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Abstract: In this work, the transfer matrix method (TMM) is employed to investigate the optical
properties of one-dimensional periodic and quasiperiodic photonic crystals containing nematic liquid
crystal (NLC) layers. This structure is expressed as (ABC)J(CBA)J and made of alternated layers of
isotropic dielectrics SiO2 (A), BGO (B) and nematic liquid crystal (C). The simulation study shows
that the proposed ternary configuration exhibits tunable defect mode within the photonic band gap
(PBG) that can be manipulated by adjusting the thicknesses of NLC layers in order of the periodic
lattice. In addition, the optimized structure permits for strong confinement light giving rise to an
optical microcavity. The application of an applied voltage into NLC layers enables improving the
sensitivity by guiding the local defect mode. It has been also shown that by applying quasiperiodic
inflation according to Rudin Shapiro Sequence (RSS) scheme to main periodic structure, several
tunable resonant modes appear within the PBG. The presence of such sharp resonant peaks reflects
that the quasiperiodic NLC-based structure behaves like multiple microcavites with strong light-
matter coupling.

Keywords: transfer matrix method (TMM); photonic crystal (PC); quasicrystals; nematic liquid
crystal (NLC); rudin shapiro sequence (RSS)

1. Introduction

Photonic crystals (PCs) discovered by Yablonovitch in 1987 [1] are artificial composites
of insulating or metallic materials. In PCs the electromagnetic waves are prohibited to
propagate in certain frequency ranges called photonic band gap (PBG) and are allowed
modes in other ones. These features leading to control light within certain wavelength
regions are very useful for the implementation of optoelectronic devices [2–5]. Further, [6]
has explained the whole theory that represents the background about confined modes
in photonic band gap of multilayer nanostructures. Photonic quasicrystals (PQCs) are
a new field of photonic band gap materials. It is an intermediate medium between the
periodic and disordered crystals that possess a perfect long-range orientational order
without translation symmetry [7–10]. The quasiperiodic 1D-PCs are the simplest form
of PQCs, and they are built according to deterministic inflation rules of quasiperiodic
sequence such as Fibonacci, Thue Morse, Cantor, Rudin Shapiro [11–13].
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Recently, intensive studies used quasicrystals and photonic amorphous materials
instead of ordinary PC in order to improve the performance of an optical devise [14–16]. It
opens structural microcavities within the main PBG, which improves the photonic band
gap properties [17]. The rupture of periodicity offers one defect within the PCs called cavity
that is able to confine light in which the field distribution exhibits a strong localization and
opens new narrow peaks of high transmissivity within the PBG [18–24].

The incorporation of external materials into pure periodic PCs such as superconduc-
tor [25–27], metal [28], magnetized plasma [29], semiconductor [30] and liquid crystal [31–33]
permits introducing a localized mode that is very useful to develop compact optical res-
onators. Such a photonic resonator is highly sensitive to external conditions such as
temperature [34], pressures [35] and self-organization of multilayered stacks [36].

Among the above-mentioned materials, the insertion of liquid crystal into PCs has
attracted much attention due to promising applications in switching and filtering operations
such as optical switches and antireflection coating [37–40]. Further, [41] has proposed an
optical beam steering device, operating at a wavelength of 1550 nm to drive the light by the
new fascinating LC and metastructures/metamaterials. Also, Chong Wu et al. [42] have
studied optical properties of one-dimensional PC incorporting nematic liquid crystal (NLC).
They demonstrated tunability of transmission spectrum by modulation of the nematic
director and applied voltage of NLC slab. Commonly, the liquid crystal (LC) is a substance
between the crystal solid and the isotropic liquid that possesses significant characteristics of
both crystalline solid and liquid. This intermediate state exhibits some physical properties
not found in both liquid and solid states. They have regular properties well-ordered by
magnetic or electric fields. They possess moving molecules with limited rotational mobility.
There are many types of liquid crystals, which differ according to the arrangement of their
molecules: Semitic, Nematic and Cholesteric. Further, the planar Nematic LC is extensively
used as a central defect into one-dimensional (1D) PCs due to its ability to obtain a tunable
Photonic bang gap (PBG). This type of hybrid LC-Photonic crystals exhibits an excellent
ability to control the propagation of light modes. The paper discusses the optical properties
of 1D periodic and quasiperiodic photonic crystals containing Nematic liquid crystals. The
studied structure in this work is expressed as (ABC)J (CBA)J and made of alternated layers
of isotropic dielectrics SiO2 (A), BGO (B) and nematic liquid crystal (C) materials. The
simulation study is based on the transfer matrix method. In addition, the paper discusses
the possibility of improving the photonic bandgap and resonant peaks within the band gap
in 1D photonic crystals and quasicrystals using the transfer matrix approach. A numerical
optimization of transmitted resonance peak is achieved by applying an external voltage
to the nematic liquid layers and adjusting the properties of incorporated nematic liquid
layer, showing a significant improvement of photonic bandgap and resonant peaks. To
improve the confinement of light by open multiple microcavities, multilayered stacks with
constituents arranged according to Rudin Shapiro Sequence (RSS) scheme is followed.

2. Theoretical Model

The one-dimensional periodic and quasiperiodic multilayered stacks are built ac-
cording to the periodic modulation of the dielectric constants and the substitution rule
of quasiperiodic sequence, respectively. It is well known that these kind of quasicrystals
with perfect long-range order and without translational symmetry exhibit self-similarity
properties. The transfer matrix method (TMM) has been employed to investigate the optical
response of these stratified media. The TMM approach takes into consideration several
important potential physical phenomena. It constitutes an efficient tool to compute power
distribution as well as transmission, reflection and absorption coefficients in stratified
structures. Within the TMM approach, the amplitudes of the input and output electric
fields are expressed by the matrix formula as [43,44].[
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E−0
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=

m

∏
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[
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where Cj denotes the transfer matrix of the jth layer, and it is given for both TM and TE
polarizations by [43,44]:

Cj =

(
exp

(
iϕj−1

)
rj exp

(
−iϕj−1

)
rj exp

(
iϕj−1

)
exp

(
−iϕj−1

) )
(2)

Here, ϕj−1 which denotes the phase in (j − 1)th layer can be expressed from [43,44]
as follows:

ϕj−1 =
2π
λ

n̂j−1dj−1cos θj−1 (3)

where dj−1 , n̂j−1 and θj−1 are respectively the thickness of the refractive index and incident
angle of the (j − 1)th layer. The Fresnel coefficients tj are rj can be written as follows [43,44]:

For TE or p-polarization:

rjp =
nj−1cos θj−njcos θj−1

nj−1cos θj+njcos θj−1
(4)

tjs =
2nj−1cos θj−1

nj−1cos θj+njcos θj−1
(5)

For TM or s-polarization:

rjs =
nj−1cos θj−1−njcos θj

nj−1cos θj−1+njcos θj
(6)

tjs =
2nj−1cos θj−1

nj−1cos θj−1+njcos θj
(7)

For both modes, the transmittance is given by [40,41]:

Ts= Re
(

n̂m+1cos θm+1

n̂0cos θ0

)
|tS|2 (8)

Tp= Re
(

n̂m+1cos θm+1

n̂0cos θ0

)
|tP|2 (9)

The refractive index of an NLC layer is given by [45,46]:

nCL =

 n2
o sin2 ψ + n2

e cos2 ψ (n2
e − n2

o) cos ψ sin ψ 0
(n2

e − n2
o) cos ψ sin ψ n2

o cos2 ψ + n2
e sin2 ψ 0

0 0 n2
o

 (10)

where no and ne are the ordinary and extraordinary refractive index of NLC, respectively.
Here, ψ denotes the the tilt angle of NLC molecules.

For ordinary wave, the refractive indices are isotropic and can be expressed as [47]:

nCL =
none√

n2
o sin2 ψ + n2

e cos2 ψ
(11)

When an external voltage is applied to an NLC slab, the nematic liquid crystal
molecules can be simply reoriented. From the Ossen Frank elastic theory the direction of
NLC slabs exhibits inhomogeneous distribution under applied electric fields.

The relations between the applied voltage V and tilt angle of NLC molecules can be
written as follows [48]:

V
Vc

=
2
π

π
2∫

0

√
1 + kη2 sin2 ψ

1− η2 sin2 ψ
dψ (12)
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Here, η = sin αm with αm is the maximum tilt angle in the NLC slab. Note that
k = k3−k1

k1
with k1 and k3 are the Frank elastic constants and Vc denotes the threshold

voltage. The plane geometry of the cell construction consisting of periodically modulated
of three different layers is shown in Figure 1. The heterolyers follows the distribution:
H(LH)J[LCN]H(LH)J. Here, J determines the number of period of stacks. Let us note
that the stratified multilayer stacks are embedded in air background with refractive index
nair = 1.

Figure 1. Stratified multilyered stack of three layers containing nematic liquid crystal (NLC) slabs designed as:
(ABC)3(CBA)3 with SiO2 (A), BGO (B) and NLC(C) connected to external voltage.

3. Result and Discussion

We will employ the TMM approach to investigate the spectral behaviors of 1D NLC-
based photonic structures versus parameters related to NLC constituent layers such as
thickness, tilt angle and applied voltage.

First, the optical response of a regular 1D NLC–PC with the configuration (ABC)5

(CBA)5 is analyzed. In this numerical calculation, layers A and B are are chosen to be silica
(SiO2) and Bi4Ge3O12 (BGO) materials, respectively. The corresponding refractive indices
and thicknesses of layers A and B are (nA = 2.3, dA = 287.5 nm) and (nB = 1.45, dB = 181.
25 nm). The layer C corresponds to the nematic liquid crystal (NLC) with ordinary and
extraordinary refractive indices no = 1.500 and ne = 1.689, respectively [44]. The thickness of
the NLC layer and the threshold applied voltage are taken to be dC = 165 nm and VC = 0.96
volts, respectively. For the nematic liquid crystal, we choose the following elastic constants:
K1 = 12 pN, K2 = 9 pN and twist, K3 = 19.5 pN as in [48].

The design of 1D PhC consisting of multilayer thin films of either isotropic or anisotropic
materials has widely studied. The design of 1D PC containing NLC with desired prop-
erty needs the employment of spacers around the NLC lattice. It is worth noting that
spacers can be practically used to sandwich the NLC layer with the stacked dielectric
multilayers. Further, the spacers will not affect the transmission characteristics through
the studied 1D NLC PhC, and hence the spacers will not be taken into consideration in the
simulation process.

Figure 2 shows the linear 3D transmission spectrum versus wavelength and incident
angle (rad) for different rotational angles of NLC. It is clearly seen that the considered
structure exhibits a defect mode within the PBG region 460–550 nm for both rotational
angles of the NLC. This defect mode shifts towards higher wavelengths as the incidence
angle increases. This behavior is due to the increase of the refractive index, the anisotropy
and mode coupling in the structure and the applied voltages on NLC layers in order to
keep the same thicknesses of all heterolayers. The configuration of the proposed 1D PhC
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containing nematic liquid crystal acts as an optical microcavity; this is due to the appearing
of strong optical confinement in the corresponding transmittance spectra.

Figure 2. Linear transmission spectrum of (ABC)5 (CBA)5 configuration at different rotational angles of NLC.

Figure 3 shows that the 2D allowed structural modes at two distinct tilt angles of
the NLC layers ψ = 0 (VC = 0) and ψ = π

2 (VC = VCmax). It can be clearly appreciated
from Figure 3 that there are sharp narrow peaks within the main photonic band gap
(PBG). When ψ increases from 0 to π/2, the spectral position of this mode moves toward
longer wavelengths. This behavior is due to the decoupling between the main constituents
NLC/PC within the present stacks.

Figure 3. Electric field profiles spectra through 1D-hybrid NLC/photonic crystal (PC) stacks as function of wavelength and
wave incidence angle and for: (a) ψ = 0 and (b) ψ = π

2 .

To further explore the properties of defect modes of our regular NLC-based photonic
structure: [ABC]J[BAC]J in visible spectral range, we calculate the transmission spectra at
normal incidence for different number of periods J = 5 and J = 8. Figure 4 shows that the
amplitude of resonant peak can be modulated by varying the number of period J of the
photonic crystal. We achieved a resonant peak with amplitude of 100 % for J = 5 and 75% for
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J = 8. So the present NLC-based photonic structure acts as an optical microcavity in which
light is strongly localized. Thus, the differences between the spectra of Figure 4a,b can be
attributed to the coincidence of wave propagation at reference wavelength and dielectric
contrast effects. Thus, an efficient heterostructure with a sharply defined microcavity for
the least number of layers has been acheived.

Figure 4. Transmission spectra of a quarter wave hybrid NLC/PC: [ABC]J[BAC]J dielectric het-
erostructure as function of wavelength with J is set to be 5 (a) and 8 (b), respectively.

The reason the amplitude of resonant peak can be modulated by varying the number
of period of the photonic crystal can be understood by the constructive and destructive
interference of multiple reflections arising from the wave fronts generated at each inter-
faces separating two different materials with refractive index n1 and n2. Generally, by
increasing the number of layers of the structures, more and more transmission zones
diminish gradually and some of them approach zero transmission. For larger periods, the
multiple reflectance increases and the amplitude of wave propagation through the material
is slightly attenuated. In Figure 4, the remaining peaks appear around the main band gap
and represent the defect modes with nonzero transmission. Such a defect mode is a bound
state out of continuum and is created due to the resonances.

Figure 5 exhibits the transmittance spectra at normal incidence for various thicknesses
dNLC of NLC layers. The figure shows that the spectral position of the resonant peak is
strongly affected by the variation of dNLC. The peak height is not influenced by the variation
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of dNLC, while its spectral position is shifted toward higher wavelengths by increasing
dNLC. Hence, the proposed NLC-based PC configuration offers a tunable bihavior against
the thickness of the NLC layers. Such structures are suitable tools for designing of tunable
narrowband filters and high sensitive sensor devices. Further, the output spectrum of
the proposed optical resonators exhibit a quality factor that gradually decreases as dNLC
increases. Therefore the quality factor values of the obtained resonators are about 842.10,
827.72, 812.18 and 798 for dNLC set to be 150 nm, 155 nm, 160 nm and 165 nm, respectively.

Figure 5. Evolution of resonant peak of regular symmetrical NLC-PC sample as the function of
wavelengths for different thickness dNLC of NLC.

Next, we analyzed the influences of applied external voltage on the properties of
the defect mode of our NLC-based photonic structure. Figure 6 displays the dependence
of resonant peak with applied voltages bias. Note that the spectral position of the peak
shifts towards longer wavelengths when the applied voltage increases. This behavior is
due to the fact that the reorientation of the director is sensitive to refractive index of NLC.
Moreover, the orientation of the molecules of NLC is controlled under the variation of
applied electric field. So, the increase of applied voltage leads to the gradual increase of
the energy of the electric field. In addition, the function of electric field play a leading role
when the applied voltage exeeds the threshold value.

Figure 6. Evolution of resonant peak of regular symmetrical NLC/PC sample as the function
of wavelengths for different external applied voltages V. Here, dNLC are set to be 0.96 v, 1.01 v,
V = 1.125 v and V = 1.19 v, respectively.



Photonics 2021, 8, 150 8 of 11

In order to improve the characteristics of designed microstructure, we introduce a
simple aspect of disorder in the arrangement of our initial structure that leads to a new
photonic quasicrystal (PQC). This new NLC-based PQC is built according to Rudin Shapiro
Sequence (RSS) scheme that leads to the development of a regular polychromatic filter
with improved performances. Figure 7 shows the transmittance spectra at normal inci-
dence of the NLC. It is obvious from this figure that the stucture exhibits two resonant
modes with maximum amplitude (100%) called microcavity peaks (m-peaks) at λ0 = 0.5 µm
and λ1 = 0.72 µm, repectively. The spectrum exhibits secondary peaks with lower ampli-
tudes (about 85%) that appear at harmonic wavelengths λ = 0.41 µm and λ = 0.65 mm,
respectively. In addition, we note the presence of PBGs in which the propagation wave is
forbidden. The RSS configuration exhibits sharp and multiple resonnat peaks compared to
the symmetrically chirped-NLC based PC configuration.

Figure 7. Transmission spectrum of a quarter wave hybrid NLC/PC materials built according the
fifth order of RSS as function of wavelength.

Let us consider hybrid NLC/PC structures built according the fifth order of RSS with
applied external voltage. We studied the effect of change in applied voltage on RSS trans-
mittance spectra. In Figure 8, we have plotted the wavelength-dependent transmittance
at different voltages V = 0.96 v, 1.01 v, 1.125 v and 1.19 v, respectively. By increasing V,
the obtained resonances shifted to a longer wavelength region. It is obvious that from
all spectrums the amplitude of given resonance peaks increases with set voltages. This
increase in peak height means a complete resonance at the defect mode with perfect or-
ganization orientational of nematic liquid crystal molecules. Then, such set voltages are
very important to calibrate the hybrid NCL/PC structure by adjusting the characteristics
of resonance.

Now we discuss the influence of set voltages on transmittance spectra at reference
wavelength λ0 = 0.5 µm. Figure 9 shows the dependence of the given resonance peak on
the wavelength in the region near the reference wavelength. Looking at the spectrum, all
amplitudes are approximately equal for the different set voltages. Referring to this Figure,
an obvious shift is well-observed when the set voltage of the NLC layer increases from
V = 0.96 v to V = 1.19 v. The former cited shift is caused by the increase of the resonant
cavities, which permits the localization of higher wavelength. This property improves the
capability of the proposed NLC photonic crystals for optical and sensing applications.
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Figure 8. Dependence of the transmittance on the wavelength of hybrid PC with incorporating NLC
built according the fifth order of RSS for different values of applied external voltage.

Figure 9. Evolution of the transmittivity spectra with wavelength of a hybrid PC with incorporating
NLC built according the fifth order of RSS for different values of applied external voltage.

4. Conclusions

To conclude, TMM method was employed to investigate the transmission properties
of 1D NLC-based PC resonant structures with periodic and quasiperiodic patterns. The
main stacks consist of alternate photonic materials and the NLC. It was shown that the
NLC-based PC structure with periodic configuration exhibits a sharp cavity mode within
the PBG. Our simulations revealed that both the amplitude and the resonance frequency
of such cavity modes are strongly dependent on the optogeometrical parameters of the
NLC layers. Such structures are suitable tools for designing tunable narrowband filters
and high-sensitive sensor devices. In addition, the rearrangement of the NLC-based PC
structure according to Rudin Shapiro Sequence (RSS) scheme leads to the opening of
multiple induced defect modes within the PBG, and the structure behaves like an optical
resonator with coupled multiple microcavities.
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