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ABSTRACT 
In this paper, a comparative analysis is made for density of states function of one-dimensional finite 

photonic crystal for both s and p-polarized wave incidences with different material compositions. 

Computation is carried out for AlxGa1-xN/GaN heterostructure, and results are compared with conventional 

SiO2/Air composition. Structural parameters of the periodic arrangement are suitably varied to observe the 

effect on the density of states, and observations are graphically represented by blueshift and redshift. For 

the AlxGa1-xN/GaN material composition, Adachi’s model has been considered to incorporate the 

dependencies of refractive indices on operative wavelength and material composition. Occurrence of the 

peak positions in both the cases speaks about the possible emission/detection wavelength range and shows 

the superiority of the semiconductor heterostructure based composition in fabricating a photonic crystal 

based optical transmitter/receiver.  

Keywords: One-dimensional photonic crystal, Density of states, Polarized wave incidence, Semiconductor 

heterostructure, Blueshift and Redshift 

 

 

I. INTRODUCTION 

 

One-dimensional photonic crystal is an 

arrangement of materials with special 

periodicity in dielectric constant along 

the direction of propagation of 

electromagnetic wave [1]. Because of 

this periodicity, the structure exhibits a 

few windows in otherwise prohibited 

wavelength spectra, making it usable as 

a tunable optical bandpass filter [2-3] for 

photonic integrated circuit applications. 

This is possible due to the formation of 

photonic bandgap [4], which may be 

exhibited in one, two or three 

dimensions. This is a revolutionary 

building block for the future optical 

communication, and can be used in 

photonic integrated circuits [5]. These 

structures are capable of operating in the 

microwave, millimeter-wave, infrared 

and visible ranges of electromagnetic 

spectra, and are already used to fabricate 

various optical devices [6-9]. Among the 

different structures, one-dimensional 

periodic arrangement is most studied due 

to the inherent advantage of theoretically 

analyzing the optical characteristics for 

various applications. Theoretical 

investigations are also well supported by 

experimental workers due to the rapid 

advancement in microelectronics field. 

Density of states of a photonic crystal 

has the importance for calculating  
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emission and absorption properties of 

molecules when they are placed inside 

the cavities of crystal [10]. Tuning of 

these properties are very important for 

fabrication of micro-laser or optical 

memory. Also threshold voltage of a 

laser may be reduced by modifying the 

DOS profile. Hence the accurate 

evaluation of density of states and its 

dependence on structural play a very 

important role when the structure is 

subjected to polarized incident wave as 

well as different material composition. 

Rudzinski [11] calculated the density of 

states of a defected photonic crystal by 

analytical method. On similar lines, 

Kano [12] calculated DOS for 

anisotropic 3D photonic crystal for 

thermally pumped terahertz emission. 

Boundary effects on DOS are computed 

in [13] using Green’s function. 

Dispersion relation of an N-period 

crystal was theoretically investigated by 

Dios-Leyva [14] and compared with the 

result of an infinite one for finite and 

large values of unit cells. Mode 

spectrum is also calculated in [11], [14] 

for 1D structure by several workers. 

Scotognella [15] suggested that 1D PC 

with suitable material composition can 

be used as DFB laser. 

In this paper, density of states of one-

dimensional photonic crystal is 

analytically computed as a function of 

normalized wavelength under different 

polarized incident wave conditions for 

different material composition. SiO2/Air, 

which is an industry standard today in 

fabricating photonic crystals is taken as 

one of the material composition and 

AlxGa1-xN/GaN, a semiconductor 

heterostructure is taken as another. Use 

of AlxGa1-xN/GaN material composition 

has been taken up because as shown in 

[16] that the effect of carrier localization 

in AlxGa1-xN layer is expected to 

increase the overall figure of merit of the 

AlxGa1-xN/GaN due to the combined 

advantages of enhanced band offset, 

lattice mismatch induced piezoelectric 

effect. Thus improving the material 

quality of AlGaN alloys is also of crucial 

importance for fabricating high 

performance AlxGa1-xN/GaN structures. 

The advantages of GaN can be 

summarized as ruggedness, power 

handling and low loss [17], [18]. 

Authors already calculated the DOS for 

heterostructure only [19], but 

comparison with conventional materials 

are not published as far the knowledge 

of the authors. S and P type polarizations 

are considered for comparative analysis 

and variation of periodic layer 

dimensions are incorporated to observe 

the effect on DOS. Results are important 

for photonic crystal based optical 

emitter/ detector applications. 

II. MATHEMATICAL MODELING 

 

Using the periodic boundary condition, 

let us consider that the k-space volume 

occupied by each wave vector point 

3)2( 

V
 is derived by discretizing the 

wave vector and taking the quantization 

volume V to infinity. The number of 

modes, N  having frequencies from 

 to d  is given by, 
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where  and  represent the 

infinitesimally small area and thickness 

of the surface elements on a constant-

frequency surface in k space and band 

index is given by n. 

So, making use of the approximations, 
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and taking 0  we get, 
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Now if we confine the Bloch waves in 

1D, i.e., the ones normal to the 

superlattice, the only possible wave 

vectors corresponding to each   are 

+ Bk  and -. Bk  . 

Then we can write Eqn. (1) as, 
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Now, in the 1D periodic structure the 

wave vector in the superlattice is 

),,( zyB kkkk   where Bk  is the Bloch 

wave component and 
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is the conserved tangential wave 

number.  

Now, considering dependence of 

propagation vectors k1x and k2x on 

refractive indices in different media as, 

 

22

)2,1()2,1( nn
c

k x 


                      (8)  

and,  

22

)2,1(

)2,1(

)2,1()2,1( 2 nn
L

L

d
dk x 


    (9)  

 

we may write for S-polarized wave  
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and similarly, for P-polarization, 
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which can be written as  
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Then for constant β  
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Thus the density of states reads 
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where  0  is the ideal density of 

states function.  

 

From Eq. (15), we can write 
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This can be written in the following 

form 
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Similarly under p-polarization condition, 

the equation gets modified as 
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III. RESULTS AND DISCUSSION 

 

The density of states function of one-

dimensional infinite photonic crystal 

have been computed for different 

dimensional configurations and also for 

different material compositions. Angular 

incidence of electromagnetic wave is 

considered for simulation which gives S 

or P’ polarized wave due to formation of 

incomplete photonic bandgap. In fig. 1, 

density of states is plotted as a function 

of normalized wavelength for a constant 

mole fraction (x) of 0.15 for AlN in 

AlxGa1-xN material composition for 

incidence of both the polarized light, 

whereas the dependence of SiO2/Air on 

mole fraction is absent and thus a 

generalized plot for the latter 

composition. 
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Figure 1: DOS with normalized wavelength for 

different material compositions 

Here the layer thicknesses for both the 

compositions are matched. Redshift is 

observed for both the types of material 

composition and the magnitude of the 

shift in p-polarization is higher in both. 

However the magnitude of shift and the 

density of modes in much more in 

AlxGa1-xN/GaN as compared to that in 

SiO2/Air. Fig 2 shows the DOS profiles 

as a function of normalized wavelength 

for different thicknesses of lower 

refractive index material under s-

polarized incident wave. 

 
Figure 2a: DOS with normalized wavelength for 

increasing thicknesses of low refractive index  

material layer keeping dimension of high 

refractive index material layer constant (0.2 μm) 

for s-polarized wave 

 
 

Figure 2b: DOS with normalized wavelength for 

decreasing thicknesses of low refractive index  

material layer keeping dimension of high 

refractive index material layer constant (0.2 μm) 

for s-polarized wave 

In the first two subplots of Fig. 2a, 

keeping the dimension of GaN layer 

(higher refractive index material) 

constant, thickness of AlxGa1-xN is 

varied to observe the effect on density of 

states. In the last two subplots, now the 

dimension of SiO2 layer is kept constant 

with the thickness of the Air layer being 

varied. A similar redshift is observed as 

the layer thickness increases in the case 

of lower refractive index material but the 

magnitude of peaks in case of SiO2/Air 

is much less and scare as compared to 

AlxGa1-xN/GaN. In Fig. 2b, the first two 

subplots for AlxGa1-xN/GaN material 

composition as well as the last two 

subplots for SiO2/Air composition show 

blueshift. However, the magnitude of the 

peaks is more in case of SiO2/Air than 

the former one i.e. AlxGa1-xN/GaN with 

decreasing layer thickness.  
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Figure 3a: DOS with normalized wavelength for 

increasing thicknesses of low refractive index  

material layer keeping dimension of high 

refractive index material layer constant (0.2 μm) 

for p-polarized wave 

 

Figure 3b: Density of states with normalized 

wavelength for decreasing thicknesses of low 

refractive index  material layer keeping 

dimension of high refractive index material layer 

constant (0.2 μm) for p-polarized wave 

Fig 3 depicts the DOS profiles as a 

function of normalized wavelength for 

different thicknesses of lower refractive 

index material under p-polarized 

incident wave. Keeping the dimension of 

GaN layer constant, thickness of AlxGa1-

xN is varied. Similarly, the dimension of 

SiO2 layer is kept constant with the 

thickness of the Air layer being varied to 

observe the effect on density of states. In 

Fig 3a, for AlxGa1-xN/GaN material 

composition a blueshift is observed with 

increasing layer thickness under the p-

polarization condition with higher 

magnitude peaks. Contrary to this 

however we find that in case of SiO2/Air 

composition, a redshift is observed with 

widely spread out peaks. However as 

seen in fig. 3b, we find out that in case 

of AlxGa1-xN/GaN the blueshift is more 

distinguishable and states are denser 

when the layer thickness is decreased 

contrary to the previous case where the 

blueshift was dominated with higher 

magnitude peaks for p-polarized light. In 

case of SiO2/Air we get a relatively 

known DOS profile (if we closely follow 

the nature of the AlxGa1-xN/GaN 

case).Here with decreasing layer 

thickness, the redshift is relatively less 

than the former case and at points the 

DOS completely vanishes.  

 

Figure 4a: Density of states with normalized 

wavelength for increasing thicknesses of high 

refractive index  material layer keeping 

dimension of low refractive index material layer 

constant (0.2 μm) for s-polarized wave 

Likewise, Fig. 4 shows the DOS profiles 

with normalized wavelength for different 

layer thicknesses under the incidence of 

s-polarized light. Here DOS function is 

plotted keeping dimension of lower 

refractive index layer constant, and 

varying the thickness of higher refractive 

index layer. 
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Figure 4b: Density of states with normalized 

wavelength for decreasing thicknesses of high 

refractive index  material layer keeping 

dimension of low refractive index material layer 

constant (0.2 μm) for s-polarized wave 

In Fig. 4a, the first two subplots depict 

that the AlxGa1-xN layer (low refractive 

index) is fixed at 0.2 μm, while the GaN 

layer is varied with layer thickness for s-

polarized wave incidence. The same 

thing is done with the last two subplots 

with the Air layer being constant this 

time with varying SiO2 layer thickness.  

 

Figure 5a: Density of states with normalized 

wavelength for increasing thicknesses of high 

refractive index  material layer keeping 

dimension of low refractive index material layer 

constant (0.2 μm) for p-polarized wave 

For AlxGa1-xN/GaN composition, 

prominent redshift is observed with 

increasing layer thickness with areas 

where the DOS completely disappears. 

Contrary to this in case of SiO2/Air, 

blueshift is observed with higher value 

of peak magnitudes for s-polarized light. 

However, when the layer thickness of 

the higher refractive index decreases we 

find that redshift occurs for both the 

material compositions. But the peaks are 

more densely packed and higher in case 

of AlxGa1-xN/GaN as compared to 

SiO2/Air. 

 

Figure 5b: Density of states with normalized 

wavelength for decreasing thicknesses of high 

refractive index  material layer keeping 

dimension of low refractive index material layer 

constant (0.2 μm) for p-polarized wave 

Fig. 5 shows the DOS profiles with 

normalized wavelength for different 

layer thicknesses under the incidence of 

p-polarized light, keeping the dimension 

of lower refractive index layer constant, 

and varying the thickness of higher 

refractive index layer. In Fig. 5a, 

prominent blueshift is observed for both 

the material compositions with 

increasing layer thickness. The 

magnitude of the peaks in case of 

AlxGa1-xN/GaN composition is high and 

uniform. Fig. 5b is quite predictable in 

its nature. Here we see that for AlxGa1-

xN/GaN composition, blueshift is 

observed in contrast to which redshift is 

observed for SiO2/Air material 

composition for decreasing layer 

thickness of the high refractive index 

material. One observable feature here is 

the distribution of the DOS profile for 

the SiO2/Air. The DOS function nearly 

ceases to exist when the layer thickness 

of the high refractive index material is 
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reduced. A large number of spaces 

remain vacant.  

 

IV. CONCLUSION 

 

By suitably varying the structural 

parameters, density of states profiles of 

one-dimensional infinite photonic crystal 

have been studied in this paper. 

Comparative analysis is made between 

SiO2/Air, the material composition 

widely used today in fabricating 

photonic emitter/detector with a 

potential candidate i.e. AlxGa1-xN/GaN. 

The advantages of this semiconductor 

heterostructure have already been 

discussed in the introductory part of this 

paper. Detailed mathematical 

formulations as well as simulations have 

provided us; with a complete picture 

regarding the operating range of the PC 

based devices fabricated using these 

material compositions, To sum up, we 

can say that from the study of the 

simulations in case of AlxGa1-xN/GaN 

composition, the operating range for the 

emitter/detector is increased compared to 

the conventional ones fabricated with 

SiO2/Air. Moreover, the uniformity of 

the DOS profile in case of AlxGa1-

xN/GaN composition guarantees us a 

hassle free operation in the operating 

range. The magnitude of the peaks and 

the predominance in either of the 

redshift or blueshift speaks for its 

stability of operation. One common 

reason for such advantages can be 

attributed to the fact that in case of 

semiconductor heterostructures we 

model the material composition in such a 

way so as to increase its contrast in 

refractive index.  
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