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Introduction
Photonic crystals (PC) are dielectric material in which the 

refractive index is periodically varied in space. In PC for some 
frequency ranges the light waves are not propagating through the 
structure, such frequency range is called forbidden gap of photons. 
The doping of impurity or creating defects produce strong localization 
of a resonant photon. This phenomenon will allow a perfect control 
of light propagation and radiation. Introducing line defects in PC 
results in a photonic crystal waveguide. All optic logic gates are key 
elements in different signal processing techniques. It is based on Mach-
Zehender Interferometer (MZI) [1], semiconductor optical amplifier 
(SOA) [2], SOA based on ultrafast nonlinear interferometer [3], SOA 
with optical filter [4] and semiconductor laser amplifier loop mirror 
[5]. But all these schemes suffered due to high power consumption, 
speed, narrow operating wavelength range and signal to noise ratio. 
Photonic crystal structures (PCS) have been attractive element for 
this purpose because of its dimension, low loss structure and high 
operating speed [6]. Thus photonic crystal based all optic logic gates are 
considered as key components in future photonic integrated circuits 
and hence such optical devices have attracted significant research in 
recent years. Most of the recent reported works are based on nonlinear 
optics, but these devices again suffer due to high power consumption 
and narrow operating frequency range. Further there are very few 
references available, where optical logic gates are based on photonic 
crystal structure. For example in reference [7], OR and XOR logic gates 
are realized by introducing a line defect along TX-direction, while in 
reference [8], XOR gate is realized by a line defect asymmetric Y branch 
waveguide [9]. The different PCS, reported in the literature have 
mainly two disadvantages. Complex geometry of the structure which 
is very difficult to fabricate even using the most advanced techniques 
and secondly the materials where maximum work on logic gates 
based on PCS have been reported is silicon dioxide(Glass). However, 
the corrosion effect may take in to account in fabrication process. 
The effect of electro-pulsing treatment (EPT) on the microstructure, 
mechanical properties and corrosion found that the elongation to 
failure of materials obtains a noticeable enhancement with increased 
EPT processing time while slightly sacrificing strength .The Grain 
coarsening and decreased ductility were brought in with longer EPT 
duration time. Fracture surface analysis shows that transition from 
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intergranular brittle facture to transgranular dimple fracture takes 
place with an increase in processing time of EPT. Meanwhile, corrosion 
behavior of silicon is greatly improved with increased EPT processing 
time and the surface observation with the beneficial effect of forming 
a protective film [10]. Unfortunately this material is not suitable for 
drilling fine holes or structures required as per the simulation. For 
example an attempt to catch circular air holes in silicon oxide substrate 
using FIB technique forms cracks along the circumference. While this 
issue can be taken if silicon oxide substrate will be replaced by silicon 
substrate. We in this investigation, proposed a simple structure on a 
silicon substrate which is easier for fabrication. Using FDTD simulation 
it is shown that one can realize AND, OR, NOT, NOR and all Optic 
Logic Gates in this structure.

FDTD Method
Several computational methods have been employed for analysis 

of photonic crystal structure, including plane wave expansion (PWE) 
method, transfer matrix method, Green’s function method and finite 
difference time domain method. But we have employed the FDTD 
method based on Yee’s algorithm, to study the 2D-PCS, because the 
computational time and memory requirements are reduced [11,12]. 
The propagation of electromagnetic waves through photonic crystal 
structure is governed by Maxwell’s four equations in a linear medium 
with the sources and are
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Using these equations, magnetic field components can be expressed 
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in form of Helmholtz equation, which is given by                                              
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Equations (1) and (2) are discritised so that the E and H fields are 
solved from the E and H field at a precise time step. The 2-D TE mode 
FDTD used in this paper is 
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Each filed component is updated from the data at the previous time 
step. The Gaussian beam is initiated in the grid, travels through, reflects 
from, refracts in and resonates inside the photonic crystal. Where 
ε(r), µ (r), σ (r) are permittivity, permeability and conductivity of the 
material and all are in the function of position. For our simulation, we 
have used PML boundary condition. Further time step is so chosen that 
stability criteria is satisfied and the output power normalization can be 
calculated as follows,

Power Normalization
The Complex pointing vector is given by,

( ) ( )P E H∗= ω × ω
  

                                 (4)

It is used to calculate the power flow in a particular direction and 
the time-averaged power flowing across a surface is given by

( ) ( )
s
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2
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                   (5)

Note that the propagating power is proportional to the real part of 
the Poynting vector only, which is related to the conservation of energy 
for the time-averaged quantities. The factor of ½ is related to the time 
averaging of the TW fields. The imaginary part of the Poynting vector 
relates to the non-propagating reactive or stored energy, such as one 
might find in the evanescent tail of light being reflected by total internal 
reflection (TIR) [13,14]. 

Structure
The proposed 2D PCS is based on 15 × 15 air holes with lattice 

constant ax=0.575 µm and ay= 0.575 µm. The silicon substrate having 
dielectric constant 11.5 is drilled with air holes of radius r=0.115 µm. 
The input signals are applied along face 1 and face 2, whereas the 
control signal is used along face 3. The output is obtained along face 
4 as shown in the Figure 1. In the following paragraphs the various 
configurations of logic gates are presented.

Realization of Logic Gates
To realize AND gate input signals are initiated in face-1 and face-2, 

while output is calculated at face-4. Some of the simulation results are 
shown in Figure 2a is observed in Figure 2b for inputs given to face 1, 
and face 2, a strong signal is obtained at the center of face-4. While one 
signal is taken out either from face-1 and face-2, no signal reaches the 
center of face-4. The simulation results are presented in Table 1.

We further investigate the performance of OR gate using the cross 
waveguide structure using a control signal. OR gate encompasses of 
two inputs and an output. The stimulated results for [11],[10],[01] are 
shown in Figures 3a-3c and the corresponding logic gate is presented in 
Table 2, where the output is logically ‘1’ if and only if both of the input 
values are ‘0’.

A NOT Gate is realized with the control signal. The simulation 
results in the output are shown in Figure 4 and the results are shown 

 

Figure 1: Proposed 2D PCS for logic gate.
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Figure 2a: Simulation for AND gate [10,1].
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Figure 2b: Simulation for AND gate [11].

Input  1 Input 2 Out Put
1 1 1
1 0 0
0 1 0
0 0 0

Table 1: Logic AND gate.

Input 1 Input 2 Control Signal 3 Out Put
1 1 1 1
1 0 1 1
0 1 1 1
0 0 0 0

Table 2: Logic OR gate.
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in Table 3. Similarly In this case of NOR gate we apply a fixed signal 
into the input 1, by applying input signal 2 and control signal 3, we 
find NOR Gate. The Simulated results are shown in Figures 4a and 4b 
and corresponding results are presented in Table 4. We use the signals 
2 and the control signal 3 and the output taken along face 4 in Figures 
5a and 5b.

Conclusion
A design procedure for AND, OR, NOT, and  NOR  Optical 

operation in a 2D PCS on silicon substrate is proposed in this paper. 2D 
PCS is realized by drilling air holes so as to form line defect. To the best 
of our knowledge this is the first report on optical logic gate in silicon 
substrate. The proposed device benefits a simple and small structure. 
The structures can be strong candidates for future photonic integrated 
circuits. While the performance of such logic gates is still severely 
limited, similar to most of the optical logic gates proposed so far, by the 
characteristic times of the relevant optical nonlinearity, the use of the 
proposed mechanism of transmission control in PBG structures allows 
the switching power density to be appreciably reduced. An important 
advantage of the proposed class of optical logic gates is also associated 
with the possibility of performing different logic operations with the 
same structure by changing the power densities of logic Gates.
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Figure 3a: Simulation for OR gate [01].
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Figure 3b: Simulation for OR gate [10].
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Figure 3c: Simulation for OR gate [11].

Input Signal 2 Control Signal Out Put
0 1 1
1 1 0

Table 3: Logic NOT gate.
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Figure 4a: Simulation for NOT gate [11].

 

Fi
el

d 
In

te
ns

ity
 (A

U
) 

Figure 4b: Simulation for NOT gate [01].
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Figure 5a: Simulation for NOR gate [11].
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Figure 5b: Simulation for NOR gate [10].

Input 1 Input 2 Control Signal 3 Output

1 1 1 1
1 1 0 1
1 0 1 1
1 0 0 0

Table 4: Logic NOR Gate.
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