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Electrotunable band gaps of one- and two-dimensional photonic crystal
structures based on silicon and liquid crystals
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One- and two-dimensional photonic crystals based on silicon with infiltrated liquid crystals are
investigated in this paper. We show that the photonic band gap can be continuously tuned changing
the orientation of the director of the liquid crystal. For the one-dimensional case, we considered
arbitrary direction of propagation of the electromagnetic waves, and we show that it is possible to
tune the photonic band gap by an adequate orientation of the liquid crystal. For the two-dimensional
case and propagation in the plane of periodicity, we show that there exists no complete photonic
band gap in the system for both polarizations. We consider two different configurations, square array
of solid Si cylinders in liquid crystal background and a triangular array of liquid crystal cylinders
surrounded by Si. We show that for the triangular array it is possible to tune the photonic band gap
only for the transversal electric modes. We used the plane wave expansion method to solve the
Maxwell equations for anisotropic systems. © 2008 American Institute of Physics.

[DOL: 10.1063/1.2975832]

I. INTRODUCTION

In the last decade photonic crystals (PCs) have attracted
a great deal of attention from the research community due to
their ability to control the propagation of light in solid
materials.' ™ Using this property, several applications and de-
vices have been proposed. For many applications, tunability
of photonic band structure through electro-optical effects
would be desirable. A promising approach is the combination
of semiconductor PCs with liquid crystals (LCs), which al-
lows a tuning of the photonic band gap.4_11 The characteris-
tic optical anisotropy of LCs due to the molecule configura-
tion and alignment allows one to easily modify their
refractive index n and then the optical properties of the entire
PC. The infiltration of LCs has been done in opal
structures,z’s’5 macroporous silicon,4’12 one-dimensional
(1D), two-dimensional (2D), and three-dimensional
pPCs 57101315 However, both in the 1D and 2D cases, only
particular orientations for the director of the LC have been
considered.

In this paper we study theoretically the 1D and 2D PCs
with infiltrated LCs. Using the plane wave (PW) expansion,
we solve the Maxwell equations for the propagation of elec-
tromagnetic (EM) waves in 1D and 2D periodic structures.
The PCs consist of a periodic array of two different materi-
als, a dielectric and a LC. For the 1D case we considered
arbitrary direction for propagation and for the 2D case we
considered square and triangular arrays of circular LC cylin-
ders in a dielectric matrix and propagation in the plane of
periodicity. In both 1D and 2D cases we have considered
arbitrary direction for the director of the LC. We have se-
lected Si as the dielectric due to the high technological inter-

YAuthor to whom correspondence should be addressed. Electronic mail:
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est existing presently. We show that it is possible to tune the
photonic band gap, orientating adequately the LC.

Il. THEORETICAL ASPECTS

The general wave equation for an inhomogeneous di-
electric structure is given by

® 2
VX[e'(r)V X Hr)]= (;) H(r). (1)

Of course, the dielectric tensor for a periodic structure made
of anisotropic materials is periodic, €(r+R)=¢€(r), with R
=n,a;+n,a,+n3a; being the lattice vectors generated by the
primitive vector a; describing the PC. Generally, LCs possess
two kinds of dielectric index. One is the ordinary dielectric
index €, and the other is the extraordinary dielectric index e,.
EM waves with the electric field parallel (perpendicular) to
the director of the LC have extraordinary (ordinary) dielec-
tric index. For the LC we can choose a coordinate system
(principal set of axes) in which the dielectric tensor is diag-
onal with principal entries €, parallel and €, perpendicular to
its director 7, respectively,

il

oS O

(2)
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o

For PCs, we choose the coordinate system fixed with the
z-axis along the periodicity for the 1D case and along the
axis of the cylinders for the 2D case. The director 7 of the
LC can be arbitrarily orientated with respect to these refer-
ence frames. The dielectric tensor in the coordinate system of
the PC can be computed by

© 2008 American Institute of Physics
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FIG. 1. Coordinate axis (xyz) for the PC and the principal set of axes
(x"y'z") of the LC.

GLCZR(H, ¢)E£CRT(03 ¢)9 (3)

where R is the rotation matrix from the LC principal set of
coordinates to the PC coordinate system. The angles 6 and ¢
describe the orientation of the director of the LC with respect
to the PC coordinate system and this is displayed in Fig. 1.
As it can be seen in Fig. 1, @ is the angle between the LC
director 1 and the z-axis, and ¢ is the angle between the
projection of the LC director on the xy-plane and the x-axis.
Once we apply the rotation matrix according to Eq. (3), the
elements of the LC dielectric constant tensor in the xyz co-
ordinate system are

€.=€,+ (- €,+ €,)cos> ¢ sin® 6,

6,(G)- €'(G,G") - 6(G)
-6,(G)- €'(G,G') - 6,(G")

§|k+(}|[

In this equation, € '(G,G')=€'(G-G’), where € !(G) is
the Fourier transform coefficient of € '(r). For isotropic PCs,
the previous set of equations can be separated into two inde-
pendent equations satisfied by the two independent polariza-
tions, provided that the direction of propagation of the EM
waves is along the direction of periodicity for the 1D PC
case and in the plane of periodicity for the 2D case. How-
ever, for the anisotropic PCs this decoupling is possible only
for particular orientations of the director of LC 7, and this
can be made only if the nondiagonal terms in Eq. (7) are
equal to zero, ie., €(G)-€'(G,G')-€(G")=0 with i#.
For arbitrary orientations of the director, we have a system of
coupled equations and we must solve it completely. For nu-
merical purposes Eq. (7) is truncated by retaining only a
finite number of reciprocal vectors. In the case of PCs with
LC components, the dielectric tensor is real and symmetric,
and Eq. (7) is likewise a standard real symmetric eigenvalue.
The main numerical problem in obtaining the eigenvalues
from Eq. (7) is the evaluation of the Fourier coefficients of
the inverse dielectric tensor. This can be done as in the case
of isotropic materials in two different ways. One can calcu-
late the inverse dielectric tensor in real space and then com-

—éz(G)'f_l(G,G')‘él(G’)} ,{m(c')} <w>2[h1(c>}
) ., o | k+ G =|— )
¢,(G)- € '(G,G')-é,(G")
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€y =€, =(—€,+€,)sin ¢ cos ¢ sin’ 6,

€. =€,=(—€,+ €,)cos ¢ cos Osin 0,

€,,=€,+(— €,+€,)sin” ¢ sin” 6,

€, = €,=(—€,+ €)sin ¢ sin f cos 6,

— e sin? 2
€.,=€,sin" 6+ €, cos” 6. 4)

If we consider a PC made of anisotropic materials, the
dielectric tensor €(r) can be expanded in a Fourier series on
G, the reciprocal vectors as

e(r) = >, e(G)exp(iG - 1). (5)
G

Using the Bloch theorem we can expand the magnetic field
as

2

H(r) = X > 1 (G)é\(G)expli(k +G) - r], (6)
G \=1

where N labels the two polarizations for any PW in such a
way that é,(G), (\=1,2), and é;(G)=(k+G)/|k+G| form
an orthogonal triad. Inserting Egs. (5) and (6) into Eq. (1)
results in an infinite matrix eigenvalue problem,

(7

hy(G") ¢/ Lhy(G)

pute its Fourier coefficients; alternatively, one can calculate
the matrix of the Fourier coefficients of the real space tensor
and then inverse the matrix to obtain the required Fourier
coefficients.'® This last method was shown to be more effi-
cient for the isotropic tensor and it will be used throughout
this paper.

lll. 1D PHOTONIC CRYSTALS

The 1D PC studied in this paper consists of alternating
layers of anisotropic (LC) and isotropic dielectric media with
the z-axis of the PC along the direction of periodicity. The
dielectric isotropic media are taken to be Si and the aniso-
tropic media are a LC with two dielectric constants €, and €,,.
For arbitrary orientation of the director 72, we can choose the
orientation of the xyz axes of the PC in such a way that the
projection of 71 in the xy plane is along the y-axis, which
corresponds to ¢=m/2. Then the matrix elements different
from zero of the dielectric tensor for the anisotropic LC are
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0 0

€c=|0 € cos’O+e¢,sin> 6 (€ —¢,)sin Ocos O

€,

0

0 (e,—€,)sin Ocos 6 €, sin’> O+ ¢, cos® 6
(8)

For on-axis propagation €;(G)=[0,0,(k+G)/|k+Gl], €,
=(1,0,0), and é,=[0,(k+G)/|k+G]|,0], where k and G are
1D vectors along the z-direction. Then we can write the mag-
netic field as H=H X+ H,y. When we substitute these in Eq.
(7), the off-diagonal elements are equal to zero and noticing
that the form of € '(G,G’) is similar to Eq. (8), we obtain
two independent equations similar to isotropic case,

® 2
> (k+G)y(G.G')(k+ G )H, = (;) H,, 9)
G!

® 2
> [k +Gl7.(G,G) |k +G'|H, = (;) H,, (10)
G!

where 77,-]:651 is the corresponding block matrix of the in-
verse matrix dielectric tensor €(G,G’). Therefore, we can
observe that for arbitrary orientation of the director 71, we
obtain two equations: one equation is independent of the
orientation of the director of the LC [Eq. (10)] and one [Eq.
(9)] depending on the angle between the director 72 and the
direction of periodicity. We can see in Eq. (9) that when the
magnetic field is along the x-axis, its corresponding electric
field is along the y-axis, and the system of equations uses
7yy» Which according to Eq. (8) depends on €, €,, and 6. We
call this “extraordinary” mode. On the other hand, we see in
Eq. (10) that when the magnetic field is along the y-axis, its
corresponding electric field is along the x-axis and its asso-
ciated dielectric constant is €, [Eq. (10) uses 7,,]. We call
this “ordinary” mode and it does not depend on the orienta-
tion of the director 7. Of course if #=0 then both equations
are the same and we have the normal solution for an isotro-
pic system with €, dielectric constant. On the other hand, if
the director is perpendicular to the direction of periodicity
(6=1/2), the extraordinary mode is governed by €, as it can
be seen in Eq. (8) and the ordinary mode remains unchanged.
For conventional 1D PCs with alternating isotropic layers the
dielectric constant difference between the two alternating
layers is the same for the two components H; and H, of the
magnetic field for propagation along the axis of the system.
However, for 1D PCs formed by alternating layers of isotro-
pic and anisotropic materials, the dielectric constant contrast
is polarization dependent. The dielectric constant difference
for the extraordinary-called and ordinary-called polarizations
is €(0) - ¢, and €,— ¢, respectively, where ¢, is the dielectric
constant of the isotropic material (Si in our case). These
dielectric constant differences lead to a polarization-
dependent band gap. We have done calculations for the 1D
PC formed by alternating isotropic Si layers with an ¢,
=11.9025 at a wavelength of 1.55 wm and anisotropic phe-
nylacetylene LC with €,=2.5281 and ee=4.9284.5 In Fig. 2,
we show the band structure calculated for on-axis propaga-
tion using Egs. (9) and (10) with the director perpendicular
to direction of periodicity z. The band structure displayed in
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FIG. 2. Band structure for the 1D PC formed by Si/LC periodic array. The
width of the LC is 0.8a. The band structure for ordinary (empty circles) and
extraordinary (solid circles) polarizations is presented.

the figure corresponds to a fraction djc/dg;=0.8 of volume
occupied by the LC, and the wavevector k, is in units of 1/a,
a being the lattice constant. We chose this filling fraction
since for this value, and due to the dielectric contrast, the
structure possesses a photonic band gap wide enough to
stress the effect of the LC orientation. We can clearly ob-
serve the different band gaps for both polarizations. The
empty circles correspond to the ordinary mode and the solid
circles are for the extraordinary modes. Because the ordinary
mode does not depend on the orientation of the director of
the LC, both results coincide for #=0. For 8+ 0 the bands
for the extraordinary mode move to low frequencies break-
ing the degeneracy until they reach the maximum splitting at
6=1/2. When the director points along the z-axis, the two
lowest complete photonic band gaps are observed from ()
=wa/2mc=0.197 to 0=0.306 and from 2=0.4642 to
0.5618, respectively. In Fig. 3, we can see the dependence on
the gap of the director’s orientation 72 of the extraordinary
mode, where we plot the two lowest gaps of the structure as
a function of the angle #. The shaded regions correspond to
the band gap evolution for the extraordinary mode. The solid
lines correspond to the band gaps of the ordinary mode,
which is # independent. As we can see in the figure, we can
tune the band gaps of the structure by changing the orienta-
tion of the director of the LC. When =0 (director along the
z-axis) the band structure for both polarizations is the same.

06T T T T T T T

0.5

0.4

wal/2ngc

0.3 =

0.2

01 IR [N S T N TR IS IS [T ST
0 10 20 30 40 50 60 70 80 90

0

FIG. 3. (Color online) Evolution of the two lowest band gaps as a function
of the angle 6 of the director 7 of the LC. The solid lines correspond to the
gap for the ordinary modes, which are independent of 6. Shaded regions
indicate the gaps for the extraordinary modes.
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FIG. 4. Coordinate axes for the PC (xyz) and the LC (x"y’z’). The direction
of propagation of the EM wave is along the ¢é; direction. The vector 7i=z’
and €; are in the plane yz.

If we increase the angle 0 the widths of these two band gaps
for the extraordinary mode decrease and move to lower fre-
quencies. This band shift leads to a mismatch in the band gap
for both polarizations. The complete photonic band gap for
both polarizations is given by the intersection of the shaded
areas and the straight lines. We observe that for 6> 65° the
structure still possesses a complete photonic band gap at low
frequencies.

For arbitrary direction of propagation, i.e., not along the
direction of periodicity, decoupling of Eq. (7) is still possible
if both the director 7 and the propagation constant k are in
the same plane. For example, if we take the direction of
propagation in the yz plane as is schematically shown in Fig.
4, then k=k,y+kZ. In this case, é(G)=[0,k,/|k+G],(k,
+G)/[k+G[], €,=(1,0,0), and &,=[0,(k,+G)/|k+G]|,
—ky/|k+Gl]. Using these vectors in Eq. (7) we obtain a sys-
tem of equations for the ordinary mode still as Eq. (10),
which depends on €, only. However, the set of equations
describing the extraordinary mode is now given by the equa-
tion

E {(kz + G)[Uyy(kz + G,) - 77yzky:|
G’

2
w
+ky[_ nZ)r(kZ+G’)+ nzzkv]}Hl=<;> Hl’ (11)

which depends on the k, and k, components of the propaga-
tion constant and includes also the other components of
7(G,G"); of course, considering that the propagation of EM
waves in arbitrary directions is more realistic in 1D systems.
It is worthwhile to observe that the ordinary modes, due to
the term |[k+G| in Eq. (10), also depend on the two compo-
nents of the propagation constant. We have done calculations
for different values of the k, component of the propagation
vector. In Figs. 5(a) and 5(b), we show the band structure
with ky=0.5 (in units of 1/a) for off-axis propagation for
0=0 and /2, respectively. We can observe from the figures
that when we increase the parallel component (k,) of the
propagation vector, there is a variation in the band gap
widths of both modes and they move to higher frequencies
(compare Fig. 5 and Fig. 2). This behavior can be clearly
observed in Figs. 6(a) and 6(b), where we schematically
show the evolution of the band gaps as a function of the
parallel component of the propagation constant. Figures 6(a)
and 6(b) show the evolution of the band gaps when the di-

J. Appl. Phys. 104, 063108 (2008)

wa/2ne

o J. S Y S S S T | ¥ S Y S S S

3 -2 1 0 1 2 33 -2 1 0 1 2 3

Wavevector Kz

FIG. 5. Band structure for off-axis propagation with k,=0.5 (in units of
1/a). (a) 6=0 and (b) #=m/2. Open circles correspond to the ordinary
modes, whereas solid circles correspond to the extraordinary modes.

rector of the LC is parallel and perpendicular to the direction
of periodicity, respectively. In Fig. 6(a), for k£,=0 both modes
are degenerate and the band gaps correspond to the gaps with
6=0 of Fig. 3. The dotted and solid lines in Fig. 6 correspond
to the gaps for the ordinary modes, whereas the shaded re-
gions correspond to the extraordinary gaps. The complete
photonic band gaps for off-axis propagation are given by the
intersection between the dotted lines and shaded regions. We
observe that when we increase k, both gaps move to higher
frequencies. In the interval studied in this paper 0=k, =1
and for the two configurations considered, the width of the
lowest band gap for the ordinary modes increases when we
increase k,, whereas the second gap decreases. On the other
hand, the band gap widths of the extraordinary modes have a
different behavior depending on the orientation of the direc-
tor 7. When the director is along the direction of periodicity,
the lowest band gap goes to zero at k,=1. For this configu-
ration and for the interval of frequencies displayed in the
figure, the structure possesses two complete photonic band
gaps for almost all the values of k, analyzed here, except for
the interval between 0.725k},50.8, in which we observe

0.8 T T T T T T T T T

wa/2nc

[ (b)

00 bt

00 0.2 04 06 08 00 02 04 06 038 1.0

Ky

FIG. 6. (Color online) Evolution of the lowest band gaps for the ordinary
(solid and dashed lines) and extraordinary (shaded regions) modes as a
function of the parallel component k, of the wavevector. (a) Director 7
parallel to the direction of periodicity. (b) Director /i perpendicular to the
direction of periodicity.
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only one gap. From Fig. 6(b) we observe that because the
ordinary mode is independent of 6, the widths of these bands
are the same as in Fig. 6(a). The only difference between Fig.
6(a) and Fig. 6(b) is the evolution of the extraordinary
modes. We observe a different behavior when comparing
both figures. The lowest band gap of Fig. 6(b) moves to
higher frequencies decreasing its width until it reaches the
minimum value around k,=0.4, and from that point it in-
creases reaching its maximum value at kyz 1. For this con-
figuration the structure possesses only one complete photonic
band gap because the higher bands never intersect. From all
these results we observe that the evolution of the band gaps
depends not only on the orientation of the director of the LC
but also on the direction of propagation of the EM waves.

IV. 2D PHOTONIC CRYSTALS

We have studied as well 2D PCs made of LC cylinders
in a square array embedded in a solid silicon matrix. The
cylinders run along the z-axis. They are infinitely long and
the periodic array is in the xy-plane. If the director of the LC
is along the axis of the cylinders (z-axis), then the matrix
elements different from zero of the dielectric tensor are

e, 0 0
GLC = 0 €, O . (1 2)
0 0 €

e

On the other hand, if the director 72 of the LC is in the
plane of periodicity xy, (f=/2), then the dielectric tensor
has the following expression:

€,sin’> p+¢€,cos’ p (—€,+¢€,)sin pcos ¢ 0
€c=|(—€,+€)sinpcos p €,cos’ p+e€,5in>p 0
0 0 €

0

(13)

If we propagate the EM waves along the plane of periodicity,
and this is the only case considered in this work, then both
the G vectors and the propagation vector k are 2D vectors,
and for the two configurations mentioned before, we can still
separate Eq. (7) into two independent sets of equations for
the two independent modes. If we chose €é,=(0,0,1) and
taking into account that é;(G)=(k+G)/|k+G| is in the plane
of periodicity, then é=[(k,+G,)/[k+G|,-(k,+G,)/|k
+G|,0]. Because the magnetic field is written as H=H,¢,
+H,é,, if we insert the unitary vectors in Eq. (7), the nondi-
agonal terms are equal to zero and we obtain the following
set of uncoupled equations,

2 {(ky+ G 7.(G.G" )k, + G))
o

= 75(G.G ")k + G = (ke + G 7,,(G.G )k, + Gy)

® 2
- ny)v(GsG,)(kx'*' G;)]}Hl = <;) Hls (14)

J. Appl. Phys. 104, 063108 (2008)
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FIG. 7. Band structure for the TE (open circles) and TM (solid circles)
modes for a square lattice of solid Si cylinders embedded in a LC matrix.
The director 71 is along the axis of the cylinders.

2
w
> |k +G|7..(G,G)k+G'|H, = (;) H,. (15)
G!

In Eq. (14), the magnetic field is along the axis of the cylin-
ders and these modes are called transversal electric (TE)
modes; on the other hand, Eq. (15) describes the modes
whose magnetic field is in the plane of periodicity and they
are called transversal magnetic (TM) modes. For the two
configurations considered here (6=0,7/2), we observe com-
paring Eq. (15) with Egs. (12) and (13) that the TM modes
depend only on €, when #=0 and on €, when #=m/2 since
they include the 7,, matrix only. On the other hand, when
0=0 the TE modes depend on €, only; however, they depend
on the orientation of the director in the plane xy when 6
=m/2. The TE modes for this case depend on €,, €,, and ¢.
For arbitrary orientations of the director in the plane xy, the
nondiagonal elements of the dielectric tensor are different
from zero and they must be included according to Eq. (14).
Finally, it is not possible to obtain independent equations for
the two independent modes if we propagate the EM waves
out the plane of periodicity. In this case, the modes are
coupled and the system of Eq. (7) must be solved completely.
We have calculated the band structure for the square and
triangular lattices. For the square lattice we considered the
PC made of solid Si cylinders embedded in a LC matrix.
From Eqgs. (14) and (15), we observe that when the director
is orientated along the axis of the cylinders, we obtain a set
of equations similar to the isotropic case with the dielectric
constant of the LC equal to €, and €, for the TE and TM
modes, respectively. In Fig. 7, we show the band structure
for this configuration using the same values for €, and €, as
in the previous section. The radius of the Si cylinders is
taken as r=0.2a. The empty circles correspond to the TE
modes, whereas the solid circles correspond to the TM
modes. From our calculations we observe that there is a
small photonic band gap for the TM modes only at frequen-
cies between 0.2819 and 0.2685. This is due to the contrast
between the solid Si cylinders and the €, used in the equation
for these modes. We calculated the band structure for the
case when the director is perpendicular to the axis of the
cylinders. In Fig. 8 we show the band structure for this con-
figuration for two different orientations of the director 7 in
the plane of periodicity; ¢=0 and /2. The solid circles
correspond to the TM modes, whereas the open circles cor-
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FIG. 8. Band structure for the square lattice of solid Si cylinders in a LC
matrix with the director 7 in the plane of periodicity (6=/2). (a) ¢=0 and
(b) p=mr/2. Solid (empty) circles are for the TM (TE) modes.

respond to the TE modes. Figure 9(a) corresponds to the case
¢=m/4. From Figs. 8(a) and 8(b) we observe that the band
structure for the TM modes is the same since according to
Egs. (13) and (15) the TM modes do not depend on the
orientation of the director 7 in the plane xy. Only the TE
modes are dependent on the ¢ angle. We choose this system
to compare our results with those reported in Ref. 6. Cheng-
Yang et al. studied this system and they reported a
¢-dependence on the band structure for the TM modes. Ob-
viously their results are incorrect. From Fig. 1 of Ref. 6 we
observe that for #=m/2 the TM modes have their corre-
sponding electric field along the axis of the cylinders and
therefore the equation, which describes these modes must
contain €, only. This is the Eq. (15) of this paper, which
depends only on €, according to Eq. (13). On the other hand,
TE modes depend on ¢ because Eq. (14) includes the diag-
onal and nondiagonal elements of Eq. (13). We calculated the
photonic band structure for all the values of the radius r
corresponding to nonoverlapping Si cylinders in a LC ma-
trix, for the conjugate lattice (LC cylinders in a Si matrix),
and for different values of the angle ¢. Unfortunately for this
system there is no complete photonic band gap for the TE
modes, which are the only modes that depend on the ¢ angle.
From Figs. 8 and 9(a) we observe different irreducible Bril-
louin zones (IBZ) depending on the orientation of the direc-
tion 7 of the LC background. This is because introducing

0.8

uooasquo
0. 0

0.4

oc/2na

0.2

0.0

FIG. 9. (Color online) (a) Band structure for the TE (open circles) and TM
(solid circles) with ¢p=1/4. (b) Schematic representation for the orientation
of the director 7 in the plane of periodicity and correct IBZ used in the
calculations.
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anisotropic materials into the structure reduces the symmetry
of the system. The correct IBZ is calculated by enumerating
the point symmetry operations, which survive in the crystal
after the infiltration of the LC. For the three cases considered
in this work, only four symmetry operations survive from the
eight symmetry operations of the C4V.l7 Of course the cases
¢=0 and ¢=/2 are equivalent and they possess the same
IBZ. Propagating an EM wave along the direction I'-X
when ¢=0 will be equivalent to propagating along I'-X’
when ¢=m/2. This equivalence can be observed by compar-
ing the band structure along the I'=X direction of Fig. 8(a)
with the band structure of Fig. 8(b) along the I'-X’ direc-
tion. Of course, because the TM modes are independent of ¢,
the band structures displayed in Figs. 8 and 9(a) are all
equivalent. This equivalence is clearly observed if we com-
pare the band structure of half of the direction M —M' of Fig.
9(a) with the band structure of Fig. 8(a) along the M—-X
direction. In Fig. 9(b) we show schematically the orienta-
tions of the director and the different IBZs used for the cal-
culations. From Fig. 8 we observe that the band structure
along the X—M and M—X' directions seems symmetric with
respect to inversion along the M point. Of course our crystal
does not possess this symmetry. A careful analysis of the
band structure confirms this statement; the frequencies ob-
tained are different. In conclusion, the band structure for the
EM waves propagating in the plane of periodicity of a square
array of solid Si cylinders embedded in a LC anisotropic
medium does not possess any complete photonic band gap
for both polarizations. There is a complete photonic band gap
for the TM modes only. However, these modes are indepen-
dent of the orientation of the LC’s director 71. Therefore, the
photonic band gap of this system cannot be tuned by orien-
tating the director 7.

However, it is well known that the triangular array of Si
solid cylinders embedded in air possesses a complete photo-
nic band gap for both polarizations.18 With the purpose to
have a system with tunable photonic band gap, we have done
calculations for a triangular array of LC cylinders embedded
in a Si matrix. We considered LC cylinders with radius r
=0.48a, a being the lattice constant and the values of €, and
€, are the same as in the calculations for the square lattice
discussed in the previous paragraph. In Fig. 10(a) we show
the band structure for =0 (director 7 along the axis of the
cylinders) and in Figs. 11(a)-11(c) we show the band struc-
ture with the director 7 in the plane of periodicity (6=1/2)
for ¢=0, ¢=m/3, and ¢Pp=7/2, respectively. In all the fig-
ures, solid circles correspond to the TM modes and the open
circles correspond to the TE modes. As we can see in the
figures, for the values of dielectric constants used in this
work, there is no complete photonic band gap for the TM
modes. However, the TE modes exhibit a complete photonic
band gap and the value of this gap can be tuned by an ad-
equate orientation of the LC. As before, when the director 7
is in the plane of periodicity, the band structure for the TM
modes is independent of ¢. Only the TE modes are depen-
dent on the orientation of the LC since the equation describ-
ing these modes is dependent on the angle ¢ [see Egs.
(12)—(15)]. Again, we have different 2D IBZs depending on
the orientation of 7 in the plane x—y. For the cases consid-
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(b)
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FIG. 10. (Color online) Band structure for the triangular lattice of LC cyl-
inders embedded in a Si matrix. Solid (open) circles correspond to the TM
(TE) modes. (a) Director 7 along the axis of the cylinders (#=0). b) IBZ for
the director 7 along the axis of the cylinders. (c) IBZ when 7 is in the plane
of periodicity for ¢=0, 7/2 or ¢p=1r/3.

ered in this work, from the 12 symmetry operations of the
group Cj,, only four symmetry operations survive after the
infiltrations of LC cylinders. The correct IBZs for the differ-
ent orientations of 7 considered here are schematically
shown in Figs. 10(b) and 10(c). Figure 10(b) is the IBZ for
the case #=0 and this is the same for the isotropic case.
Figure 10(c) is the IBZ for the case #=7/2 with ¢=0. Of
course, the case #=7/2 with ¢=0, ¢=m/3, and ¢=m/2 has
the same IBZ. In Figs. 10(b) and 10(c), the high symmetry
points, along which the band structures of Figs. 10(a) and 11
were calculated, appear. From our results we can observe
that only the TE modes are sensitive to the orientation of the
director 7 in the plane of periodicity. From our results we
observe a shift in the band gap for the TE modes from
wa/2mc=0.3152-0.3216 for ¢=0 to 0.3148-0.3484 for ¢
=/3 and to 0.3148-0.3307 for ¢=1/2.

V. CONCLUSIONS

We have calculated the photonic band structure for 1D
and 2D PCs made by anisotropic LCs. Using the PW expan-
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FIG. 11. (Color online) (a) The same as in Fig. 10 but #=/2 and ¢=0. (b)
and (c) correspond to ¢p=m/3 and ¢=m/2, respectively.
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sion to solve the Maxwell equations we have demonstrated
that for the 1D case, it is possible to tune the photonic band
gap by an adequate orientation of the director 71 of the LC.
This photonic band gap depends not only on the orientation
of the director, but also on the direction of propagation of the
EM wave. In the 2D case and for propagation in the plane of
periodicity, we have shown that for the square array of solid
Si cylinders in LC background it is not possible to tune the
gap because only the TM modes present a complete photonic
band gap and these modes are independent of the orientation
of the LC’s director 7. However, for the triangular array of
LC cylinders surrounded by Si, this tune is possible for the
TE modes only. For 2D PCs care must be taken in order to
consider the correct IBZ. This IBZ is given by counting the
number of symmetry operations, which survive after the in-
filtration of LC.
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