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Absolute three-dimensional photonic band gap in the infrared regime in woven structures
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We closely study the formation of a three-dimensiot&D) photonic band gap in a system composed of
dielectric fibers. The fibers are woven into layers that are then stacked up to form 3D lattices of different
structures. The woven systems have the advantage of easy fabrication and, with the cross sections of fibers in
microns, the band gap can be made in the infrared regime. We employ the transfer-matrix method to study the
photonic band structures. The optimized gap-formation condition is found in a quasi-body-centered-cubic
structure. A 3D full gap is identified in the middle infared regime with the use of fibers of moderate dielectric
constants é<16). Our studies strongly suggest the possibility of employing such woven structures in various
photonic insulator-related applicatio§0163-182899)50216-4

In 1989 Yablonovitch and Gmitter first demonstrated thatfor designed optical properties seems both promising and
analogous to electrons in crystals, electromagnéid)  feasible. Meanwhile, with the use of fibers, woven technique
waves exhibit band structures in periodic dielectricmay provide an alternative way to build the layer-by-layer
materialst In a photonic band gafPBG), EM waves scat-  structures in micrometers that are currently fabricated by the
tered by the periodic dielectric decay exponentfalgnd ~more complicated etching proce$sOur previous study
therefore, propagations are forbidden. This phenomenon nés shown that fibers woven into a rectangular lattice can
only leads to new interests in quantum electrodynamics, buftdeed produce a full 3D photonic band gap in the middle
also arouses intensive studies on its potential applicationsinfrared regime. This structure, however, requires fibers of
such as in controlling spontaneous emiséihlowever, due large dielectric constant&40) which, although availabFé,
to the vector nature of the EM waves, bands of different®Sticts its possible applications.
polarizations are generally nondegenerate and thus have gaps!M this paper, we report the formation of an absolute band
at different energies, which makes an absolute band gap diff@P in @ woven system that only requires modest dielectric
ficult to form. Many artificial PBG systems have beencConstants ¢~16). To achieve this, we design a structure
studied® but they mostly produce gaps only in limited direc- with a larger packmg fraction and more spherlcaI.BnIIoum
tions. Finding a realistic photonic structures with an absoluteZones than the earlier onéWe also employ two different
three-dimensional3D) gap is highly desirable. fibers to take advantage of its better symmetry properties.

The PBG systems were first studied in the microwavel Né vector-wave transfer-matrix metHéds applied to cal-
regime and were later extended to the infrared. A PBG in théulate the band structures and the constant-frequency disper-
infrared or even the visible regimes could facilitate manySion surface scherfieis employed to examine the complete-
practical laser applications and is, thus, technologically im€ss of the gap opening. The results confirm a 3D full
portant as well as scientifically interesting. This, however Photonic gap in the middle infrared range for this woven
requires the lattice size to be reduced to microns, which iStructure qf moderate dielectric constants. The optlma_l struc-
difficult to achieve with the currently available drilling or ture for this system to become a photonic insulator is also
etching method2? Other fabrication techniques were pro- studied. . . )
posed, such as the layer-by-layer methotiplographic _ The woven structure is composed of two f_|bers of dielec-
techniqué® or other combination$ Recently, a 3D absolute {ric constante; ande,. They have the same diametgrand
gap in the far infrared has been identifiSdyut so far only ~ are woven into a hashlike pattern shown in Figa) 1which

regime®! Forming 3D absolute photonic gaps in higher fre- fabric is embedded in a background medium of dielectric

guency ranges remains a task to be realized. constante, (here taken to be vacuymThe center of the
In this paper, we propose a 3D woven structure for such &bers in such a unit can be described by

goal. The system is composed of dielectric fibers woven into

identical patterns and then stacked up into a 3D lattice. Fi-

bers with cross sections in micrometers have been available X A h sin 2_7TX and | — A h sin 2m for e
for years(e.g., optical fiber¥) and weaving is a simple tech- "4’ A 4 Y A y 1
nology known for centuries. Weaving such fibers into fabric (D)
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ent lattice structures. With =1, we have a body-centered-
cubic (bco lattice with a lattice constarmh. Similarly, if N

=2, the system can be regarded as a face-centered-cubic
(fco) lattice with a lattice constan{2A. The band structures

of both systems have been studied and we find the bcc struc-
ture a better candidate as far as the band-gap formation is
considered.

The band structure of these systems are calculated by the
vector-wave transfer-matrix methtfdhat has been success-
fully applied to many periodic dielectric systerhs-> To ob-
tain an absolute gap, we first need a structure whose frequen-
cies at various Brillouin-zone boundaries are close to each
other, so that local gaps there can be easily aligned. Woven
structures have the advantage that gap positions can be easily
adjusted by varying.. Figure Za) depicts the band structure
of a rectangular lattice with =10/7 and a uniform dielectric
constant. The arrows therein indicate the high-symmetry
points where we wish to align the gaps. In Table I, we sum-
marize the centers of the most relevant high-symmetry points
for different\’s. X* is ak point betweerd™ andX, where the
bands cross and need to open up for an absolute gap. This

l table clearly suggests that fcc structurd =(\2=10/7)
— (@ would be the favorable choice since its Brillouin zone is
(c) closest to a sphefeHowever, it turns out to be not so as will
become clear later.
FIG. 1. (a) Building block of a woven structurgb) Down view Figures 2Zb) and Zc) illustrate the calculated band struc-

of two adjacent woven layers in which the building block is denotedtyres for bce and fcc, respectively. Here we have tested and
by boldfaced areas. Curvatures of the fibers are ignored for thémployed the optimal structure parameters in favor of an
convenience of plottingc) Unit cell, and(d) first Brillouin zone of  gpgolute gap while keeping the dielectric constants in mod-
the rectangular woven structure. erate range €, =16.0,e,=2.5). Here and later, the disper-
sion surface scheni®™ is employed together with the
transfer-matrix calculation to monitor the development of 3D
A 20 band gaps. The calculation shows a full gap of size about 6%
Z,y,—hsin<ry” of the gap center frequency is formed in the bcc structure,
but none is found in the fcc case with moderate dielectric
for €, (2) constants. This s_urprising result is relate.d to the.fact that the
2 woven structure is layered and hence highly anisotropic. Its
whereA is the lattice constant in both theandy directions,  dielectric modulation differs at various directions and there-
andh is the variation amplitude of the fiber in talirection.  fore it is difficult to have a gap wide enough to overlap
Let C denote the thickness of each block in thdirection.  others at certain symmetry points. Meanwhile, since EM
The relationsh=d/2 and 2h+d=<C must be satisfied. Note waves are vector fields, both polarizations have to be consid-
that C need not equah, i.e., the block is in general rectan- ered for the completeness of solutions. In an isotropic dielec-
gular. The block repeats itself two dimensionally to form atric medium, waves of different polarizations are generally
fabric layer, which is then stacked up one above another fonondegeneratésee later. The band curves of the woven
a 3D lattice structure. If we stack the woven layers withsystem would split furthermore due to this polarization-
perfect alignment, we obtain a simple rectangular lattice wittdependent effect.
each block as the unit cell of the lattit&In this paper, Considering the effect of a single Bloch scattering poten-
however, to make the Brillouin zone more spherical, we shifttial, Ug, is useful in addressing the issues here. For scalar
the second layer byA/2 in both thex andy directions as waves like electrons in a solid)s would open a gap &k
illustrated in Fig. 1b). This structure is a centered-tetragonal = G/2, but would usually have minimal effects on waves
lattice whose unit cell is twice the size of the blogkig.  with k’ L G. The propagation of an EM field is more compli-
1(c)]. Two different dielectrics are needed to construct thecated. The effecg has on the K’ L G) waves is polariza-
desired centered-tetragonal lattice, since, otherwise, the shifton dependent and could be strong.

ing of the second layer would not change the crystal struc- | et us pute(r) = e+ ¢’ cos(G2) and consider an EM wave
ture. The use of two different dielectrics reduces@esym- propagating in thé&|X direction. The TE mode waves, which

metry about thez axis and hence removes the symmetry-are polarized in they direction and thusv-E=0, can be
induced degeneracy problem in our previous sttidyhis described by the equation '

proves to be essential for the formation of an absolute gap
(see later. _3 ikx 4 i(kx=G2)

Let A =2C/A denote the ratio between the height and the BIN=y{BEe™ Bce b 3
width of the rectangular unit celk can be varied for differ- and the dispersion relation is approximately giveri®by

and

7 A and

A (2
X,— —,—hsin —x
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om b . IR Jo.st TABLE I. Empty lattice frequencies, in units ofiZA, at sev-
3 % eral high-symmetry points of rectangular lattices of differenthe
027} . Lima gap opening at thedepoints is crucial to the formation of a 3D full
2 =478 gap.
3 5o IR -
023 ; — B —H0.23 § *
§ .:': 2 N r X M R
0.18 —(_ Jdo.19 3 2C V1+ N2 1 A2—1 1 JI+ 222
. (o) emply A 2\ A 2)\2 \/E 2\
°~15N - - * T ‘x > R°-‘5 10/7=1.43 0.610 0.7 0.745 0.707 0.789
10/8=1.25 0.640 0.8 0.820 0.707 0.812
. = 10/9=1.11 0.673 0.9 0.906 0.707 0.838
U 10/10-1.00 0707 1 1 0707  0.866
] g 10/11=0.91 0743 1.1 1 0.707 0.896
029 ~~:__-' ‘-._. ,‘..-::::"" —0‘29;:
£ et kel would be more convenient to work with the field'’
§ . ". [
0.21 - .:‘a.:‘“” :..-' ...-:...-' —H0.21 H ( r) — 9{H keikx_,_ H ke Gei(kxth)} (5)
I © b |, which, to the same order of approximation as used in deriv-
N z r X M R ing Eq. (4), would yield a very different dispersion for the
TM mode?®
031} . 0.3
. )
ed w
aa ~ 2_ 2
§0.27 _j';:: -0273 k C2/00 ak
' 12 de =0, 6
§0‘23— do2s ¥ 5 w2 ©
g : & ak k?+G*~ —/cg
0.19 b= :° =0.19
K R (c) fec where
0.15 - - 0.15
N Z r X M R . —
€ € 1
032 ——T - 02 a=——+ —] -1, andcp=———=. (V)
., . : ] .. . N :::: . 6’ E’ [ ,
. 62— € 2
0.28 - 0.28 ~
- N . .
3 | & In other words, the TE and TM modes have their respective
Doz ozt B E fields experiencing different environments, which lead to
g g very different band dispersions. Equatio@® and (6) are
= . exact in their respective smallimits and we can estimate
N 1 the velocities for both polarizations:
s '~"-:_. F & (d)quasibee " . . o 27— 1/4
N z r X M R
vre=—= and vy=—f¢|1-| = .
FIG. 2. Calculated photonic band structures(@ran empty fcc \/i € €

lattice; (b) a bcc lattice wherdn=0.12A, d=0.24A, ¢,=16.0, and

€,=2.5;(c) a fcc lattice wherédn=0.187, d=0.22A,¢,=20.0, and  i.e., waves of the TM mode travel faster than those of the TE

€,=4.0; (d a quasi-bcc woven lattice wheré\=10/9,h mode. This result essentially explains the band splitting, say

=0.13A, d=0.26A, €,=16.0, and €,=2.5. In all cases,A in Fig. 2b), between thd" and X points, with the smaller

=1.87 um. A full gap of a size about 7% of the gap center is (largep sloped branches for the THM) mode.

found in the quasi-bcc lattice. This single scattering potential approximation provides a
simplified picture for the complicated 3D woven structure

N

2 w2 € since it is layered and, hence has a dominaliﬂg,;l with
T2 T2 2 G;=27/Cz. In our studyUg, is 25% larger than other Fou-
de .2 , | =0 (4)  rier components. That the bands betw@eandI" are nearly
B TP By degenerate could be understood on the same grounds. The
2 ¢? c? system is symmetric, apart from a phase difference, between

the x andy directions. The EM waves of different polariza-
Equation(3) does not hold for the TM modes that have Hie tions propagating in the direction experience similar sur-
field polarized in the direction and thu¥ - E#0. Instead, it  roundings and thus have similar dispersions as a result.
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The facts thatl, is dominating and that the correspond- quency rang€sor the systems have to be fabricated by more
ing TE and TM branches arourdd do not appreciably split complicated method¥.Considering the relative low packing
up, make the local gap there the largest one—to the exterftaction of this systenf;*®we expect that there is much room
that other local gaps mostly fall within its gap frequenciesfor further improvement by simply enhancing the packing
(see Fig. 2 The formation of an absolute gap in a woven fraction and/or by employing a better fabric design. Best of
structure is, therefore, simplified to the alignment of the localall, by reducing the fiber dimensions to the submicron re-
gaps atN, M, andR—which favors the bcc one over the fcc gime, we might even achieve a full gap in the optical range.
structure as is clear from Table I. This explains why a full  In summary, we have examined the formation of 3D ab-
gap is developed in bddig. 2(b)] but not in fcc[Fig. 2c)].  solute photonic band gaps in woven structures and have stud-
In our previous work;? we studied a simple rectangular wo- jed the associated gap properties. The analysis is generally
ven structure made from a_single kind of fibe_rs. In that strucapplicable to other woven structures and other layered sys-
ture, a large gap a complicates the analysis and makes atems as long as there is a single outstandingly large scatter-
large dielectric constant necessary for the gap opening. It ifg potential. In addition to the shape of the Brillouin zone,
the use 01_‘ different fibers in weavin§ig. 1) thf'ﬂ erases the e found that the anisotropy of the dielectric distribution of
complication aZ and leads to better properties. . the system is also crucial in opening an absolute gap. Our

In_ an attempt to Opt'”_“'ze the cond|t!ons for gap .Ope.mng’prediction for such systems is that a full gap could be more
we find the best result in a system with=10/9, which s ¢4qi\y formed in a bec, instead of a fcc structure, even though
slightly larger than the bcc structurk £ 1). With this quasi- e |atter might be favored in most other cases. One advan-
bcc strgcture., we are able to §Iightly increas.e the dim.ension%geous aspect of woven structures is that the weaving tech-
of the fibers(i.e., h andd). This leads to an increase in the 55qy and fibers in microns are both available nowadays.
packing fraction, VYh'Ch usually comes with enhanced scatg calculations confirm that such systems, if properly de-
tering potentiald)¢’s and hence, wider band gap§!in the signed, could have a 3D full gap in the infrared regime. We
present case, the enlarged packing fractiom4% of the  pejieve that the woven structures provide a way to realize the

volume helps enlarging the gap size frol to R without  3p photonic crystals in the infrared, and maybe even in the
much affecting the other bands. Thus, a wider full gap r€optical regimes.

sults. As shown in Fig. @), the optimized result shows a

full gap between 0.237 and 0.252 eV, which is about 7% of This work was supported in part by the National Science
the gap center. Larger gaps have been discovered in sevefabuncil of Taiwan under Grants Nos. NSC87-2112-M007-
other 3D structures, but either the gaps are in lower fre010 and NSC88-2112-M007-012.
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