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Abstract: The current research is aimed to investigate the alterations of its optical
features of novel adjustable three color narrowband optical filters, which comprise of
blue, green and red light. A narrowband adjustable transmission optical filters according
to dielectric- ferroelectric heterostructures photonic structures are designed using the
transfer-matrix method (TMM). The dependence of the ferroelectric refractive index on
the external applied voltage is considered in our investigations. The transmission spectra
of the designed hetrostructures with the most valuable parameters, like repeat cycle
counts number of PCs, external electric field, and incident angle for both TE and TM
polarizations are numerically investigated. The results show that the transmission peaks
of three color filter shift toward the shorter wavelength by increasing the incident angle
for both polarization. Also, adjustability of the optical features of the proposed
hetrostructures crystals external applied electric field is investigated .Therefore, these
calculated results reveal an innovative idea for designing the tunable trichromatic filter
and display applicationsthis.
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1. INTRODUCTION

Photonic crystals (PCs) are periodic management of dielectric layers along
some direction, with the distances between the adjacent units in order of a
fraction of the optical wavelength [1-3]. In particular, PCs correspond to
dielectric, metallic or semiconductor structures that present some kind of
recurrence relation in their refractive indices [4-6]. By controlling and
manipulating the flow of light in different frequency ranges and/or containing
disparate PC structures with various widths, the reflectance, transmittance, and
absorptance can be designed and modified. PCs can be the new raw material for
making photonic circuits; this can be used as a filter optical diodes [7, 8],
waveguides [9], sensors [10, 11], etc. For most recruitments, a defective PCs are
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more favorable than the complete ones. Defect mode can be generated by
interrupting the translation symmetry or structural periodicity of PC, and this
defect state allows the transmission of light at a comparable frequency, and this
advantage can be occupied in the model of optical filters [12-14] and multi-
channel filters [15,16]. By modifying the number and thickness of defect layers,
and use defined materials in photonic structure the multiple channeled optical
filters can be produced to locate inside the photonic band gap (PBG) [17].
However, by increasing these parameters and use of the defined materials in
photonic structures, the width of the PBG becomes narrow or compress, and the
sidebands transmission cannot be restricted, this events confines the application
of multichannel filters in PCs [18]. Several one-dimensional (1D) PCs with
different optical properties are unified, photonic heterostructures can be created.
Given that different PCs have various band gap widths, photonic
heterostructures can display various characterizes [19]. Recently, much
attention has been paid to vary the physical parameters of different
hetrstructures PCs with a wvarious layer thickness and materials that
monochromatic transmittance of the multicolor filter can be achieved, so it has
more superiority than the conventional dielectric PCs, which most of these
structures are single- channel filters [20, 21]. Here, we scheme of color filters
that is based of 1DPCs configurations by combining two PCs made up different
kinds of materials containing adjustable refractive index and distinct thickness.
The ingredients of the PC is composed of typical dielectric and ferroelectric
layers in the presence of external electric field to create tunable trichromatic
filters with non-transmission band gab in contrast to the transmission of
conventional PCs. In fact, the advantage of placing ferroelectric in the
considered structures to undertake this research resides in the fact that the
authors have found no studies of heterostructures PCs with tunable optical
filtering properties. It can be stated that the electro-optic photonic crystals have
attracted much attention owing to their unique electromagnetic wave properties
such as the ease of using the external electric field and the ability to control the
physical parameters [22-24]. Our main goal is to study the possibility of
constructing electro-tunable three-color filter in the visible region that is
compound of two 1DPCs with three diverse materials and widths. The 1D dual-
periodic PCs containing the ferroelectric layers with high transmission
efficiency are characterized by a large non- transmission range and have three
defects located in blue, green, and red light. Therefore, we apply the electro
static bias perpendicular to our proposed structure. The influence of varying
external voltage is illustrated that the position of the three channel filter red and
blue shifted by applying the negative or positive biases, respectively. In
additional, the possibility to achieve a tunable color filter is discussed through
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changing the incident angle for both polarizations

2. THEORETICAL AND FORMULATION

Consider a 1DPC structure constituted by the periodic repetition of three
different kinds of material layers in the presence of external electric field in the
direction of propagation of light (z axis), as shown in Fig. 1. The proposed
structure is composed of two different periodic PC units, (as )@ and
(cp)d , which ¢ and p are the period number of (as) and

(cD ),respectively. Here, ap are assumed to besip, with refractive
indexn, =15 and B is considered wgr ) with refractive indexn, =238 [8,

22]. In this configuration ¢ layers is assumed ferroelectric layer such as

LiNbO3 (LNO) layer, when external voltage varies, it affects the index of
refraction on C layer due to electro-optical effect. The photonic crystal

unit cell constant is represented as a, d,,d,,d. and dp represent the

thicknesses of agc and b, respectively, and d, =38nm ,dg =63 nm ,

va
= ~

(DCY? (BA)? (cpy?

de =85 nm and d =113 nm.

oo

A,
~—

Fig. 1. Schematic drawing of (AB )4(DC )P (BA)%(CD)P . The external voltage is applied
along the z direction.

The 4x4 transfer matrix method has been used to describe the optical
properties of the multilayer structure composed of uniaxial and biaxial magneto-
optic materials [23, 24]. In this work, it is used to investigate the transmission
spectrum properties of the PC structure containing a uniaxial electro-optical
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defect layer (LNO).Consider an electromagnetic wave with frequency of @,
electric and magnetic fields of E and H, respectively, incident to the structure
with angle @ with respect to the z-axis. The fundamental equations for an
electromagnetic wave are given by the following Maxwell equations:

- o> > - -
VxE(r,t)=io u, H(r,t)
- o - - > > (1)

VxH(r,t)=—w &, & E(r,t)

After solving the Maxwell equations, it can be shown that the equation
governing the tangential components of the electric and magnetic fields is [23]:

oy
0z o2V
where ky=wlc is the vacuum wave vector, y is

vector( 20y JHoH 1 /0, ﬂon)* and A is a coefficient matrix with

elements that depend on the optical properties of the medium . LNO is an
anisotropic electro-optic uniaxial crystal with a relative permittivity tensor of
[25- 27]:

e 0 0 nz 0 0
e=| 0 & 0|=g/0 n2 0 (3)
0 0 e 0 0 n

When the external electric field is applied parallel to the optical axis of the
crystal and the optical axis falls along the z-axis (Fig. 1), the ordinary and
extraordinary refractive indices are given as [30]

1 \
N (V) =N (0) =5 M (0)°r () (4)
n,(V)=n, —;ngrls(\é), ()

where rasand r, are the electro-optical coefficients, and D =0.5mm is the
distance between the two electrodes in the direction of Z-axis. and n_(e) is the
extra-ordinary refractive index which is dependent on the incident angle as,
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1 _cosé?2 sin 92

= +
2 2 2
ne (9) ne no

: (6)

here, n, and n_ are the extra-ordinary and the ordinary refractive indexes

parallel and perpendicular of the optical axis, respectively. Solving Eq. (2) for
LNO layer, where the principal axes coincide with the x, y and z axes, the
coefficient matrix A is given as

1-N2 /e, 0
0 0 (7)
0

LNO

oOFr OO

0
&
Ao =| &
0

0

0
0 g, ~NZ

here, N =n,sing, Where n, and ¢ are the refractive index of the incident

medium and incident angle, respectively. It has been shown that the elements of
the transfer matrix depend on the eigenvalues of matrix A. After algebraic
calculation, the eigenvalues of A matrix can be defined as:

ay, =, A-N2/&,) sy, = [e,~N2 - (8)

The eigenvectors corresponding to the eigenvalues ., are the elements of A

matrix. Solving Eq. (2) using the eigenvalues and eigenvectors of matrix A,

shows that the tangential components of the fields through the LNO layer can
be transferred as follows:

V/(Z+d4):M|_No (d4)l//(Z), (9)
where M LNO is the 4x4 transfer matrix of the anisotropic LNO layer and is
given by
ik , sin(k
sy dy)  stonte) 0 0
) ink d A12
A
BuaI0ota) ooy 0 0 (10)
M LNO = ay,
isin(koct,,d
0 0 slkgaydy)  nta2ta)
ay
0 0 ik 4 sin(kgazy,d,)  cos(Kgerp,dy)

The dielectric permittivity tensors for the A, B, and D layers, which are
isotropic, are given as
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e=[0 & 0|(j=AB D) (11)
0 0 g

J

Also, the coefficient matrix a and the transfer matrix M for A, B and D layers
can be calculated by the same method as follows

0 1-NZ/ 0 0
]
& 0 0o ol (12)
AJ.: i
0 0 0 1
0 0 g-NZ2 0
iy, sin(kya ., d;
cos(kya ) w 0 0 .
]
ig;sin(koa;,d;) k (13)
————  cos(kea,d)) 0 0
M; = aj
isin(kya;,d
0 0 cos(kgt 0 ) w
jz
0 0 iasin(koa,d;)  cos(kea,d;)

hereajz = Jo,-NZ and d; is the thickness of the corresponding layer. The total

transfer matrix representing the entire structure is given as

M:(MAMBPMAﬂwmoMAJMBMAF
My Mg My My,
My My My My,
M3 Mj Mg My,
My My My My,

(14)

After a series of algebraic calculations applying the boundary conditions to the
interfaces of the layers, the relation between the incident, reflection, and
transmission fields can be expressed as [23,24]:

Etm My My Mgz My YEY

Etv |[_|Mar My My My | 0 | (15)
Efe Mg Mg, Mg My, | Ere

Ef: My My My My, 0

whereEl,, Ef,, Ele, Efz, EY, and EL denote the complex amplitudes of the

TE and TM modes of the incident, reflected, and transmitted waves,
respectively. For example, the transmission coefficients of the TM- and TE-
polarized waves are,
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Elg -0 M M35 —M3Mg . (16)

The corresponding transmittances are T,,, =/t |* and T =ftre |*

3. Results and Discussion

From Eq. (3) it can be observed that the refractive index is linearly proportional
to the applied external voltage, so that positive voltages are reducing the index
of refraction and negative biases are increasing it. It is worth stressing that the
voltage breakdown of LNO exceeds 10’ V/cm [28-30]. Both substrates
surrounding the PC are simply assumed to be air. First, we concentrate on
finding the optimal number of periods (gand p) that utilize PBG and design

optical filter without introducing defect layers. The numerical calculations are
performed for the V =0 and @ =0". Fig. 2 shows Figures 2(a) and 2(b) present
the calculated transmittance spectra of two PCs composed solely of units (A )?
and(pc ), respectively. These spectra exhibit two different PBGs because of

their difference in lattice constants. It is seen that in Fig. 2(b), the bandgap of
the structure shifts to the longer wavelength, and its bandwidth broadens as the
lattice constant increases. Figure 2(c) shows the transmittance spectra of the 1D
dual-periodic structure (aB)*(pc)® composed of two different of 1D PCs. The

PBG of (aB)°(Dc)? overlaps the bandgaps of (aB)® and (pc)® because (AB)?(DC)°
is composed of (aB)® and (pc)®. Also, the band gap of this configuration
overlaps the total visible wavelengths utilized as an optical reflector.

0.5} (aB)° J
. (@
(DC)? \
e (b)
. .
o.sf i ‘ ‘ “ (aB)°(DC)® \/ \ ©
760

gOO 400 500 600
Wavelength(nm)
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o
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Fig. 2. Transmittance spectrum of 1D PCs (AB)?, (DC)?, and (AB)?(DC)?, the
relationship between 1D PCs. (a) (AB)?.(b) (DC)?. (C) (AB)®(DC)?.

Owing to the creating of the widened PBG of the above PC structure
(AB)°(DC)? to changing arrangement of structures by combine to form with dual-
periodic PC structure, (AB)4(BA)*(DC)*(cD)*. By changing the units of proposed
structure are considered as defect layers because the disorder is introduced into

the periodic structures. Figures 3 show the transmittance spectra of 1DPC
structures (AB)4(BA)*(DC)*(cD)4. It is shown that in the proposed hetrostructure,

light penetrates the PCs through resonating tunneling and can obtain
more tunneling peaks, called defect modes. Therefore, three defect modes
located at 447.5, 521.2 and 605.4 nm, respectively, are observed (Fig. 3). These
defect modes sets to blue, green and red light, respectively. This feature of the
photonic heterostructure offers a probable way for the design of various color
defect modes in the visible range. This behavior also acts convenience for the
design of color filters with various defect modes with high transmittance.

0.8
(aB)*(BA)(CD)*(DC)*

|

0.4

T

T T T T T
300 350 400 450 500 550 600 650 700 750 800

Transmittance

Wavelength(nm)

Fig.3. Transmission spectra of (AB)4(BA)*(DC)4(CD)* When p and g has same values.

Considering the various factors that affect the position, number and
transmittance of filters, the search areas for the number of periods of the
heterostructures and external applied voltage have
to be determined. In this section, we analyze the repeat cycle counts qand

p parameters of the photonic heterostructures on the transmittance spectra. We

can see from Fig. 4 that, by changing the repeat cycle counts structure, to
achieve defect modes with high transmittance in the blue, green and red light
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over the entire visible region, is considered as the final outcome. A superior
result can be obtained when gand p is equal to 5 and the ideal condition is

obtained when ¢ is equal to 5, as shown in Fig.4(a). Also, notice that the
intensity transmissions of the defect modes by choosing g =6 in the Fig.4 (b),

which can lead to the enhanced transmission of the proposed structure compared
with the case g =5 .
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Fig. 4. Relationship between different 1DPCs heterostructures and the intensity
transmission of the defect modes.

In the next stage, the influence of the external applied voltage on the
transmission behavior for optimized structure as mentioned with configuration
(AB)®(BA)®(DC)8(CD)® , has been investigated as a possibility for flexible control of
the transmission peak. With regards to Eq. (3), the effective refractive index of
the LNO increases with increase in the applied negative voltage, while, it
decreases with increase in the applied positive voltage. Figure 5 (a) displays
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transmission spectra as a function of the light wavelength for different applied

external voltages, at normal incidence angle (@ =0"). It is important to note
that, we just consider the wavelength regions around the defect positions. As it
can be seen from this figures that, there are nearly perfect transmissions (modes
2 and 3) for all values of the applied voltages and the peak wavelength of the
defect modes moves toward shorter wavelengths (blue shift) by increasing the
applied external voltage from 0 kV to 400 kV, at modes 2 and 3. Also, It can be
seen from Fig.5 (b), that the defect modes (modes 2and 3) are red shifted for
negative biases voltage. This shifting property indicates that the structure can be
utilized to design a tunable optical filter. Furthermore, it can be understood from
this figure that the transmission peak of mode (1) remain almost constant by
increasing for both biases voltage.

— V=0
V=200 KV
0.8 | —— V=400 KV
0.5
8 0.6 mode 2
2
g /
I5
S o aars mode 3
= 0.4
mode 1
3 ( J kl
° k
440 460 480 500 520 540 560 580 600
Wavelength(nm)
1
—_— V=0

V= - 200 KV
— V= - 400 KV

Transmittance

440 460 480 500 520 540 560 580 600 620

Wavelength(nm)

Fig. 5. Transmission as a function of wavelength of designed structures at positive
biases (a) and negative biases (b) with different applied voltages, at normal incidence

angle (6=0).
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The optical properties of conventional filters are relevant to the incidence
angle and polarization of the incident light for both the positive and negative
voltage. The results are shown in Fig. 6, at fixed applied voltage of
+200 KV and +£400 KV . It can be seen that in the both polarizations the

defect mode shifts toward the lower wavelengths as the incident angle increases
for both the positive and negative biases. Also, the peak height of optical filters
for T E waves decreases as the angle of incidence increases. In additional, it can
be seen that the defect modes are compressed and broadened with increasing of
the angle, for TM and TE polarization, respectively. So, we can deduce the
TE-polarized waves more sensitive to the angle change than TM-polarized
waves.

—6=0 —gg?

0 e
08 b TE 08 A
— =45 —— =45’

@
0.6 206
V=200 KV

V=200 KV

Transmittance
Transmittan:

04

Tl bt LJ

350 400 450 500 550 600 650 350 400 450 550 600

500
Wavelength(nm)
Wavelength(nm)

V= - 400KV,

P—
e Wavelength{nm)

Fig. 6. Transmittance spectrum of proposed 1DDPC structure at different incident
angles for TE and TM polarizations in two externally applied voltages of 200 KV and -
400KV.

For more clarity, the behaviour of peak wavelength of the three colour filter
and PBG on the variation of the incidence angle is illustrated in Fig.7 for both
polarization, at a specified value of the external voltage (V=200KV). An
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incidence angle dependent defect modes and PBG is clearly seen. It is apparent
that the defect modes are blue shifted as the incidence angle increases for both
TE and TM polarization. Also, the width of the PBG are decreased as the angle
of incidence increases. In the TM polarized wave, the PBG is narrowed when
the angle increases. Whilst, in the TE polarized wave, the PBG is broadened by
increasing the incident angle. This feature is sharply contrasted to the case of
using the usual structure. These results indicates the design three color optical
filter with an external adjustable factor that can be more useful to design
modern optical devices.

ST gy,
O
LT T

RELE ETY
Ty HHEHH'

Incident Angle({ Degree)

Fig.7. Dependence of defect mode peak wavelength on incident angle for TE and TE
polarizations at fixed external voltage of 200 KV.

4. CONCLUSIONS

In conclusion, the transmission properties of 1DPCs aperiodic dual
heterostructures have been investigated theoretically and numerically. the
possibility integrate of the photonic structures permits to build a new class of
heterostructures photonic crystals which exhibit an original characteristics and
design tunable three color filters and narrowband filters for ordinary
improved structure in terms number of period’s structures, external
applied voltage, and incidence angle for TE and TM mode in the visible
region is investigated. The numerical results indicate that, by applying
an external positive bias of 0-400 kV in the x-direction to the
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ferroelectric layers, the wavelength positions of the optical filters in the
transmission spectra blue shift. But a red shift is observed in negative
biases. Also, the peak wavelength of the defect modes have a blue shift
as the increase the angle of incidence for both TE and TM waves. In
additional, for TE polarization, the width of the PBG is broadened and
vice-versa for TM polarization. This heterostructure can be applicable for
the designing of tunable three-color filters for various optoelectronics
applications of potential interest in the fields of photonics and
optoelectronics in the visible region.
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