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        Abstract



        In this research, we attempt to envisage the mirror application using semiconductor photonic crystal with the help of photonic bandgap analysis. The photonic bandgap of photonic crystal structure is simulated using plane wave expansion method, where photonic crystal is realized by 2D triangular photonic crystal structure with gallium arsenide as background material having periodic air holes. Simulation result revealed that both lattice spacing of crystal structure and radius of air holes play vital role in realizing optical mirror. It is observed that photonic band gap of the above structure is found, if radius of air hole varies from 16 nm to 50 nm for lattice constant of 100 nm . It is also seen that photonic band gap is found if lattice spacing varies from 200 nm to 650 nm for radius of air hole of 100 nm.
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      1. INTRODUCTION


      The parameter photonic bandgap of artificial optical materials has been playing an important role to discussing various properties of photonic materials. Photonic bandgap materials realize the periodic structure in one, two or three dimension that forbids light propagation at certain range of frequencies or wavelengths [1]. Due to these potential properties, various optical communication and sensing devices are being recently incorporated using photonic crystal waveguides [2-7]. We in this paper attempt to realize an optical mirror using semiconductor photonic crystal, where photonic crystal structure is realized by 2D triangular photonic crystal structure having gallium arsenide as background material with periodic air holes. The said triangular crystal structure is shown in Fig. (1).


      Fig. (1) represents two dimensional triangular crystal structure with periodic air holes. Fig. (1) shows light having a particular ranges, of frequency or wavelength incident on gallium arsenide crystal structure. Out of these range light having a particular wavelength or a range of wavelengths cannot propagate through the same structure. This indicates the same range of wavelengths will be completely reflected from it. The reflected beam from such photonic crystal structure is referre as photonic bandgap. Though optical mirror does not directly depend on photonic band gap, the optical properties control the efficiency of optical mirror because a mirror is an object that reflects light. This optical phenomenon (reflection) is a key factor to realize a good mirror. Since photonic bandgap is represented as reflect light by a periodic object, the efficiency of optical mirror depends on the photonic bandgap. As far as photonic bandgap is concerned it depends on structure and configuration of the same photonic crystal structure. As far as structure is concerned, here we deal with 2D triangular structure with gallium arsenide as background material. Similarly, As far as the configuration is concerned, radius of air hole as well as lattice spacing plays an important role in obtaining photonic bandgap of aforementioned structure. So to realize such configuration, here we have chosen two set of data for radius (r) and lattice spacing (a), for example; firstly range of radius of air hole is taken as 16 nm to 49 nm, where lattice spacing is taken as 100 nm. Secondly the range of lattice spacing is taken of 200 nm as 650 nm, where radius of air hole is taken as 100 nm. So that different combination of both radius and lattice spacing are realized. The set of combinations of radius and lattice spacing are shown in Table 1.
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Fig. (1)

      2D triangular photonic crystal structure with gallium arsenide as background material.

      
        Table 1 Different combination of radius and lattice spacing.


        
          
            
              	First set

              	Second set
            


            
              	Radius (r)

              in nm

              	Lattice spacing (a)

              in nm

              	Combination (r,a)

              	Radius (r)

              in nm

              	Lattice spacing (a) in nm

              	Combination (r,a)
            

          

          
            
              	16

              	100

              	(16 nm,100 nm)

              	100

              	200

              	(100 nm, 200 nm)
            


            
              	17

              	(17 nm,100 nm)

              	250

              	(100 nm, 250 nm)
            


            
              	18

              	(18 nm,100 nm)

              	300

              	(100 nm, 300 nm)
            


            
              	19

              	(19 nm,100 nm)

              	350

              	(100 nm, 3500 nm)
            


            
              	20

              	(20 nm,100 nm)

              	400

              	(100 nm, 400 nm)
            


            
              	25

              	(25 nm,100 nm)

              	450

              	(100 nm, 450 nm)
            


            
              	30

              	(30 nm,100 nm)

              	500

              	(100 nm, 500 nm)
            


            
              	35

              	(35 nm,100 nm)

              	550

              	(100 nm, 550 nm)
            


            
              	40

              	(40 nm,100 nm)

              	600

              	(100 nm, 600 nm)
            


            
              	45

              	(45 nm,100 nm)

              	650

              	(100 nm, 650 nm)
            


            
              	49

              	(49 nm,100 nm)
            


            
              	50

              	(50 nm,100 nm)
            

          
        


      


      The reason for choosing such radius and lattice spacing is that the absorption loss of gallium arsenide semiconductor crystal is zero at these dimensions [8]. As far as literature survey on optical mirror is concerned, a lot of similar type of research works deal with the same [9-12]. In reference [9] authors discuss the construction of optical mirror using photonic crystal slab. Similarly, in reference [10], photonic crystal mirror is investigated using III-V/Si integrated devices. Mini stop band photonic crystal mirror is explored using GaAs based quantum dot laser in reference [11]. Also in reference [12] a dichroic mirror is realized using by the combination of ZrO and SiO2. Though these references provide viable result to realize optical mirror, but the structures are complex. To avoid this complexity, here we deal with a simple 2D triangular GaAs photonic crystal structure with periodic air holes, which delivers excellent result to envisage optical mirror. Using data from Table 1 and employing plane wave expansion method, simulation for photonic bandgap of 2D triangular photonic crystal structure is made, which is discussed in next section.


      
        

        2. SIMULATION RESULT AND DISCUSSION


        Photonic bandgap is a key parameter of photonic crystal structure to envisage mirror application. In this case, plane wave expansion (PWE) method is used to make simulation for photonic bandgap of 2D dimensional photonic crystal structures [13]. Here, simulation is made for finite area of proposed photonic crystal structure which contains six columns of air holes on GaAs substrate material. Photonic bandgap depends on structure parameters such as lattice spacing, radius of air holes, number of air holes including structure and configuration of crystal. In this case, we have chosen different combination of radius and lattice spacing, which is mentioned in the previous section. Using data from Table 1, (different combination of radius and lattice spacing), simulation is done for photonic bandgap of photonic crystal structure using plane wave expansion method. The simulation results for (100 nm, 200 nm) and (100 nm, 300 nm) of (r,a) are shown in Figs. (2a and 2b) respectively.
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Fig. (2a)

        Simulation graph for photonic bandgap of 2D photonic crystal structure having radius of air hole, 100 nm and lattice spacing of 200 nm.
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Fig. (2b)

        Simulation graph for photonic bandgap of 2D PCs having radius of air hole, 100 nm and lattice spacing of 300 nm.

        Simulation for other combination, such as (16 nm,100 nm), (17nm,100 nm), (18 nm,100 nm), (20 nm,100 nm), (25 nm,100 nm), (30 nm,100 nm), (35 nm,100 nm), (40 nm,100 nm), (45 nm,100 nm), (48 nm,100 nm), (49 nm,100 nm), (50 nm,100 nm), (100 nm, 250 nm), (100 nm, 350 nm), (100 nm, 400 nm), (100 nm, 450 nm), (100 nm, 500 nm), (100 nm, 550 nm), (100 nm, 600 nm) and (100 nm, 650 nm) of radius and lattice spacing are done but not shown here. Fig. (2a) represents the dispersion diagram (photonic bandgap) of 2D photonic crystal structure with gallium arsenide as background material having lattice constant of 200 nm and radius of air holes, 100 nm. Similarly, Fig. (2b) represents the dispersion diagram (photonic bandgap) of 2D photonic crystal structure with gallium arsenide as background materials having lattice constant of 300 nm and radius of air holes, 100 nm. From these figures, it is seen that normalized frequency (a/λ) is taken along vertical axis with respect to wave vector (K in m-1) along horizontal axis. Here, the difference between higher and lower band of normalized frequency is shown in these diagrams. This difference indicates that the range of normalized frequencies cannot pass through the same structure or these ranges of electromagnetic waves are completely reflected from such structures. Then, the wavelength range corresponding to each forbidden normalized frequency is computed. These wavelength ranges of electromagnetic wave will be reflected from such photonic crystal structure. Since reflected beam or light is nothing but the amount of photonic bandgap of photonic crystal structure, photonic band gap corresponding to each dispersion curve have been computed for the same. We know that photonic band gap is determined by taking difference between bottom of the higher band to the top of the lower band. Using above concept, it is seen from Fig. (2a) that higher and lower bands of normalized frequency are overlapped. This indicates that there is no band gap exists between them (upper and lower band). It is understood that no photonic band gap is available in the same graph. And also it is inferred that no light will be reflected, if gallium arsenide photonic crystal structure will have 200 nm of lattice constant and 100 nm of radius of air holes. So it is concluded that such dimensions of the same structure is not suitable for mirror application. However, bandgap is clearly found in Fig. (2b). In this figure lower and higher, a/λ are shown by arrow mark. Apart from this the wavelength corresponding to each normalized frequency (a/λ). is found. From this figure, it is observed that lower wavelength λ2 is 853 nm corresponding to higher a/λ and higher wavelength λ1 is 1197 nm corresponding to lower a/λ. It is also found that wavelength range of 853 nm - 1197 nm cannot propagate through it. It indicates that such wavelength range is completely reflected from such structure. It is also realized that the photonic crystal structure (2D triangular) with gallium arsenide as background material having lattice constant of 300 nm and radius of air hole 100 nm reflects wavelength from 853 nm -1197 nm. And the wavelength band width corresponding to same range (Δλ= 344 nm) is calculated. In other word, one can say that 2 D gallium arsenide triangular photonic crystals structure having lattice spacing of 300 nm and radius of air holes of 100 nm is suitable for an optical mirror for the range of wavelength, 853 nm-1197 nm with wavelength band width of 344 nm. Similarly simulation is done for other lattice spacing and radius ((16 nm,100 nm), (17nm,100 nm), (18 nm,100 nm), (20 nm,100 nm), (25 nm,100 nm), (30 nm,100 nm), (35 nm,100 nm), (40 nm,100 nm), (45 nm,100 nm), (48 nm,100 nm), (49 nm,100 nm), (50 nm,100 nm), (100 nm, 250 nm), (100 nm, 350 nm), (100 nm, 400 nm), (100 nm, 450 nm), (100 nm, 500 nm), (100 nm, 550 nm), (100 nm, 600 nm) and (100 nm, 650 nm). We also computed the lower wavelength, higher wavelength and wavelength width corresponding to each combination. Using above values, graphs are plotted between lower wavelength, higher wavelength and wavelength width along y-axis and radius and lattice spacing along x-axis. The above variations for first and second set of data are shown in Figs. (3a and 3b) respectively.


        [image: ]
Fig. (3a)

        Variation of higher wavelength, lower wavelength and wavelength width/band with radius of air holes, when lattice spacing of the structure is taken of 100 nm.

        Fig. (3a) represents the variation of higher wavelength (λ1), lower wavelength (λ2) and wavelength width/band (Δλ) with respect to radius of air hole, which varies from 16 nm to 50 nm, when lattice spacing is 100 nm. Similarly, Fig. (3b) represents the variation of higher wavelength, lower wavelength and wavelength width/band with respect to lattice spacing of structure, which varies from 200 nm to 650 nm, when radius of air holes is 100 nm. From Fig. (3a), it is seen that higher wavelength and lower wavelength are taken along primary y-axis, where wavelength width is taken along secondary y-axis with respect to radius of air hole along primary x-axis. Similarly from Fig. (3b), it is seen that higher wavelength and lower wavelength are taken along primary y-axis, where wavelength width is taken along secondary y-axis with respect to radius of air hole along primary x-axis. From Fig. (3a), it is also observed that both higher and lower wavelengths corresponding to radius of air holes gradually decrease for example; both higher and lower wavelength decrease from 446 nm to 180 nm with the increasing of radius of air hole which varies from 16 nm to 50 nm, however an interesting variation of wavelength width (λ1-λ2) is found with respect to the same radius, for example; λ1-λ2 increases from 0 to 130 nm with radius from 16 nm to 35 nm and further decreases to 0. It is also seen that though the wavelength values of higher and lower band are same at radius of 16 nm and 50 nm, the track of variation is different. The same is clearly mentioned in Fig. (3a). Similarly from Fig. (3b), it is also observed that higher and lower wavelengths corresponding to lattice spacing gradually increases for example; both higher and lower wavelength increases from 365 nm to 2910 nm with the increasing of lattice spacing which varies from 200 nm to 650 nm, however an interesting variation of wavelength width (λ1-λ2) is found with respect to same lattice spacing for example ‘λ1-λ2’ increases from 0 to 344 nm with lattice spacing from 200 nm to 300 nm and further decreases to 0. It is also seen that though the wavelength values of higher and lower band are same at lattice spacing of 200 nm and 650 nm, the track of variation is found to be different. The same is clearly mentioned in Fig. (3b).

      

    


    
      

      CONCLUSION


      Realization of optical mirror using 2D triangular photonic crystal structure is thoroughly discussed in this paper. Photonic band gap of photonic crystal structure play an important role in discussing mirror application. Photonic band depends on both lattice spacing and configuration of same structure. Finally, it is observed that variation of reflected wavelength band depends on both radius of air holes and lattice spacing of crystal structure.
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Fig. (3b)

      Variation of higher wavelength, lower wavelength and wavelength width/band with lattice spacing of structure, when radius of air holes is taken of 100 nm.
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