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ABSTRACT 

 In this paper, using the transfer matrix method, we investigate the dependence of threshold intensity of the 

optical bistability to distance between the defect layers for a symmetric (and also asymmetric) one-dimensional nonlinear 

layered structure, theoretically. The one-dimensional nonlinear layered structure under consideration in this paper 

contains three coupled nonlinear defect layers. Therefore, two coupled defect modes can be created in the photonic gap of 

this structure. The symmetric structure for minimum value of the distance between the defect layers is referred as the 

special geometry. It is shown that, for the shorter wavelength defect mode created in the special geometry of the 

symmetric structure, the minimum threshold intensity of the optical bistability can be achieved. 

KEYWORDS: Optical bistability; Nonlinear layered structure; Coupled defect layers; Threshold intensity; Transfer matrix 

method 

 In the last few decades, the nonlinear 

responses of layered structures and also photonic 

crystals (PCs) have inspired considerable interest in 

both physics and engineering communications, 

because of their fantastic applications in the light 

control devices [1]. One finds a variety of these 

nonlinear responses (such as nonlinearity induced 

self-trapping [2-9], four-wave mixing [10-12], etc.) 

when these structures are illuminated by a high-

power laser. The simplest example of such nonlinear 

responses is optical bistability (OB), in which one has 

situations with two (meta-) stable values for the light 

intensity transmitted through a nonlinear material for 

one value of the input intensity [12,13]. The OB is 

occurred because the dielectric constant of the 

material depends on the intensity of the 

electromagnetic wave [14-16]. The bistable behavior 

in the transmission was found to have a diode action, 

which may be quite useful in microwave nonlinear 

devices [17-19]. Also, the concept of optical 

bistability plays the main role in the design of all-

optical transistors, switches, logical gates and optical 

memory devices [20, 21]. When a single nonlinear 

defect layer is introduced into a linear 1D PC, the OB 

phenomenon can be produced by the dynamic 

shifting of defect modes [22,23] as well. Also, the 

direct observation of defect modes shifting in 

experiment observed [24]. Further studies indicated 

that the basic way to obtain low switching threshold 

is to reach a nonlinear defect with proper physical 

parameters or increase the number of layers [25]. 

Moreover, P. Hou et al. introduced a 1D PC 

composed of two coupled nonlinear defect layers 

separated by a linear middle layer, recently [26]. In 

that paper, they investigated the effect of parameters 

variation of the linear layer on the modulation of OB 

threshold intensity. As far as reducing the OB 

threshold intensity is concerned, it is worth to 

introduce a structure that has lower switching 

threshold in comparison with the mentioned 

structures. To the best of our knowledge, the OB of a 

1D layered structure composed of alternative linear 

and nonlinear layers containing three coupled 

nonlinear defect (TCND) layers has not been 

investigated. Therefore, in this paper, we investigate 

how the minimum value of the OB threshold 

intensity in the 1D TCND layered structure can be 

achieved. We believe that a new physics arises from 

the presented geometry of the structure under 

consideration in this paper. Also, the concluded 

results are appropriate for photon control devices 

based on 1D layered structures. 

 Our paper is organized as follows. In 

Section 2, the theoretical analysis of the nonlinear 
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periodic structure is presented. Numerical results are 

presented in Section 3 on the transmission property, 

the optical bistability and the electric field intensity 

distribution of two defect modes of the structure. In 

the end, the conclusion and discussion will be given 

in Section 4. 

BASIC EQUATIONS 

 As shown in Fig. 1, the layers arrangement 

of the symmetric 1D layered structure composed of 

three nonlinear defect layers under consideration in 

this paper is in the form of 

mmmm ABAABABAABA −− 1313 )()()()( . A , B  and 

m  represent the layers and the position of defect 

layers in the structure, respectively. Also, the layer 

thickness corresponding to the B  and A  layers are 

02 / bnλ  and 02 / linear
anλ , respectively. The central 

wavelength 0λ  is chosen as 4500
oA , 2bn =  and 

linear
a an n Iα= +  ( 2.5linear

an = , α  is the Kerr 

nonlinear coefficient and I  is the intensity of the 
incident light). 

 

Figure 1: (Color online) Schematic representation of the layers arrangement of the symmetric one-

dimensional layered structure in the form of
mmmm ABAABABAABA −− 1313 )()()()( . A , B  and m  represent 

the layers and the position of TCND layers in the structure, respectively 

 Note that, in this paper, we only consider the 

case of transverse electric field. The electric fields in 

layers A  and B  are written as: 

( )
( , ) ( ) x zAi k x k z i t
AE x z E z e

ω+ −=              (1a) 

( )
( , ) ( ) x zBi k x k z i t
BE x z E z e

ω+ −=              (1b) 

Here, 
2

0 (1 sin / )zA A A A Ak k ε µ θ ε µ= − , 

2
0 (1 sin / )zB B B B Bk k ε µ θ ε µ= − , 

0 sinxk k θ=  with 0 /k cω= , and θ  is the angle 

of the incident light. 

Inside the layers, the electric field is governed by the 

Helmholtz equation [27]: 

2 2
2

2 2
( ) 0i i x

d E
k E

dz c

ω
ε µ+ − = .                  (2) 

 Here, the subscript ‘i’ denotes the number of 

the layers. At the interface between two layers, we 

can apply the boundary conditions: 

i jE E=                                                            (3a) 

1 1

i i j j

dE dE

dz dzµ µ
= .                                       (3a) 

 To get the numerical results, we divide a 

single layer into a large number of sub layers and 

hence, the permittivity of each sublayer is 

approximately regarded as a constant parameter for 

the nonlinear sublayer [17,28]. Therefore, we can 

employ the transfer matrix to combine the electric 

field at z  and z z+ ∆  [27,29,30]: 

cos( ) sin( )

sin( ) cos( )

l
zl zl

zl
l

zl
zl zl

l

k z k z
k c

M
k c

k z k z

µ ω

µ ω

 ∆ − ∆ 
 =
 

∆ ∆ 
 

,   (4) 
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where ,l A B= . In the nonlinear sublayer, lε  and 

zlk  are determined by the electric field magnitude at 

the incident surface. Then, we have the global 

transfer matrix: 

1

N

g loba l l
l

M M
=

= ∏                                             (5) 

 The tangential components of the electric 

and magnetic fields at incident side (z=0) and the 

transmitted site (z=L) are related by the following 

matrix equation: 

1

1 0

N
globa l

Nz z L

EE
M

HH
= =

  
=   

   
.               (6) 

RESULTS AND DISCUSSION 

 In this section, at first, the linear 

transmissions ( 0α = ) through the symmetric one-

dimensional layered structure corresponding to 

different positions of the TCND layers is investigated 

in Fig. 2. 

 

Figure 2: (Color online) Linear transmissions through the symmetric one-dimensional layered structure 

corresponding to different positions of the TCND layers as m=0 (the dotted-dashed curve), m=1 (the solid 

curve), m=2 (the dotted curve) and m=3 (the dashed curve) 

 From this figure, it can be clearly observed 

that the transmission spectrum of the symmetric one-

dimensional layered structure contains two separate 

defect modes created in the photonic band gap of the 

structure. It is also straightforward that, the position 

of defect modes in the gap varies with changing the 

position (the ‘m’ parameter) of TCND layers in the 

structure. By increasing ‘m’ from 0 to 3, the coupling 

between the two defect modes created in the gap is 

also increased. Therefore in order to indicate the 

connection between coupling of the defect modes in 

the symmetric 1D TCND layered structure and the 

OB threshold intensity, Fig. 3 is illustrated. 
 

Figure 3: (Color online) Transmitted intensity 

through the symmetric one dimensional TCND 

layers structure versus incident intensity for 

different values of m: m=0 (dotted-dashed curve), 

m=1 (solid curve), m=2 (dotted curve), m=3 

(dashed curve) 
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 With respect to Fig. 3, it can be concluded 

that by decreasing the distance (decreasing the ‘m’) 

between the central defect layer and its adjacent 

defect layers in the symmetric 1D TCND layers 

structure the OB threshold intensity is also decreased. 

It means that the OB threshold intensity is strongly 

affected by the decrease or increase of the coupling 

between defect modes created in the photonic gap of 

the structure. To clarify the connection between 

coupling of the defect modes and the OB threshold 

intensity Fig. 4 is illustrated. 

 

 

Figure 4: (Color online) The electric filed intensity 

distribution of the defect modes in the symmetric 

one dimensional TCND layers structure. Panel a) 

corresponds to the point (1) in Fig. 3 and panel b) 

corresponds to the point (2) in Fig. 3 

 In correspondence with the points 1 and 2 in 

Fig. 3, Figs. 4(a) and 4(b) show the electric filed 

intensity distribution of the defect modes in the 

symmetric one dimensional layered structure, 

respectively. Therefore, with the help of Fig. 3 and 

Fig. 4, it can be understood that the weak coupling of 

defect modes causes the decrease of the OB threshold 

intensity. It should be noted that in the structure 

corresponding to m=0, the geometry of the 

symmetric 1D TCND layers structure is disturbed. 

Therefore, we investigate this structure in Figs. 2 and 

3 just to magnify the effect of m=1 structure on the 

OB threshold intensity. By comparing the m=0 and 

m=1 structures in Fig. 3, we can find that the m=1 

structure supports the minimum value of the OB 

threshold intensity. Therefore, the new physics in the 

presented geometry of the structure under 

consideration in this paper is that for minimum 

coupling of the defect modes (happened in the m=1 

structure), the minimum value of OB threshold 

intensity is obtained (see Fig. 5). 

 

Figure 5: (Color online) The dependence of the 

OB threshold intensity on the location of the 

TCND layers in the symmetric one-dimensional 

layered structure 

 With respect to the mentioned explanation 

about the advantage of the m=1 structure to achieve 

the minimum value of OB threshold intensity, we 

investigate this structure in more details. 

Transmission through the m=1 structure versus 

intensity of the incident light (
2

iEα ) is plotted in 

Fig. 6. 
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Figure 6: (Color online) Transmission through the 

symmetric one dimensional layered structure 

versus intensity of the incident light for 

nm9.401=λ  (dotted-dashed curve) and 

nm1.398=λ  (solid curve). It should be noted 

that this figure is plotted for the two defect modes 

of the m=1 structure 

 As it can be noticeably seen in Fig. 6 the 

threshold intensity of the OB in the m=1 structure for 

398.1nmλ =  (the solid curve) is lower than 

401.9nmλ =  (the dashed curve). To approve of 

this fascinating result, Fig. 7 is illustrated 

 

Figure 7: (Color online) Transmitted intensity 

through the symmetric one dimensional layered 

structure versus intensity of the incident light for 

nm9.401=λ  (dotted-dashed curve) and 

nm1.398=λ  (solid curve). As Fig. 6, it should be 

noted that this figure is also plotted for the two 

defect modes of the m=1 structure 

 From Fig. 7, and with the help of Fig. 6, it 

can be concluded that at the wavelength of 

398.1nmλ =  minimum OB threshold intensity is 

possible. In other words, to achieve the OB in low 

threshold intensity in a symmetric 1D TCND layers 

structure, an incident light in short wavelength 

regime is needed. 

Until now, in this paper, we investigate the threshold 

intensity of the OB in a symmetric 1D TCND layers 

structure. To complete the investigation, in the 

following, an asymmetric 1D TCND layers structure 

is considered. 

 

 

Figure 8: (Color online) Panel (a) shows the 

schematic representation of the layers 

arrangement of the asymmetric one-dimensional 

layered structure in the form of 

12 12( ) ( ) ( ) ( )h hBA A BA A AB A AB+ −
. A , B  

and h  represent the layers and the position of 

TCND layers in the structure, respectively. Panel 

(b) shows transmitted intensity through the 

structure shown in panel (a), versus the intensity 

of the incident light. In this panel the dashed 

curve corresponds to h=0, the dotted-dashed curve 

corresponds to h=1 and the solid line corresponds 

to h=2 
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 Fig. 8(a) shows the schematic representation 

of the layers arrangement of the asymmetric 1D 

layered structure in the form of 

12 12( ) ( ) ( ) ( )h hBA A BA A AB A AB+ −
. A , B  

and h  represent the layers and the position of the 
TCND layers in the structure, respectively. Fig. 8(b) 

shows the transmitted intensity through the structure 

shown in Fig. 8(a) versus the intensity of incident 

light, for three different values of ‘h’. It can be 

clearly seen from Fig. 8(b) that, when the structure 

under consideration is asymmetric the OB threshold 

intensity shifts to higher values in comparison with 

the values for symmetric structure. 

CONCLUSION 

 In this paper, the dependence of the 

threshold intensity of the optical bistability to 

distance between the defect layers in a symmetric 

(and also asymmetric) one-dimensional nonlinear 

layered structure is investigated, theoretically. The 

one-dimensional nonlinear layered structure under 

consideration in this paper contains the TCND layers. 

Therefore, two coupled defect modes can be created 

in the photonic gap of this structure. It is shown that, 

in the symmetric structure, when the distance 

between the central nonlinear defect layer and its two 

adjacent defect layers is minimum (the m=1 

structure), minimum coupling of the two defect 

modes is possible. Consequently, for the shorter 

wavelength defect mode created in this special 

geometry of the symmetric structure, the minimum 

threshold intensity of the optical bistability can be 

achieved. 
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