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Hexagonal photon crystal structure with seven nanorods on each side 

where the rods are arranged in air and with a triangular arrangement 

was studied. The structure has a symmetry, and each rod can be 

repeated in any direction, and the unit cell in two dimensions of the 

surface contains two basic vectors and is actually the smallest 

component in terms of surface which can be reconstructed and 

repeated to reconstruct the whole photon crystal. Usually, the 

simplest selection for a triangular photon crystal is a rhombus with 

sides equal to the lattice constant (a = 0.5 μm). The plate wave 

development method by energy band simulation of two-dimensional 

photonic crystals using RSOFT software has been proposed. The 

RSoft is the core program in the RSoft Photonics Suite and acts as a 

control program for RSoft’s passive. Photonic crystals, Zinc Oxide, 

Silicon and Zinc Oxide - Silicon by different refractive index 

(hazardous toxic gases) and air were considered as background. The 

full band gap and wavelengths that do not allow photon crystals to 

enter were determined. Also, the correlation spectrum and the 

wavelength transmission direction with different relative power for 

each photon crystal were determined. 
© 2023 University of Zabol. All rights reserved. 
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1. Introduction 

Recently, many research has been done on photon crystals for different kinds of optical devices that have great 

potential to be used as the main platform for design and implementation [1-10]. Photonic crystals are 

inhomogeneous dielectric media by periodic variation of the refractive index and constituted by a periodic 

repetition of inclusions in a matrix background, which has received much attention during the recently [11]. In 

general, photonic crystals have a photonic band gap. That is the range of frequencies in which light cannot 

propagate through the structure. Photonic crystals [12, 13], are artificially created materials that are able to 

represent a photon band gap; that is, they do with photons what a normal semiconductor does with electrons, a 
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state in which photons with certain energies cannot propagate inside the crystal, regardless of polarization and 

propagation direction. Therefore, the photon band gap is probably the true optical analog of the fundamental gap 

of a semiconductor. Since they were invented in 1987, photon crystals have attracted considerable attention due to 

their unusual optical properties. The unique photon crystal properties also mean that they are now recognized as a 

novel and fundamental field in optoelectronics. Silicon is an excellent model system in order to study the optical 

properties of two-dimensional photonic crystals, and macro-porous silicon with high dielectric contrast, very high 

aspect ratio and full compatibility with the microelectronics industry. It also has several unique applications in 

many other fields such as electronics, micromachining, gas measurement, and biotechnology. Research on silicon 

is constantly evolving because of its enormous potential for applications.  Photonics, the photons technology, arose 

out of the advent of lasers and the optical fibers, which are the best choice as source and channel of the information 

carrier: light particles (or photons). Photons have several advantages over electrons. They travel in a dielectric 

material at much higher speeds than electrons in a metallic wire. The fiber-optic cables that today span the ocean, 

are good for long hauls. Today, optical interconnects through optical fibers are already used to connect different 

computers [14-17]. Investigation of photonic crystals has become one of the modern rapidly developing directions 

[18-20]. Photonic crystal, the refractive index is modulated at wavelength scale, a lot of interesting applications in 

different domains [21, 22]. In the case of photonic crystals, it requires that the refractive indices contrast should 

be as high as possible. Some photonic crystals are made by polystyrenes or SiO2 nanoparticles [23-26]. The 

possibility of absolute band gaps in their band structure, these materials have found several potential applications, 

in particular in the wave guiding field and filtering [27] as well as in the field of sound isolation [28]. When the 

periodicity extends over all three dimensions and if the dielectric contrast is high enough, the stop gaps in all 

directions can overlap to form a complete photonic band gap (PBG); that is, a frequencies range for which light 

propagation is forbidden, irrespective of the direction of propagation. The photonic band gap might therefore be 

the true optical analogue of the fundamental band gap of a semiconductor [29]. The photonic band gap makes it 

possible for photonic crystals to act as optical passive devices. As was first put forward [29], the photonic band 

gap may completely show spontaneous emission. Excited atoms in a photonic crystal with their transition 

frequencies tuned to the band gap cannot emit photons, because inside the gap there are no quantum mechanical 

states available into which photons can go. It has been demonstrated that spontaneous emission is inhibited in a 

microwave region by surrounding the atoms by a pair of metal plates [30]. The existence of band gaps and confined 

modes has especially been investigated in photonic crystal slabs [31, 32] and more lately in photonic crystal slabs 

[33-37] in particular in view of the technological realization of integrated structures in order to electronics and 

telecommunications. The PBG depends upon the arrangement and shape of elements of the photonic crystal, fill 

factor, and dielectric contrast of the two mediums used in forming photonic crystal. The most vital feature of 

photonic crystals is the capability to support spatially electromagnetic localized modes when a perfectly periodic 

photonic crystal has spatial defects [38-40]. 

2. Materials and Methods 

2.1 Viewing the mode spectrum 

The correlation method uses the FFT of a correlation function to calculate the state spectra, to determine the states 

that support a structure. There are several state-of-the-art BPM solutions developed. The first case is the correlation 

method and is used to calculate the states and properties of the multistate scattering [41]. Recently, a technique 
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called imaginary distance BPM has been developed [42, 43]. It should be noted that the imaginary distance BPM 

of this method is formally equivalent to many other state repetition solving methods [44, 45]. BPM-based problem 

solving is a random field given to a geometry. Z-same is done, a kind of BPM emission. Since the structure is 

uniform along Z, the diffusion can be described equally in terms of diffusion modes and constants, and the structure 

can be given a random ∅��(x) random field for 2D diffusion from a scalable field for simplicity. A state of the 

structure is extended as 

∅��(x) = ∑ ��∅�� (x).                                                         (1) 

This set, of course, must contain a true summary of the guided states and the reintegration of the radiation state. 

Propagation through the structure can be expressed as follows: 

∅ (x , z) = ∑ ��∅�� (x) �����                                            (2) 

In any BPM-based state solution technique, the propagation field obtained through BPM is a concept for 

determining how to extract state information from BPM equivalent to the results of the above expression. As the 

name implies, at the imaginary distance of BPM, the longitudinal coordinates of Z are replaced by Z '= iZ, so 

propagation along this imaginary axis must be followed. 

∅ (x , �ʹ) = ∑ ��∅�� (x) ����ʹ
                                               (3) 

The growth rate of each state is equal to its true propagation. The basic idea of the working method is to set up 

a custom field, say a Gaussian, and spread the field through the structure along an imaginary axis. Since the ground 

state (m = 0) has the highest emission by definition and it is proved that its share in this field has the highest growth 

rate and after a certain distance will dominate the others. Just put the background pattern Q0(x), then the 

propagation constant can be obtained with the following variable expression: 

�� =  
∫ ∅∗(

��∅

��� � ��∅)��

∫ ∅∗∅��
                                                            (4) 

The higher-order modes can be obtained using an orthogonalization method to reduce contributions from 

lower-order modes when publishing [46]. It eliminates the error given that we have solved for the paraxial 

eigenvalues, and it is important to note that the imaginary distance of BPM from the usual technique, performing 

a standard propagation and waiting for the solution to reach a steady state, is not the same. In the correlation 

method, an arbitrary field is launched into the structure and propagated through normal BPM during propagation. 

The following correlation function is calculated between the input part and the field of the advertising. 

P(z) = ∫ ∅��
∗ (�)∅(�, �)��                                                       (5) 

Using Equations (1) and  (2), the correlation function can also be expressed as follows: 

P(z) = ∑ |��|�
�  �����                                                           (6) 
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From this statement, it can be deduced that a Fourier transform of the calculated correlation function must have 

a spectrum with peaks at certain diffusion constants. The relevant fields are obtained by the second propagation 

by the propagation field pulse versus the known propagation to the constant through the following equation: 

∅�(x) = 
�

�
 ∫ ∅(� , �)

�

�
������                                                  (7) 

Several modifications can be made to the diffusion constants: First, a modification is made that takes in to 

account the error created by solving the paraxial equation, not the exact Helmholtz equation. More details can be 

found in the reference [41]. Second, by degrading the state, one can find the imaginary part of the constant 

propagation and the properties in the wave equation and the solution for the constant propagation. This not only 

results in an imaginary value, but is also a modified real value. The basic mode of the simple waveguide is a screen 

whose propagation constant is displayed above this calculated mode, the imaginary complex effective coefficient 

indicating the disappearance of the mode. The state calculation can be done with the simulated curvature features 

off (straight waveguide). During the simulation, there are actually two types of simulations. While the correlation 

method is generally slower than the imaginary distance BPM, it has the advantage that it is sometimes applicable 

to problems that are difficult or impossible for imaginary distance BPM, such as leaky or radiating modes. 

2.2 Simulation method 

The model made by the RSOFT software is shown (as in Figure 1). Only in the present model, different 

backgrounds were used. The refractive index of Air, Zinc Oxide, Silicon and Zinc Oxide - Silicon are 1, 2.4, 3.78, 

and 3.366, respectively, and the bars diameter is 0.2 μm and the lattice constant is 0.5 μm. Here, the calculations 

of a transmission spectrum for several finite photon crystal lattices with different backgrounds are discussed. 

Several band gaps are found in one direction of propagation in crystals. As shown in the figure below, the Photonic 

Band Gap (PBG) lattice contains a 2D triangular array with a dielectric structure with the refractive index described 

above. The simulation range is chosen along Z and a constant along X. Two fields one on the left (X, Z) = (-2.5, 

0) and the other on the right of the structure (X, Z) = (2.5, 0) and also a monitor on the right (X, Z) = (2.5, 0) are 

installed in order to record the electric fields passing through the photonic crystal. Boundary conditions are 

periodically along X and perfectly matched layer (PML) along Z. This configuration shows that a finite structure 

is being simulated. A monitor is created to record the transmitted field on one side of the structure. Frequency 

analysis options for this monitor are set to FFT to calculate the spectra, and the stop time is set to 100. After 

completing the simulation, more energy will leave the domain field. In each case several band gaps are clearly 

visible. 

Figure 1. Schematic of the crystal structure 
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3. Results and Discussion  

As can be seen from the scattering curves (as in Figure 2), the photon crystal bond structure for the TE mode of 

Zinc Oxide and Silicon and Zinc Oxide-Silicon nanostructures is available, and it is observed that there is a 

complete band gap. The full band gap prevents the propagation of waves at certain frequencies. Reflects a wave 

reflected to a two-dimensional photon crystal. The set of crystal atoms can be considered as a mirror by non-zero 

reflection coefficients for the reflected wave. Partial reflections of each surface can lead to a full reflection of the 

wave in the direction of its snell reflection if the amplitude of each phase is amplified. To amplify the phase, the 

difference in the path shown must be a multiple of the wavelength, (e.g., 2dcosθ = mλ), and this condition is a 

Bragg reflection. In this way, some waves with wavelengths pass through a specific direction and others reflect, 

shown as in Table 1. Therefore, the frequencies that strike the crystal in the band gap region are reflected, i.e., 

these frequencies are not allowed to enter the environment, which is calculated according to the formula (ω = a / 

λ), where a is the lattice constant, λ is the wavelength, and ω is the wave frequency. And also, it shows the refractive 

index n of different materials. As you can see in Figure 1, as well as from the results in Table 1, increasing the 

refractive index reduces the input frequency at the full band gap in nanostructures. Also, in some nanostructures 

such as Silicon and Zinc Oxide-Silicon, which had two complete bond gaps in the scattering curve, one of the 

bond gaps disappeared by increasing the refractive index. This means that with the disappearance of the band gap, 

the wavelength is allowed to enter the environment of the nanostructures. In general, decreasing and increasing 

the refractive index cause disruption in the environment of nanostructures. It should be noted that the refractive 

index was changed by changing the air background to hazardous and toxic gases in Table 1. 

According to the conditions created and the results obtained (as in Figure 2 and Table 1), these results can be 

described as follows. The reflective refractive index is a parameter to control the intensity of the Fresnel effect 

from the corner to the center of the material. A schematic for better understanding of the situation is shown (as in 

Figure 3). 

According to the results obtained (as in Table 2) and using the equation (ω = a / λ), it is possible to calculate 

the wavelengths that are not allowed to enter the structures, (e.g., in the area of the full band gap). As we can see 

in Figure 4, the monitor value is shown in terms of different wavelengths and the recorded spectrum is shown on 

two monitors (the blue spectrum on the left of the monitor, e.g., the location of the electric field emission, and the 

green spectrum on the right side of the structure). As you can see in the green spectrum, where the lines go to zero 

and in the specified wavelength range the value recorded on the monitor is zero, it is defined as the forbidden band, 

which is placed by placing the wavelengths in the equation (ω = a / λ) and concludes that it corresponds to the 

frequencies expressed (as in Table 1 and Figure 2). With both simulation methods, wavelengths located in the full 

band gap region can be identified. The complete band gap can also be obtained using the equation (Eg = hc/�) . In  

Table 2, it is shown the energy (Ev-Ec) and wavelengths (�v- �c) between the last capacitance band to the first 

conduction band, which are not allowed to enter the structures between these intervals. 
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Figure 2. Strip structures a, b, c and d) Zinc Oxide e, f, g and h) silicon i, j, k, and l) Zinc Oxide -silicon, 
respectively for Air, NO2, C8H18 and C6H16 background 
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Table 1. Frequencies obtained by changing the refractive index by changing the background with a lattice 

constant μm a = 0.5 

  �
��                        N Materials 

Zinc Oxide - Silicon Silicon Zinc Oxide Refractive index Background 

0.28-0.45 

0.57-0.6 

0.25-0.42 

0.51-0.56 

0.38-0.51 1.0 Air 

0.28-0.45 

0.57-0.6 

0.25-0.42 

0.51-0.57 

0.38-0.52 1.0002697 NO 

0.27-0.36 0.245-0.35 0.351-0.38 1.449 NO2 

0.28-0.45 

0.57-0.6 

0.25-0.42 

0.51-0.57 

0.38-0.52 1.000644 H2S 

0.27-0.38 0.245-0.37 0.36-0.41 1.3327 NH3 

0.28-0.45 

0.57-0.6 

0.25-0.42 

0.51-0.57 

0.38-0.52 1.0004365 CH4 

0.28-0.45 

0.57-0.6 

0.25-0.42 

0.51-0.57 

0.38-0.52 1.0007483 C2H6 

0.27-0.38 0.245-0.365 0.36-0.41 1.3570 C5H12 

0.27-0.38 0.245-0.365 0.36-0.41 1.3529 C6H16 

0.27-0.37 0.245-0.36 0.355-0.39 1.3872 C7H16 

0.27-0.37 0.245-0.36 0.355-0.39 1.3972 C8H18 

0.28-0.45 

0.57-0.6 

0.25-0.42 

0.51-0.57 

0.38-0.52 1.00056142 C2H2 

 

 

 

Figure 3. Schematic of the process of changing photon crystals 
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Figure 4. Determination of full band gap for photon crystals: a, b, c and d) Zinc Oxide e, f, g and h) silicon i, j, k 

and l) Zinc Oxide -silicon, for Air, NO2, C8H18 and C6H16 background, respectively. 
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       Table 2. Results of changing the refractive index by changing the background with a lattice constant a = 0.5 

μm 

Zinc Oxide - Silicon Silicon Zinc Oxide Materials 

�v- �c 

(μm)  

Ec 

(nm) 

Ev 

(nm) 

�v- �c 

(μm)  

Ec 
(nm) 

Ev 
(nm) 

�v- �c 
(μm)  

Ec 
(nm) 

Ev 
(nm) 

background 
 

1.78-1.1 

0.87-0.83 

1.1 

1.48 

0.69 

1.4 

0.2-1.19 

0.98-0.89 

1.04 
1.38 

0.62 
1.26 

1.31-0.98 1.26 0.94 Air 

1.78-1.1 

0.87-0.83 

1.1 

1.48 

0.69 

1.4 

0.2-1.19 

0.98-0.87 

1.04 
1.41 

0.62 
1.26 

1.31-0.96 1.29 0.94 NO 

1.85-1.38 0.89 0.67 2.04-1.42 0.86 0.6 1.42-1.31 0.94 0.87 NO2 

1.78-1.1 

0.87-0.83 

1.1 

1.48 

0.69 

1.4 

0.2-1.19 

0.98-0.87 

1.04 
1.41 

0.62 
1.26 

1.31-0.96 1.29 0.94 H2S 

1.85-1.31 0.94 0.67 2.04-1.35 0.91 0.6 1.38-1.21 1.01 0.89 NH3 

1.78-1.1 

0.87-0.83 

1.1 

1.48 

0.69 

1.4 

0.2-1.19 

0.98-0.87 

1.04 
1.41 

0.62 
1.26 

1.31-0.96 1.29 0.94 CH4 

1.78-1.1 

0.87-0.83 

1.1 

1.48 

0.69 

1.4 

0.2-1.19 

0.98-0.87 

1.04 
1.41 

0.62 
1.26 

1.31-0.96 1.29 0.94 C2H6 

1.85-1.31 0.94 0.67 2.04-1.36 0.9 0.6 1.38-1.21 1.01 0.89 C5H12 

1.85-1.31 0.94 0.67 2.04-1.36 0.9 0.6 1.38-1.21 1.01 0.89 C6H16 

1.85-1.35 0.91 0.67 2.04-1.38 0.89 0.6 1.4-1.28 0.96 0.88 C7H16 

1.85-1.35 0.91 0.67 2.04-1.38 0.89 0.6 1.4-1.28 0.96 0.88 C8H18 

1.78-1.1 

0.87-0.83 

1.1 

1.48 

0.69 

1.4 

0.2-1.19 

0.98-0.87 

1.04 
1.41 

0.62 
1.26 

1.31-0.96 1.29 0.94 C2H2 

The first mode calculates the effective coefficient values, the second cross-section calculates and finds the 

effective coefficient mode. Unlike the iterative method, it is related to an imaginary effective coefficient that is 

displayed by the simulation results. Mode number (m = 0) and effective (neff) coefficient are displayed in the upper 

right corner of each graph. All these measurements are for the TE mode. This method is mostly used for 

transmission analysis. The real and imaginary part of the effective refractive index of structures is shown as a 

function of the lattice constant filling ratio of (500 nm) and the wavelength of (1100 nm) that we considered for 

these structures. As you can see (in Figure 5), the gauge for the state number (m = 0) for the TE state for the Zinc 

Oxide structure is different from the Silicon structure, but by combining them, Zinc Oxide-Silicon has no change 

in diffusion direction and effective coefficient for the (m = 0) state, was not created. From these results, it can be 

concluded that the highest cross-sectional share for transmission for Zinc Oxide-Silicon structure is related to 

Silicon. 

  



44                                                                                                          Current Applied Sciences (2023) 1(1):35-50 

 

  

  

  

  

  

Figure 5. Calculation mode for the positive curvature radius of the plane waveguide: a, b, c and d) Zinc Oxide 

structure e, f, g and h) Silicon structure i, j, k and l) Zinc Oxide -silicon structure, for Air, NO2, C8H18 and C6H16 

background, respectively 
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The like any discipline, there are a number of concepts in the study of photon devices. The correlation method 

uses FFT, a correlation function, to calculate the state spectrum. To determine the modes that a structure supports. 

The 2D structure (on XZ plane) with TE mode with Ey field and imaginary refractive index units is considered as 

follows. (nimag = γλ
4π� ), λ is the wavelength, γ is the exponential loss coefficient defined in such a way that the 

power to determine decays is expressed as (e���) and in units (μm-1). Using the results of the Fourier transform 

from the calculation of the (m = 0) mode, only one mode is found, which is described to the right of the graphs for 

each structure ((m, ∆neff, %weight) and nbar). These results rely on the Fourier transform. The propagation lengths 

were considered the same for all the structures you see (as in Figure 6), and the peaks of the (m = 0) mode spectrum 

are well defined. The solution of the mode is to select peaks that are above a certain threshold in the solid state 

spectrum scheme. In this simulation, the values of (neff) min and (neff) max can be adjusted due to the wide range 

of effective coefficients found by the state solution, but in this simulation, it was considered by default. Also (neff) 

log output of the effective coefficient values during an iterative mode calculation can be useful for studying 

convergence. The (neff - nbar) parameter indicates the number of data points in the frequency direction, (nbar) is the 

reference refractive index. 
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Figure 6. The Fourier transform results from the calculation of the state of photon crystals: a, b, c and d) Zinc 

Oxide, f, g and h) silicon I, j, k and l) and Zinc Oxide -silicon, for Air, NO2, C8H18 and C6H16 background, 

respectively 

4. Conclusions 

The Zinc Oxide, Silicon, and Zinc Oxide-Silicon photon crystals with different refractive indices (hazardous toxic 

gases) and air are very useful as a background. Because of creating a change in crystal structure and using gases 

as a background, it maintains its crystal structure and can be used as a dielectric. These crystals were complete 

band gaps with a change in the background, and none of the crystals were driven to the metallic state only by 

changing the refractive index, but retained their original state as a dielectric. In this simulation, the semiconductor 

structure is moved to the metal structure by increasing the refractive index. In this simulation, frequencies and 

wavelengths that were not allowed to enter the photon crystal were detected. The amount of energy was determined 

for the highest valence layer (Ev) and the lowest conduction layer (Ec) for each structure, and it was found that by 

increasing the refractive index, the amount of full band gap between the structures decreased. Also, the correlation 

spectrum and the direction of wavelength transmission with different relative power for each photon crystal were 

different by changing the structure with different backgrounds for Silicon and Zinc Oxide, but with Silicon-Zinc 
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Oxide combination, the correlation spectrum was similar to Silicon and this showed that Silicon has a greater role 

in transmitting wavelengths. A simple iteration method allows a self-consistent solution to be designed for 

such systems. The design of these systems is useful for gas detection and sensitivity. It is possible to 

identify wavelengths that are not allowed to enter the designed system. 
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