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Abstract 

The influence of the variation in the incident angle and applied voltage on tunability  of defect modes in a one-
dimensional photonic crystal made of ferroelectric as a defect layer is theoretically studied for TE and TM 
polarizations. The amplitude of the TE-polarized defect mode decreases with increasing incident angle, whereas the 
amplitude of the TM-polarized defect mode increases. In the angle-dependent defect mode, its peak wavelength is 
shown to be blue-shifted as the angle of incidence increases for both TE and TM waves. In the voltage tuning, for two 
TE and TM polarized the defect modes are blue-shifted as the positive bias is applied, whereas they are red-shifted 
when the bias voltage is negative. With change incident angle, a tuning bandwidth up to 56nm is obtained by suitable 
change of applied voltage from -90to 90V. The analysis of  defect  mode  provides  useful  information  for  the  design  of  
tunable transmission filter in optoelectronics. 
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1. Introduction 

In  recent  years,  Photonic crystals (PCs) are 
periodic structure that can produce a photonic 
band gap (PBG) where the propagation of 
electro-magnetic (EM) waves can be 
forbidden for a certain range of frequencies 
[1, 2]. Introducing a  defect  layer  in  to  the  PC  
destroys  the  periodic  variation  of  the  
refractive  index  and  leads to  peaks  of  high  
transmission  within  the  PBG  known  as  the 
defect modes [3, 5]. 

The properties of PCs depend on the 
configuration of the constituent materials, 
which cannot be changed after make. On the 
other hand, photonic band structures are also 
dependent on the refractive indices of the 
constituent materials. If the photonic band 
structures of the PCs can be externally 
modulated by some other means, the PCs may 

be applicable as active optical devices [6-8]. 
The tuned defect mode is clearly illustrated 
by a transmission peak in the transmission 
spectrum. This peak is referred to as a channel 
of the filter [9-12]. Based on the tunable 
defect mode frequency, it is possible to 
design and fabricate PCs for various 
applications in optoelectronic and microwave 
[13, 14]. Thus, to make a filter tunable, one 
can choose the tunable element for the defect 
material. In addition, the location of the 
defect mode can be further tuned by making 
use of a defect layer with an externally 
variable refractive index. To obtain external 
tunability, we have proposed a ferroelectric 
material along with the dielectric. Using a 
variable  index  defect in a PC, we are thus able 
to make a tunable filter, which could be of 
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practical use in optical signal processing [15, 
16]. 

Indeed, numerous schemes have been 
proposed to realize the tunability of PCs by 
external parameters, such as electric field, 
magnetic field, temperature, optical kerr 
effect, and strain have been chiefly used to 
demonstrate tunable filter in photonic crystals 
[17-20]. However, these reports on the 
modulated tunable filters were mainly 
concentrated on the terahertz, microwave and 
far-infrared regions [21-27]. Thus, we 
propose an electric field modulated tunable 
filter that can be worked in the visible region. 

In  this  paper,  we  study tunability of a single 
filter based on a composite ferroelectric-
dielectric PCs. An electro-optical material, 
ferroelectric LiNbO3 (LNO) crystal, is 
inserted as a defect layer into a periodic PC 
structure. According to the electro-optic 
effect, the refractive index of LNO changes 
under excitation of an applied voltage, which 
makes the average refractive index of the 
photonic crystal changes and therefore, the 
defect mode in the photonic band gap shifts. 
Thus an electro-optic tunable photonic crystal 
filter can be realized. Two coupled thin Ag 
layers with inherently dispersion loss are used 
as electrical contacts. To produce a single 
tunable channel, a single-defect PC 
arrangement with properly choosing the 
defect layer thickness.  

2. Model and Theory 

 In this work, the defective PCs has a 
structure of  55 )()( BADAB , in which A and B 

with corresponding thicknesses of d1 and d2 
are dielectric materials with constant optical 
parameters and externally tunable defect for 

designing single tunable optical filter is 
schematically illustrated in Fig. 1. Two thin 
Ag layers of width d3 coupled with an electro-
optically tunable LNO layer of thickness d4, 
depicted by D is used as the defect. It should 
be mentioned that for creating a single 
channel filter, only one defect configuration 
provided a proper selection of the LNO 
thickness would be appropriate. The 
frequency dependent refractive index of Ag is 
considered by using the Drude model; 

2
122

3 ))/(1(   jn p , where p  and   are the 

plasma and damping frequencies, 
respectively [28]. All of the layers are placed 
in the x-y plane and are perpendicular to the 
z-axes. LNO is a ferroelectric anisotropic 
crystal that its refractive index depends on 
applied external electric field [29]. When the 
external field has been applied parallel to the 
optical axis of the crystal (along the z-axes in 
PC structure, as illustrated in Fig. 1), its extra-
ordinary refractive index in the direction of 
the z-axes is given by:  
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Where, 33  is the electro-optical coefficient 

and en represents the extra-ordinary refractive 

index in the absence of the applied voltage. 
An electromagnetic wave with frequency of
 , the electric field of E and magnetic field 
of H incidents to the structure at incident 
angle of  . To investigate the properties of 
the defect modes, we shall use the 
transmission spectrum which can be 
calculated by the transfer matrix method 
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(TMM) [28, 29]. The  total  transfer  matrix  
can be written by 
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Where the transfer matrix iM in individual 

layer, i  (A, B, LNO and Ag layers) is given 
by:     
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and iq are polarization-dependent 

given by 
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Where 
2

0 k  is the free-space wave 

number, and 00 sinkkx   with 0   being the 

angle of incident. Once the Matrix elements 
in Eq. (8) are known, the transmittance is 
obtained to be 
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Where 0
0
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2


k

kkP x  .  All of the 

materials are assumed nonmagnetic, so in 
the numerical calculations, the permeability 
of the layers is set to be unit  

Where: 

jjjjj c
k 


/sin1 2 , jjjjjq  /sin1/ 2  for 

TE and jjjjjq  /sin1/ 2  for TM 

polarization, j  represents A, B, LNO and Ag 

layers [30]. All of the materials are assumed 
nonmagnetic, so in the numerical 
calculations, the permeability of the layers is 
set to be unit.

 
Fig.1. Schematic of proposed 1DDPC structure for single filter designing.  Here, A and B are the 

dielectric materials with corresponding thicknesses of d1 and d2, the defects of D is composed of two thin 
Ag layers and one LNO layer with thicknesses of d3 and d4, respectively 
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3. Results and Discussions 

Now we consider a multichannel 
transmission filter that have structure of 
(MgF2/ TiO2)5Ag/LiNbO3/Ag/( TiO2/MgF2)5  , the 
material parameters Ag layer will be taken on 

plasma frequency sradp /10*175.2*2 15 
 

and damping frequency

srad /10*35.4*2 12  in Eq.(2) [28] .the  

parameters of LNO layer as e defect will be 

taken 1
33 9.30  pmV  is the electro optical 

coefficient and 20.2en   extraordinary 

refractive index in Eq.(3) [29]. The dielectric 
layer A as MgF2 with 45.1An  and dielectric 

layer B as TiO2with 49.2Bn  , and The 

thicknesses of the MgF2 and TiO2 layer are 
d1=56nm and d2=84nm, respectively. The 
thicknesses of the Ag and LNO layer are 
taken to be d3=9nm and d4=110nm, 
respectively.  With those optical and physical 
parameters and in the absence of applied 
external voltage and normally incident 
waves, the PBG of the proposed PC structure 
is within the frequency range of 415.7 nm to 
620.6nm ,which is visible region, and the 
defect mode (wavelength peak) is 539.9. We 
have presented the results for different 
incident angle with applied voltage zero, as 
shown in Fig.  2.

 
Fig.2. Transmittance spectrum in single biased configuration for d4=110 nm at three different incident 

angle (0 red, 30 green and 45 V blue).bold lines for TE and dashed lines for TM polarization. 
 

Fig.2 shows the defect modes appeared in 
PBG for different incident angle, where with 
increasing angle, defect modes shift to lower 
wavelengths (blue shift) for TE and TM 
polarization. It can be seen that the width and 
amplitude of defect modes for TM increment 
with increscent  incident angle and the width 
of band gap changes. This shifting property 

indicates that the structure can be used to 
design a tunable transmission filter. 

To investigate the electro-optic tunability of 
the photonic crystal filter, we calculated the 
transmittance spectrum of the photonic 
crystal filter as a function of the applied 
voltage. The effect of applied voltage on the 
transmittance peaks for TE and TM is shown 
in Fig.3, 4. It is very clear that the peak 
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wavelength shifts in the direction of longer 
Wavelength with the increment of applied 
negative voltage. Whereas, shifts in the 
direction of lower wavelength with the 
increment of applied positive voltage. 
Another feature is of note, that is, the defect 
modes for different biases voltage with 
increment incident angle shift to lower 
wavelength (blue shift). Therefore, for TE 
polarization (524.4-490.6) 33.8 nm at V=90v 

and 31.3 at V=-90v wide tunable band width 
can be obtained. In Fig.4 for TM polarization  
34.2nm at V=90v and 38 nm at V=-90v 
tuning can be obtained and It can be seen that 
amplitude peak wavelength for TM 
increment with gain incident angle. The 
maximum applied voltage is restricted with 
the material damage voltage threshold. The 
breakdown voltage of the LNO is about 107 
V/cm (1 V/nm) at room temperature [31, 32].

   

Fig.3.  Transmittance spectrum of the photonic crystal filter as a function of incident angle with 
different bias voltage for TE polarization. 

 

  

Fig. 4.  Transmittance spectrum of the photonic crystal filter as a function of incident angle with 
different bias voltage for TM polarization, which   is enlarged in Fig.4 a. 

 

In order to facilitate comparison of the 
defect modes wavelength of different 
incident angles, we investigate the impact of 
angle wavelength tuning. Fig.5 presents the 

results of the angle wavelength tuning for TE 
and TM polarization with different applied 
voltage. Interestingly, the Tuning range up 
to34.6nm for TE and TM could still be 
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achieved when the angle of incidence 
changes from 00 to 450, and the three-channel 

filters have no Angular effect when the 
incidence angle is less than 190. 

 

Fig. 5. Dependence of wavelength peaks on the angle of incidence for TE and TM polarization. 

 

An external voltage is applied to the 
structure in Fig.1. Accordingly, electro -optic 
effect the effective refractive index of defect 
layer (LNO) increases with the increment of 
the applied negative voltage, whereas 
decreases with the increment of the applied 
positive voltage. As a result, the photonic 
band gap and the defect modes shift in the 
long or short wavelength direction, 
respectively. The optical properties of the 
filters are relevant to the incidence angle and 
polarization of incident light; the projected 
gap maps of the above optimized hetero 
structure at various applied voltage between-
90v and 90v for TE and TM modes are shown 
in Fig. 5. Therefore, for TE polarization 
(514.8-490.3)24.5nm and for TM 
polarization (509.3-488.9) 20.4nm at incident 
angle 450     wide tunable band width can be 
obtained.  With the applied voltage changed 
from -90v to 90v, the peaks transmittance has 
an obvious blue shift. Generally speaking, 

when the incidence angle and applied voltage 
change from negative bias to positive bias, 
defect modes are shifted from red to blue for 
TE and TM mode, respectively.  

The results in Fig.5 are for the case of 
incidence angle with variation applied 
voltage shows that position of wavelength 
peaks. As can be seen in this figure, while 
wavelength peaks changed with incident 
angle and applied voltage variation.  We can 
by alteration applied voltage and incident 
angle fixate  position of the defect modes    in 
a specific wavelength, for TE mode in the 
angle of the 14.60, 30.60  and 41.10  the 
wavelength peaks located in 520nm and for 
TM mode in the angle of the 28.4,38.050and 
44.40  the wavelength peaks located in 510nm. 
The intensity of defect modes in wavelength 
in results are plotted in Fig.7. 
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Fig.7.Calculated peaks wavelength as a function of the wavelength with different applied voltage for 
Both TE and TM waves. 

 

4. Conclusions 

We have investigated the filtering properties 
for defective PCs (AB)5D(BA)5 with a defect 
of D being a ferroelectric crystal, LiNbO3. It 
is found that there is a transmission peak 
which is the so-called defect state. In the 
angular dependence, the defect mode is blue-
shifted as a function of the angle of incidence 
for both TE and TM waves and amplitude of 
the defect mode for TE-polarized decreases 
with increasing incident angle, whereas the 
amplitude of the defect mode for TM-
polarized increases. In the dependence of 
applied voltage on defect layers, for two TE 
and TM polarized the defect modes are blue-
shifted as the positive bias is applied, whereas 
they are red-shifted when the bias voltage is 
negative. However  ,with changing in incident 
angle a tunable bandwidth Up to 56nm is 
obtained by 180Vvariation of applied voltage 
alteration. It can be concluded that our 
proposed PCs defect mode is achievable for 
the design of a tunable filter which could be 

of practical use in optoelectronic 
applications. 
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