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Abstract We present a theoretical study on two-dimen-
sional photonic crystals composed of silicon and the E7
liquid crystal. We analyze how the optical axis orienta-
tion of the liquid crystal influences the photonic bands and
bandgaps, for the case when the Maxwell equations can be
decoupled into the TE and TM modes. We consider two
different structures, a triangular lattice of E7 liquid crystal
cylinders in a silicon background and a triangular lattice of
silicon cylinders in an E7 liquid crystal background. The ef-
fect of the liquid crystal anisotropy on the geometry of the
irreducible Brillouin zone allows us to propose a simplified
way to calculate the photonic bandgaps. Results show that
the bandgap width and center frequency have a 60° peri-
odicity for both structures. Using the plane-wave expansion
method, we determined the maximum bandgap and the opti-
mal radius of the cylinders for each structure. Finally, for the
second structure, we propose an optical switch with a 50%
duty cycle. These structures can be applied to design tunable
photonic devices.

1 Introduction

Photonic crystals (PCs) are periodic dielectric or metal-
dielectric synthetic structures designed to control the propa-
gation of electromagnetic waves in the same way as the peri-
odic potential in semiconductor crystals affects the electron
motion by defining allowed and forbidden energy bands.
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Since first proposed [1, 2] considerable advances have been
achieved in tailoring material architectures toward a versa-
tile structural control of light propagation. Such structures
have been long studied and widely applied as semiconduc-
tor lasers and solar cells [3], high-quality resonator and fil-
ters [4], optical fibers [5], etc. For most applications, pho-
tonic crystals with tunable or switchable optical properties
are desired.

Several structures combining photonic crystals with non-
linear optical (NLO) materials or liquid crystals (LC) mate-
rials have been proposed [6–8]. In the former case, a high-
intensity control signal with frequency outside the bandgap
changes the properties of the crystal [9]. Among available
strategies, liquid crystals (LC) are recognized as unique ma-
terials that combine birefringence and periodic spatial order-
ing with a pronounced sensitivity to external fields [10].

Besides the tuning properties of the liquid crystals, the
optical anisotropy is another fundamental property than can
be taken as a degree of freedom in the design of applica-
tions. In the last years there are several works that exploit
this anisotropy in the theoretical [11–13] or experimental
[14–18] analysis of photonic crystals. However, only a few
studies on LC infiltrated 2D photonic structures are devoted
to study the gap maps and tunable capabilities as a function
of the geometrical parameters of the photonic crystal for di-
rect and inverse structures.

The aim of the present paper is to study and analyze the
viability of tunable devices based on liquid crystal and sil-
icon. To this end, we study the gap maps as a function of
the geometrical parameters of the photonic crystal (radius of
the scatterers), the optical axis angle of LC and the PC con-
figuration (holes infiltrated with liquid crystal or rods sur-
rounded by liquid crystal). The knowledge of these proper-
ties is important since they have to be taken into account
when designing tunable devices based on liquid crystal-
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infiltrated photonic crystals. One of the most important as-
pects in this study is that the optical anisotropy of the liquid
crystal component induces a change in the symmetry prop-
erties of the photonic crystal lattice. For this reason, Sect. 2
is devoted to introduce the mathematical basis of our models
and to define a computationally efficient method to calculate
the photonic bandgaps in structures with anisotropic com-
ponent. Then, in Sect. 3 the photonic bandgap properties are
studied. From the analysis of the gap maps conclusions on
the tolerance in the photonic crystal geometric parameters,
or proposals for new devices can be extracted.

2 Theoretical background

2.1 Numerical method

Let us consider a 2D photonic crystal with periodicity in the
x–y plane and uniform refractive index variation in the z di-
rection. The 2D photonic crystals we study in this work are
composed of an isotropic component (Silicon) and an uni-
axial anisotropic component (E7 liquid crystal). The pho-
tonic crystal structure we have chosen is the triangular lat-
tice, since it has larger photonic bandgap (PBG) for the
TE modes than other geometries as square, honeycomb or
Kagome [19].

We want to study structures where the TE and TM polar-
izations can be decoupled. We have considered TE and TM
polarizations with respect to the x–y plane. In these cases
TE components are Ex , Ey and Hz while TM components
are Hx , Hy and Ez [20]. For the decoupling, it is important
to have the anisotropic materials in such orientation that the
polarizations can be decoupled and that the direction of the
extraordinary axes influences the photonic bands. Follow-
ing [21], Maxwell’s equations can only be decoupled in two
cases: (i) when the optical axis is oriented along the rods
of the 2D photonic crystal, and (ii) when the optical axis is
perpendicular to the rods. Furthermore, only in the second
case, the direction of the optical axis influences the photonic
band structure. In this second case, the dielectric tensor can
be decomposed into two parts, one for the x–y plane, (εr )
and one for the z direction (εz).

εz(r) = ε33(r) = εo

εr (r) =
(

ε11(r) ε12(r)
ε21(r) ε22(r)

)

=
(

εo sin2 α + εe cos2 α (εo − εe) · cosα · sinα

(εo − εe) · cosα · sinα εo cos2 α + εe sin2 α,

)

(1)

where α is the angle between the optical axis and the x-axis
as it is stated in Fig. 1. Applying the planar wave expansion

Fig. 1 (a) Definition of the BZ sets for the accurate and efficient cal-
culation of the photonic bandgaps of the studied photonic crystals.
(b) (Inset) Definition of the angle α that characterizes the LC optical
axis orientation

(PWE) method to the Maxwell equations, the eigenequa-
tions for TE and TM polarizations, respectively, are ob-
tained:
∑
G′

(k + G) • ε−1
rGG′(G − G′) • (k + G′) · Hz,k(G′)

= (ω/c)2 · Hz,k(G) (2a)
∑
G′

ε−1
zGG′(G − G′) · |k + G| · |k + G′| · Fz,k(G′)

= (ω/c)2 · Fz,k(G) (2b)

where the Hz,k are the expansion coefficients for the mag-
netic field in the TE polarization and equivalently for
the Fz,k, the electric field and the TM polarization. The ω

is the angular frequency. The ε−1
zGG′ and ε−1

rGG′ are, respec-
tively, the Fourier Transform of the inverse of ε33(r) and
εr(r) and c is the speed of light in vacuum. These Fourier
components are defined for two-component systems as:

ε−1(G) =
{

(f · ε−1
c + (1 − f ) · ε−1

b ) for G = 0
(ε−1

c − ε−1
b ) · S(G) for G �= 0

}
, (3)

where εc is the element of the dielectric tensor correspond-
ing to the material of the cylinders, εb is the same dielectric
tensor element corresponding to the background material,
f is the filling factor and S(G) is the Fourier transform of
the unit cell. It important to note that S(G) relies only on the
geometry of the cylinders and on the lattice structure. Since
we analyzed a triangular lattice with circular rods, Table 1
shows the geometrical properties such lattice [22], where a

and R are the lattice constant and the rod radius respectively.
It is worth explaining in detail how to obtain the ε−1.

Thus, for instance, to obtain ε−1
zGG′ for a 2D photonic crystal

consisting of an isotropic background with holes filled with
liquid crystal, and where the liquid crystal optical axis is in
the x–y plane, εc is εo and εb is the background dielectric
constant. Instead, for ε−1

rGG′ four elements must be calcu-
lated. Thus, in the isotropic background-anisotropic cylin-
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Table 1 Geometrical properties of a triangular lattice photonic crystal
with cylindrical scatterers

Base vector a1 ax̂

a2 a( 1
2 x̂ +

√
3

2 ŷ)

Reciprocal lattice base vector b1 (2π/a)(x̂ − 1√
3

ŷ)

b2 (2π/a) 2√
3

ŷ

Filling factor f 2π√
3
(R/a)2

S(G) 2f
J1(GR)
(GR)

ders configuration mentioned above, to obtain the x–x ele-
ment of ε−1

rGG′ (3) must be applied with εc = ε11(r) and εb

the background dielectric constant, while to obtain the x–y

element εc = ε12(r) and εb = 0 must be considered.
From (2) and (3) it can be seen that the z component of

the dielectric tensor appears only in the eigenequation for
TM polarization, while the x–y component appears only in
the eigenequation for TE polarization. Furthermore, only the
eigenequation for the TE polarization is affected by the ori-
entation of the optical axis.

2.2 Brillouin zone and geometry

Due to the anisotropy of the liquid crystal and its influence
on the TE polarization, the Irreducible Brillouin Zone (IBZ)
usually considered for isotropic 2D photonic crystals with
triangular lattice it is not sufficient to represent the whole
First Brillouin Zone (FBZ). In fact, in Ref. [21] it is demon-
strated that the IBZ depends on the LC optical axis orienta-
tion. This work provides with a means for calculating the
photonic bandgaps based in choosing the IBZ depending
on the LC optical axis orientation and calculating all the k
points within the IBZ.

In this work we propose an alternative method to calcu-
late the photonic bandgaps based on calculating the bands
along the k in the main high symmetry directions of the First
Brillouin Zone. With this aim we have divided the upper
half of the FBZ in sets of k points denominated BZ30, BZ60,
BZ90, BZ120, BZ150, and BZ180, as it is shown in Fig. 1a.
The set BZ30 consists of the k points along the path �-J1-
K1-�, the set BZ60 to the path �-K1-J2-�, and analogously
for the other sets. Only the upper half is meaningful, since
for all orientations of the optical axis the system retains the
180◦ rotation symmetry. Taking into account that the sym-
metry of the photonic crystal is reduced by the fact that
the liquid crystal sets a preferential direction on the struc-
ture, the maximum and minimum frequencies of the pho-
tonic bands will appear at the points along the paths included
in the BZ sets. This permits to obtain the photonic bandgap
without calculating the photonic bands for all k points of the
FBZ, resulting in a less time-consuming numerical method.

Thus, the photonic bandgap limits and its width are deter-
mined by taking the maximum frequency for the lower band
and the minimum frequency of the upper band, at the calcu-
lated points.

3 Theoretical analysis of the bandgaps of photonic
crystals infiltrated with LC

Using this method we have analyzed the photonic bang
gap properties of a photonic crystal composed of silicon
(nSi = 3.478 at 0.8 eV) with a triangular lattice of circular
holes with radius R and lattice constant a, infiltrated by E7
Liquid Crystal (no = 1.522, ne = 1.706). Typical fabricated
silicon photonic crystals lattice dimensions are on the order
of few microns [18], with hole diameters of some hundreds
of nanometers. On the other hand, the E7 molecule length is
about 2–3 nm, which ensures the mobility of the LC within
the hole and thus its control by means of external electric
fields.

We have carried the analysis of the gap maps as a function
of the hole radius a and of the LC director angle α. The gap
maps were calculated for α between 0◦ and 60◦. We use
529 plane-waves in order to guarantee convergence for the 8
first bands within an error smaller than 1%. Due to the low
contrast index between silicon and liquid crystal there exists
only one photonic bandgap between the 1st and 2nd modes.

Figure 2a shows the gap maps for TE polarization for
α = 0◦ and α = 30◦, which correspond to the biggest dif-
ference between the gap maps. The solid line delimits the
area corresponding to the gap map for α = 0◦, while the
dashed line corresponds to the gap map for α = 30◦. The gap
map for any other angle is included within the gap map for
α = 0◦ and includes the gap map for α = 30◦. The arrows
indicate the radius corresponding to the maximum bandgap
width for the two angles i.e. for α = 0◦ maximum bandgap
(�ωa/2πc = 0.0581) is obtained at R/a = 0.401 and for
α = 30◦ maximum bandgap (�ωa/2πc = 0.0521) is ob-
tained at R/a = 0.395. Figure 2b shows a detail of the graph
in Fig. 2a, for the range of R/a where the bandgap is maxi-
mum. As it can be seen, the change of the gap width with the
LC optical axis orientation is small, and it is mainly caused
by the decrease of the upper edge of the bandgap with in-
creasing α. In this figure the difference between the radii at
which the gap is maximum can be observed. Finally, Fig. 2c
shows a detail of the gap maps in the range of R/a around
the value where the gap closes. As it can be seen, the gap
closes at different R/a for different LC optical axis orienta-
tions.

The dependence of the band gap limits with the LC ori-
entation angle can be explained by the analysis of the Hz

component field distribution for the photonic bands corre-
sponding to such limits. As we commented before, the gap
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Fig. 2 (a) Photonic bandgap map for the TE polarization for α = 0◦
(solid line) and α = 30◦ (dashed line). The arrows indicate the R/a

corresponding to the maximum gap width. (b) Detail of the region
around the maximum gap width. (c) Detail of the region of R/a with
the biggest difference between the gap maps at α = 0◦ and α = 30◦.
Insets show a schematic view of the structure

limits are formed by the first and second photonic bands (see
supplementary material).

The field distribution for the first band shows a strong
confinement in the circular holes, with almost circular sym-
metry for α = 0◦. When α changes the field distribution for
the first band does not change appreciably. The almost cir-
cular symmetry of the first band field distribution causes it
to be insensitive to the LC optical axis orientation, and thus
the lower band gap limit is constant.

The field distribution for the second band shows a node
along one diameter of the circular holes, while the Si shows
a high field amplitude for α = 0◦. When α changes the field
distribution for the second band is slightly dependent on α,
but the field is mainly confined in the Si, thus, even though a

Fig. 3 Radius corresponding to the maximum bandgap as a function
of the LC optical axis orientation, α

Fig. 4 Bandgap width between 1st and 2nd TE modes versus LC op-
tical axis orientation for (i) the radius corresponding to the maximum
bandgap at each α (black square marker), (ii) the radius giving the
maximum width at α = 0◦ (blue triangular marker) and (iii) the radius
giving the maximum width at α = 30◦ (red circular marker). The in-
sets show a detail of the ranges of α where the difference between the
three curves is maximum

corresponding change in upper band gap limit frequency is
observed, it is nevertheless small.

Figure 3 shows the radius corresponding to the max-
imum bandgap as a function of the LC optical axis ori-
entation, α. As it can be seen, the influence of α is very
small: the maximum relative difference between the radius
observed in Fig. 3 is only 1.4%. This means that a tunable
device based on this structure designed to have the maxi-
mum bandgap should have a radius in the range shown in
Fig. 3. However, an actual device must have a fixed radius,
and therefore the bandgap of the device will change with
the LC optical axis orientation. In Fig. 4, the influence of
having a fixed radius on the bandgap width is depicted. The
graph shows the bandgap width as a function of α. The three
curves correspond to: (i) the bandgap obtained with the opti-
mal radius at the given LC optical axis orientation (squares),
(ii) the bandgap obtained for the fixed radius giving the max-
imum width for α = 0◦, R/a = 0.401 (triangles) and (iii) the
bandgap obtained for the fixed radius giving the maximum
width for α = 30◦, R/a = 0.395 (circles). As it can be seen,
the bandgap width has a very similar behavior in the three
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Fig. 5 Bandgap width as a function of the LC optical axis orientation
for R/a = 0.48

cases. As it can be seen in the insets, the maximum differ-
ence between the bandgap width for a fixed radius and the
optimal width is 0.2%. This means that there is a tolerance
in the size of the radius of the holes in the photonic crystal
structure: the bandgap width dependence with the LC opti-
cal axis orientation will be almost invariant as long as the
radius lies within the range of optimal radii in Fig. 3. Fig-
ure 4 also shows that, for this range of radius, the bandgap
width changes a maximum of an 11.6% with the LC optical
axis orientation.

Another interesting feature of this structure is the fact that
the gap can be opened and closed with the LC optical axis
orientation. In Fig. 2c it has been shown that there is a range
where, for a given R/a, the gap closes at some angle be-
tween α = 0◦ and α = 30◦. By choosing appropriately the
radius of the cylinder a photonic crystal can be designed
such that its bandgap can be closed or opened up to a cer-
tain width, as a function of the LC optical axis orientation.
Figure 5 shows the gap width as a function of the LC optical
axis orientation for R/a = 0.48. For this radius the gap is
closed for α between 24◦ and 36◦ and reaches a maximum
gap width of �ωa/2πc = 0.0062 for α = 0◦ and α = 60◦.
Changing the scatterer radius results in a change of the max-
imum gap width and of the range of α where the gap closes.

The previous result suggests a structure with a tunable
bandgap that can be open and closed. However, it has a re-
markable drawback: the tolerance in the value of the radius
is very small. This can be explained by observing Fig. 2c: an
increase of 1% in the R/a results in a structure without any
bandgap, or a decrease in 1% in R/a results in a structure
where the gap never closes. This makes the actual fabrica-
tion of a device based on this feature very difficult.

In the following, we study an alternative structure that
shows a better fabrication tolerance: a photonic crystal com-
posed of a triangular array of silicon cylinders surrounded
by E7 liquid crystal. As in the previous case, the liquid crys-
tal optical axis is maintained in the x–y plane and the struc-
ture is tuned by varying the LC optical axis angle with the
y-axis, α. Figure 6a shows the gap maps for α = 0◦ and

Fig. 6 (a) Photonic bandgap map for the TE polarization for α = 0◦
(solid line) and α = 12◦ (dashed line). The arrow indicates the R/a

corresponding to the maximum gap width for all α. (b) Detail of the
region around the maximum gap width. Insets show a schematic view
of the structure

α = 12◦. The results show that, as the angle α increases,
the gap map is reduced until the gap closes for all radius
values between α = 24◦ and α = 30◦. This behavior is sym-
metric with respect the angle α = 30◦ and repeats every 60◦.
The arrow indicates the R/a corresponding to the maximum
width for all α. Figure 6b shows a detail of the range of R/a

where the gap is maximum.
This dependence of the gap with the optical axis orien-

tation of the LC suggests that it can be applied as a switch.
In this case, the radius of the silicon cylinders can be cho-
sen to modulate the duty cycle of the switch, this is: the
range of angles where the gap is closed. Choosing the radius
also defines the maximum value of the achievable bandgap
width and for R/a = 0.220 this achievable width is max-
imum (�ωa/2πc = 0.0087). Figure 7 shows the bandgap
width for such radius of the silicon cylinders (squares) as
a function of the angle α. For this radius, the corresponding
duty cycle is 80% opened/20% closed. If a 50% duty cycle is
desired, the radius should be R/a = 0.206. The correspond-
ing bandgap width can be seen in Fig. 7 as well.

Analogue to the previous structure, the dependence of the
band gap limits with the LC orientation angle can be again
explained by the analysis of the Hz component field distri-
bution of the photonic bands corresponding to such limits.
In this case, the gap limits are between the fourth and fifth
photonic bands (supplementary material).
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Fig. 7 Bandgap width between 4th and 5th TE modes versus LC op-
tical axis orientation for (i) the radius corresponding to the maximum
bandgap for all α (square marker), (ii) the radius giving a 50% duty
cycle (triangular marker)

The field distribution for the fourth band for α = 0◦
shows a strong confinement in the Si, with circular symme-
try and an appreciably low amplitude in the LC. The field
distribution for the fourth band for α = 30◦ does not change
appreciably. The low band gap limit has not dependence
with the LC orientation due to the low field amplitude for
the fourth band in the LC (supplementary material).

The fifth band for α = 0◦ shows a dipole shape along a
diameter of the Si cylinders in the �-M direction while the
LC region shows field maxima and minima. For α = 30◦
the field distribution for the fifth band shows a nodal line in
the �-K direction (supplementary material). The remarkable
change in the field distribution for the fifth band gives rise
to the higher tunability observed for this structure.

4 Conclusions

We have studied the photonic bandgap tunability properties
of 2D photonic crystal structures based on silicon and liquid
crystal components. The orientation of the liquid crystal is
such that the optical axis lies in the plane of periodicity of
the photonic crystal. In this configuration the Maxwell equa-
tions can be decoupled in TE and TM modes and the opti-
cal axis orientation only influences the TE bands. We have
studied two different structures: (i) a triangular lattice of E7
liquid crystal cylinders in a silicon background and (ii) the
inverse structure i.e. triangular array of silicon cylindrical
rods in a E7 liquid crystal background.

The anisotropy of the liquid crystal causes that the Irre-
ducible Brillouin Zone is different depending on the liquid
crystal optical axis orientation. In order to obtain an accurate
value for the bandgap limits, it has been necessary to define
a method to calculate the bandgaps of the structures based
on the plane-wave expansion and on the calculation of the
bands along paths of high symmetry in the First Brillouin
Zone.

For the first structure, the TE bandgap appears between
the 1st and 2nd bands and it has a 60◦ periodicity with the LC
optical axis orientation, α. Results show that variation of the
obtained bandgap is very small (1.4%) and largest bandgap
(�ωa/2πc = 0.0581) is obtained for α = 0◦. For angles in-
creasing up to α = 30◦ the bandgap width decreases because
of the decrease of the upper limit. However, from α = 30◦ to
α = 60◦ there is a symmetrical behavior and the bandgap in-
creases when increases α. Results also shown that the maxi-
mum bandgap depends very slightly on the radius of the LC
cylinders. This demonstrates that, using any radius in the
range of optimal radii, the variation of the bandgap width
presents an undistinguishable dependence with α.

In contrast, the second structure i.e. silicon rods sur-
rounded with LC presents a bandgap that is opened be-
tween α = 0◦ and α = 24◦ and it is closed between α = 24◦
and α = 30◦. For R/a = 0.220, we obtain the maximum
bandgap (�ωa/2πc = 0.0087). Otherwise this behavior can
be used to design the desired duty cycle by adjusting the ra-
dius of cylinder appropriately, at the cost of having a nar-
rower maximum bandgap.

The dependence of the band gap limits with the LC ori-
entation angle has been explained by the analysis of the field
distribution of the photonic bands corresponding to such
limits. The results show that the change in the band gap lim-
its depends not only on the field confinement in the LC but
also on the field distribution symmetry.
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