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Abstract  

In this paper an optical filter based on 2D hexagonal 

photonic crystals that is suitable for the third window 
of optical communications is proposed. The structure 

consists of two waveguides including one L4 resonant 

cavity created by removing 4 holes between them, and 

one L1 resonant cavity by removing 1 hole near the 

output waveguide; moreover, 8 holes around the L4 

cavity had been selected for optofluidic infiltration 

within them. This structure is very flexible, and 

different wavelengths in the third telecommunication 

window can be chosen using selective optofluidic 

infiltration with different refractive indices. Simplicity 

in design, no need to change the size of the holes and 

separating the desired wavelengths by selecting 
different optofluidic infiltration materials are the main 

features of this study. The plane-wave 

expansion method (PWE) and the finite-difference 

time-domain method (FDTD) have been used to 

extract the photonic bandgap and study the behavior of 

the photonic structure, respectively.    
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1. INTRODUCTION  

Photonic crystals (PCs) are flexible tools for realizing integrated optical 

circuits. These crystals have periodic structures in 1D, 2D, or 3D arrangements, 

and in each of which the refractive index of materials changes periodically. Due 

to the result of these periodicities, a region of wavelength may appear in which 

propagation in the lattice, namely the photonic bandgap (PBG), is forbidden [1]. 

This region is tunable by some parameters such as the dielectric constant of the 

materials, the lattice constant, and the size of holes or rods in the structure. By 

making some changes, such as point or line defects, the bandgap of the PC 

structures can be broken. Therefore, the type and place of the defects are very 

important to tune and control the wavelength of transmitted light [1–3]. By 

using defects in PBG, different elements can be designed, such as optical filters 

[4, 5], optical decoders [6], optical multiplexers [7], and optical demultiplexers 

[8, 9]. In general, the optical filters are the basic sections of many optical 

devices and there are two popular methods for designing and realizing optical 

filters, including the ring resonators, and the resonant cavities [10, 11]. 

Heretofore, in all of the structures that have been introduced by researchers, 

tuning and the selection of the desired wavelength has been done by changing 

the size of the radius of holes or rods at nano-scale in the structure, most of 

which are not possible in terms of fabrication. In this study, our goal is to 

provide a mechanism that does not require resizing the holes at the nanoscale. 

Therefore, a wavelength selection method was presented using selective 

optofluidic infiltration for cavity resonance. The numerical methods were used 

to analyze the behavior of electromagnetic waves and to extract the photonic 

bandgap region in the photonic crystal structure. One of the most popular 

numerical methods in the frequency domain is the plane-wave expansion 

method (PWE), which calculates frequency, polarization, symmetry, and field 

distribution of every eigenmode in the cavity as an infinite alternating structure 

[12]. However, the PWE is not an effective method for obtaining the normalized 

reflection output spectrum due to its limitation in terms of the steady-state 

calculation. Therefore, it is necessary to find another flexible method to solve 

more complex problems. 

The finite-difference time-domain method (FDTD) is an accurate and flexible 

method for solving Maxwell equations and analyzing electromagnetic waves in 

the time domain; it allows us to determine the temporal behavior of the modes 

[13]. The Bandsolve simulation tool of RSoft software [14] has been employed 

for calculating and extracting PBG to implement the PWE and to study the 
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behavior of electromagnetic waves in the structure, the Fullwave simulation tool 

of RSoft software has been used to implement the FDTD. 

The third telecommunication window (1530 nm- 1565 nm) has the least 

attenuation. Therefore, the design of the filter and other telecommunication 

devices is important in this window. In this study, our focus is on filter design in 

this wavelength range. 

2. DESIGN PROCEDURE  

In the current study, a hexagonal lattice structure of air holes was utilized in 

the dielectric slab. The structure is composed of three layers, SiO2–Si–SiO2. The 

200 nm Si slab is located between two areas of SiO2 of 80 nm and 1000 nm 

thickness at the top and bottom, respectively. We assigned an effective index of 

2.8 to the dielectric material for 2D FDTD simulations. The array of holes in the 

X direction and the Z direction were 30 and 20, respectively. The lattice 

constant of the PC structure was 422 nm and the radius of the air hole was 115 

nm. The contour map of the index profile of the structure is shown in Figure 

1(a). The band structure diagram of this design had no defects along the 

frequency axis and was normalized by the lattice constant and the edges of the 

irreducible Brillouin zone (Г, M, and K) as shown in Figure 1(b). 

As can be seen, there was one photonic bandgap in transverse electric (TE) 

mode in the band structure diagram in the used range of 0.25 0.3a


 

 

By 

choosing a = 422 nm, the PBG in TE mode, the range of wavelength would be 

1406 1688nm nm  , which completely covers the third wavelength window 

(1530 nm-1565 nm) for optical communication. Then, in this research, all the 

simulations have been done in TE mode. 

In this paper, the FDTD method was used to simulate the behavior of 

electromagnetic waves in the photonic crystal. The simulation of high-precision 

photonic crystal structures required three-dimensional calculations. However, 

with a very good approximation of the effective refractive index, the calculation 

of the structure can be performed in two dimensions because the three-

dimensional calculation is very time-consuming and requires very powerful 

computer systems. 
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(a) 

 

 
(b) 

 

Fig. 1. (a) The contour map of index profile. (b) the band structure of diagram. 

 

In the current design, the filter was composed of two optical waveguides as 

input and output waveguides, the L1 resonant cavity was near the output 

waveguide and the L4 (by removing 4 holes from the structure) resonant cavity 

was for separating the telecommunication's wavelength, as well as 8 holes 

around the L4 cavity. The air holes were infiltrated with optofluidic materials 

(see Figure.2).  
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(a) 

 

 
(b) 

 

Fig. 2. (a) The filter structure, (b) more detail of marked holes around the L4 cavity 

infiltrated with optofluidic materials. 

 

To select the appropriate Lx cavity ("x" is the number of holes removed) in 

the structure, the cavities of different lengths were tested, for example L2, L3, 

L4 and L5. The resonance's wavelength of the cavities depends on their size. 

The resonant wavelengths in the range of 1550 nm (central wavelength of third 

telecommunication window) are important for us. According to Figure 3, the 

resonant wavelengths from the L4 cavity were in the range of 1550 nm (by 

placing the source and monitor in the cavity place). 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 3. The resonant wavelengths of the cavities without any fluid infiltration, (a) L2 

cavity, (b) L3 cavity, (c) L4 cavity, (d) L5 cavity. 
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Up to this point, we found the size of the cavity, and because the distance 

between the monitor and the source from the cavity is important to determine 

the separated wavelength range, we moved the source to the input part. Figure 4 

shows three states. State (1) shows the resonance wavelengths of the L4 cavity 

when the monitor and source were in the cavity site (no fluid has been infiltrated 

within the marked holes). State (2) shows the resonance wavelengths of the L4 

cavity when the source was in the input of the circuit and the monitor was in the 

cavity site (no fluid has yet been infiltrated within the marked holes). As the 

refractive index of cavity increases, by optofluidic infiltration, the separated 

wavelengths move to higher wavelengths. State (3) shows the resonance 

wavelengths of the L4 cavity when the source was in the input of the circuit and 

the monitor was in the cavity site (the fluid has been infiltrated within the 

marked holes around L4 cavity with refractive index of 1.334). 

 

Fig. 4. The resonant wavelengths of the L4 cavity in three states: 

State (1), the monitor and source were in the cavity site (no fluid has been infiltrated 

within the marked holes). 

State (2), the source was in the input of the circuit and the monitor was in the cavity 

site (no fluid has yet been infiltrated within the marked holes). 

State (3), the source was in the input of the circuit and the monitor was in the cavity 

site (the fluid has been infiltrated within the marked holes around L4 cavity with 

refractive index of 1.334). 

 

To separate a single wavelength from several wavelengths located in the third 

telecommunication window, we used the marked holes around the L4 cavity 

(that marked in Figure 2), by infiltrating optofluidic materials into them. 

To achieve this result, by viewing the output spectrum after changing the 

refractive index of marked holes each time, refractive indices of optofluidic 
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materials were selected in a way that the separated wavelength will not be 

outside the range of the third telecommunication window. 

Table 1 shows the results of using optofluidic matrials with different refractive 

indices. According to this table, by infiltration of the optofluidic materials with 

refractive indices in the range of 1.3 to 1.5, the output spectrum was in the third 

telecommunication window range, with the high transmission efficiency. 

 

TABLE 1 

Results of using different refractive indices in the marked holes. 

n 0( nm)  Transmission (%) 

1.2 Several 15  

1.3 1551 76 

1.4 1561 100 

1.5 1572 97 

1.6 1584 88 

 

 

3. SIMULATION AND RESULTS 

The FDTD method was used to analyze the proposed photonic crystal filter. 

Therefore, by considering the effective refractive index for the structure and 

applying the perfectly matched layer boundary condition (PML), the 

calculations have been performed where the meshing around the structure issue 

was considered in the x-z plane.  The space steps x and z in the FDTD mesh had 

been chosen equal to 26.37
16

ax z nm     , and the time steps were 

obtained from (1). 

2 2

1( )
1 1

t
C

x z

 


 

                                   (1) 

Where C is the velocity of light in free space. The effective parameters on the 

results of the filters are the central wavelength 
0( ) , transmission efficiency, 

and quality factor (Q) . The quality factor can be calculated by (2). 

0Q






                                                       (2) 

Here  is the full width at half power of the output. 

According to Table 1, for optofluidic materials with refractive indices of 1.3 

to 1.5, the output spectrum was in the range of the third telecommunication 

window. For greater accuracy, the refractive index of the infiltrated holes was 
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increased each time by step 0.01 and the results are presented in Table 2. It can 

be seen that the output spectrums of the filter were strongly affected by very 

small change in the refractive index of the marked infiltrated holes and by 

increasing the refractive index of the optofluidic material, the resonant 

wavelength increased, as well. 

Figure 5, shows the output spectrum of structure when the source was in the 

input site and the monitor was in the output site of the circuit (a fluid, for 

example, acetonitrile has been infiltrated within the marked holes). To this end, 

the refractive index of the marked infiltrated holes was changed to 1.334 [15]. 

 

TABLE 2 

The result of refractive index increment of the infiltrated holes, by increasing 

0.01 in each step. 

n 0( nm)  Transmission (%) 

1.3 1551 76 

1.31 1551.5 94 

1.32 1552.4 98 

1.33 1553.1 99 

1.34 1554.4 100 

1.35 1555 100 

1.36 1.5562 100 

1.37 1.557.4 100 

1.38 1558.1 100 

1.39 1559 100 

1.4 1561.2 100 

1.41 1562.4 100 

1.42 1563.3 100 

1.43 1564.2 100 

1.44 1565 100 

1.45 1566.2 100 

1.46 1567.1 100 

1.47 1568.4 100 

1.48 1569.8 99 

1.49 1570.1 96 

1.5 1572.3 95 
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Fig. 5. The output spectrum of structure when acetonitrile has been infiltrated within the 

marked holes 

 

To observe the performance of the designed filter, several materials such as 

water, acetonitrile, 1-propanol, and benzene [15] were selected, and the 

refractive index of the marked infiltrated holes was considered according to the 

refractive index of these optofluidic materials. The results have been shown in 

Figure 6 and their properties are listed in Table 3. 

 

 

 

Fig. 6. The output spectrum resulted from the infiltration of the water, acetonitrile, 1-

propanol and benzene into the marked holes 
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TABLE 3 

The properties of structure by infiltration of different materials within the marked 

holes. 

Material n 
 

Transmission (%) Q 

Water 1.316 1552 94 676.95 

Acetonitrile 1.334 1554 99.5 597.8 

1-Propanol 1.373 1557 100 523 

Benzene 1.478 1569 99.5 250.64 

 

The performance of the filter structure against the input signal was as 
follows: When the input signals were in the range of resonant cavity 

wavelengths, for example 1552 nm, it dropped from input to output waveguide 

(see Figure. 7). When the input signals were in the PBG region, not in the range 
of resonant cavity wavelengths, for example 1410 nm, the optical signal could 

not be dropped into the output waveguide (see Figure.8). 

 
Fig. 7. Propagation of light in the structure with 1552 nm wavelength. 

 
Fig. 8. Propagation of light within PBG region and out of the resonsnt wavelengths 

(1410 nm). 



 
 

 

Bazargani et al           DOI 10.30495/jopn.2022.29582.1248 

Journal of Optoelectronical Nanostructures. 2022; 7 (4): 66- 79                      77 

The comparison of the properties of the previous works with the proposed 
structure has been listed in Table 4. 

 
TABLE 4 

The comparison of the properties of the previous works with the proposed structure. 

Work Q Transmission (%) 

Ref [4] 221 100 

Ref [5] 389 100 

Ref [16] 114 100 

Ref [17] 344 100 

Ref [18] 196 100 

Ref [19] 387 90 

Ref [20] 114.69 100 

Ref [21] 205.5 100 

This work 

(Water) 
676.95 94 

This work 

(Acetonitrile) 
597.8 99.5 

This work (1-

propanol) 
523 100 

 

 

4. CONCLUSION 

The results showed that the transmission efficiency and the quality factor 

could be controlled by optofluidic materials that infiltrated within some selected 
holes. This operation can be done without any change in the radius of holes, 

which is an important feature of the current design. However, in previously 

researched works, wavelength separation has already been done by the 
mechanism of resizing the holes at the nanometer scale and in most of the cases, 

the fabrication was impossible. Therefore, this work presented a remarkably 

flexible design in which by changing the optofluidic material, the output 

wavelength could be easily selected. 
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