1.1 (¢.,=0.3, ¢#,=0.1) and
(28-29 pseudogap ¢.,=0.6, ¢,=0.2). The 4V structures
tested did not exhibit any gap in addition to tf&6) one. 0
The 5V P TPMCA have not been sampled. 3

G2V:9,=0.185

P2V: ¢, =022 |

15

100A®w/®

10

| I I I I
9 10 11 12 13 14
high/ 8low

VI. RESULTS: UNBALANCED TPMS TEMPLATES ) ) )
FIG. 17. The dependence of the relative width of the photonic

For the TPMCA based on unbalanced TPMS there is ntand gap on the dielectric contrast for the chamos, andP 2V
symmetry between the plus and minus networks of channelstructures.
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VIl. DC CONTRAST structures. The D2V and G2V architectures present very

In the last two sections we have been investigating thé’vide complete PBG which persist down to the DC contrast
dependence of the PBG widths on the structure of the TP2S I_(_)W aSepigh/ €iow~6.

MCA. For this purpose we have set the DC contrast to (1) The TPMCAS based on unbalancedVP, F-RD,
€nign/ €1ow - NOW we want check what is the lowest contrast in@d C(P) TPMS did not present any significant complete
which the widest gap are still exhibited. For this reason we”BG- Of course it does not justify a conclusion that the sym-
have computed the band spectra for various DC contrast§1etry of channels into which the TPMS divides the space is
The results for the champion structures are shown in Fig. 17 condition for opening a complete gap.

It is worth noting that the(8-9) complete PBG in the (iii) In the range of parameters studied the multichannel
double diamond 2V structure has a significant width ( (4V, 5V) architectures did not enhance nor the gap width
=11.1) for the DC contrast as low @gg,/€,,=6. Such a neither they did open the multiple gaps.
contrast can be realized in the inorganic-organic hybrid ma-
terials with a semiconductor materia};g,>12 and a poly-

mer matrix €jq,~2. ACKNOWLEDGMENTS
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