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In this paper, the photonic band-gap of one-dimensional photonic crystals with (AB)
N
 configuration is presented and 

thoroughly discussed based on transfer matrix method (TMM). Results show that band-gap properties including the width, 

central wavelength, and reflectance are directly related to refractive index, thickness, periodic number of dielectric materials, 

and incidence angle. By increasing the periodic number from 3 to 30, the reflectance is gradually enhanced till nearly stable. 

As both thickness ratio and refractive index ratio between two dielectric materials are increased, the band-gap width is 

remarkably extended. In addition, while the incidence angle is varied from 0
0
 to 80

0
, the band-gap width is compressed (TM 

wave) and slightly broadened (TE wave), and the central wavelength of band-gap is shifted to shorter wavelength compared 

to the case of normal incidence. 
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1. Introduction 

 

Based on the concept of a semiconductor crystals and 

electronic band-gap, S. John and E. Yablonovitch 

respectively put forward the concept of photonic crystals 

(PC) in 1987 [1, 2]. It is well-known that, in terms of the 

dimensionality of stacks, the photonic crystals can be 

classified into one-dimensional, two-dimensional, and 

three-dimensional structures. Because of these special 

arrangements, PC with periodic structure can easily 

control photons of electromagnetic wave, namely, the 

frequencies of photons within the band-gap can’t exist 

through the photonic crystal, which is remarkably reflected 

[3-6]. As a consequence, photonic crystals will take on 

some significant properties resulting from band-gap 

compared to other devices so that the photonic crystals 

based waveguide have been attracted intensively attentions, 

and widely applied in various techniques such as slow 

light [7, 8], all-optical switch [9, 10], optical coupler [11, 

12], laser [13-15], and sensor [16]. 

Based on previous reports, one can know that 

one-dimensional photonic crystal (1D PC) is often 

demonstrated in different applications due to its simple 

structure. Obviously, the photonic band-gap is an essential 

optical phenomenon in 1D PC, which has already been 

discussed in some literatures [17-19]. However, it is very 

significant to further research the band-gap of 1D PC for 

exploring its applications in various optical technologies. 

Therefore, in this study, the influence of physical 

parameters such as refractive index, dielectric thickness, 

periodic number, and incidence angle on the band-gap of 

1D PC will be presented and thoroughly investigated by 

means of transfer matrix method (TMM). Through this 

work, one can well-know the band-gap properties of 1D 

PC.  

 

 

2. Theory model 

 

A B A B A B A B...

hA hB

Fig. 1. The schematic diagram of one-dimensional  

binary photonic crystals with (AB)N configuration 

 

One dimensional binary photonic crystal is made of 

two materials that are alternately arranged along one 

direction. The schematic diagram is shown in Fig. 1, 

where both A and B materials have different dielectric 

constants, εA and εB. The corresponding media thickness is, 

respectively, hA and hB shown in the schematic. Here, the 

refractive indexes of media A and B is, respectively, fixed 

at nA=2.35, nB=1.38 in this study. To simulate the 

electromagnetic wave propagation in photonic crystals, the 
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TMM technology that can connect the electric field and 

magnetic field component on both sides of the dielectric 

layer, that is presented as [20] 
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where the subscript j denotes the jth dielectric layer, the 

phase δj=(2π/λ)njhjcosθ, and ηj=njcosθ (TE wave), or ηj= 

nj/cosθ(TM wave), θ is the incidence angle for each layer. 

If the total 1D PC is surrounded by air, θ0 is the initial 

incidence angle for PC, cosθ=cosθA=[1-sin
2
θ0/(nA)

2
]

1/2
 for 

A media film, and cosθ=cosθB=[1-sin
2
θ0/(nB)

2
]

1/2
 for B 

media film. 

Each the transfer matrix M0 for AB unit can be written as 

0 A BM M M                  (2) 

Full transfer matrix M of one-dimensional photonic 

crystals can be expressed by 
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Using the matrix elements in Eq. (3), the reflectance 

coefficient of 1D PC is given by 
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where Mmn (m, n=1, 2) denotes the matrix elements, the 

coefficient ηN+1=η0=cos(θ0). 

The corresponding power reflectivity is given by 

2
R r                   (5) 

Based on above theoretical method, the photonic band-gap 

properties of 1D PC can by numerically researched by 

changing the parameters including repetition number, 

media thickness, refractive index, and incidence angle. 

 

 

3. Results and discussion  

 

Fig. 2 shows the photonic band-gap of 1D PC with 

changed repetition number, in which, under the condition 

of normal incidence, the TE wave is introduced into the 

photonic crystals, and the thickness of media A and B is, 

respectively, set to hA=63.8 nm, and hB=108.7 nm. As can 

be seen from the figure, in the case of N=3, the maximum 

reflectivity is ~0.85. It implies that energy of incident 

electromagnetic wave is spread through the photonic 

crystal. As a result, the band-gap of photonic crystals can 

not be observed in Fig. 2 (a). As the repetition number is 

increased to N=5, the maximum reflectivity is also 

enhanced to ~0.98 shown in Fig. 2 (b) with the result that 

the corresponding photonic band-gap is partly formed. 

While the repetition number is equal to 12, the full 

photonic band-gap illustrated in Fig. 2 (c) is achieved, 

which has steep band edges and flap top. The wavelength 

of referred bandwidth is from ~510 nm to ~740 nm, where 

the reflectivity is closed to ~100%. It is obvious that the 

obtained photonic band-gap tends to stable state by further 

increasing the repetition number. The behaviors can be 

respectively observed for two cases of N=20, 30, in Fig. 2 

(d) and (e). These phenomena can be explained by using 

the multi-beam optical coherence theory of multilayer 

stacks [20]. Based on the discussion, one can conclude that 

under a proper computation time condition, the repetition 

number should be judiciously selected to obtain an idea 

photonic band-gap. 

 

Fig. 2. Photonic band-gap for different  

repetition numbers 

 
 

Fig. 3. Photonic band-gap with various  

thickness ratios 
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Fig. 3 plots the photonic band-gap with different 

thickness ratio for media A and B, in which the repetition 

number is N=30, and other parameters are identical to 

those of Fig. 2. The thickness ratio is defined by m=hB/hA, 

which is changed by increasing hB, and fixing hA in this 

plot. In Fig. 3 (a)~(e), one can see that, as the thickness 

ratio m is gradually increased from 1 to 2.4, the bandwidth 

is remarkably extended, and central wavelength of 

band-gap is shifted to longer wavelength. It is obvious that, 

because of the increase of the optical length for B layer as 

a result of the extended length of B layer, the resonance 

wavelengths supported by B layer are shifted to longer 

wavelengths so that the band-gap created by the combined 

effects of A and B layers is shifted to longer wavelength. 

As a consequence, the width of band-gap is also broadened. 

Therefore, while the thickness ratio m varies from 1 to 2.4, 

the corresponding bandwidth of photonic band-gap is 

significantly broadened from ~162 nm to ~229 nm, and 

the central wavelength is increased from ~525 nm to ~741 

nm based on the combined actions of reflectivity 

wavelength of media A and B. Here, an interesting 

phenomenon is observed that the transmission on both 

sides of band-gap becomes asymmetrical with increase of 

thickness ratio. In addition, based on above discussion, 

another predictable behavior is that, if the referred 

thickness ratio m is increased by reducing the length of A 

layer, the width of band-gap will be compressed, and the 

central wavelength of the band-gap will also be shifted to 

shorter wavelength due to the reduced optical length. The 

corresponding results are not illustrated in this study.  

 

 

Fig. 4. Band-gap with different refractive  

index ratios 

 

Fig. 4 shows the photonic band-gap with changed 

refractive index ratios that is defined by K=nA/nB, where 

other parameters are identical to those given in Fig. 3. In 

order to change K, the refractive index nB is kept a 

constant, 1.38, and nA is gradually increased. As the 

refractive index ratio is gradually increased from K=1.1 to 

2.7, the bandwidth is also extended from ~150 nm to ~250 

nm, and the band-gap center is shifted from ~500 nm to 

~800 nm. In reality, the referred phenomena and the 

corresponding physical mechanisms are also similar to the 

case of Fig. 3. The resonance wavelengths of A layer is 

shifted to longer wavelength due to the enhanced optical 

length caused by the increased refractive index so that the 

band-gap is also red-shifted due to the enhanced effective 

refractive index in each AB unit that also extends the 

width of band-gap. In the investigation, one can find that, 

if the optical length produced by the product of refractive 

index and length is increased (decreased), the central 

wavelength of band-gap will be shifted to longer (shorter) 

wavelength. To clearly observe the variation of central 

wavelength and bandwidth of reflectivity band-gap against 

the nA/nB and hB/hA, the corresponding results are 

displayed in Fig. 5, in which both central wavelength and 

bandwidth are always linearly grown with the increase of 

ratios for nA/nB and hB/hA, i.e., the central wavelength is 

shifted to longer wavelength, and bandwidth is extended. 

However, it should be pointed out that, in Fig. 5 (b), the 

slope of red line with closed square marks is obviously 

large compared to the case of blue line with closed triangle 

marks. This implies that the bandwidth is easily broadened 

by increasing the refractive index ratio, and is not so 

sensitive to ratio of hB/hA. 

 

 

 
Fig. 5. (a) Central wavelength of band-gap, and (b) 

bandwidth as a function of nA/nB (red line with closed 

square marks) and hB/hA  (blue line with closed triangle  

                    marks) 
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Fig. 6. Band-gap of TE wave with various  

incidence angles 

 

In the case of oblique incidence, band-gap of TE and 

TM waves are, respectively, plotted with various incidence 

angles in Figs. 6 and 7, in which, N=30, and other 

parameters are same as those used in Fig. 2. From the 

figures, one can see that, as the incidence angle θ0 is 

increased, their center wavelength is shifted to shorter 

wavelength because the effective optical length for 

reflected wavelengths is shortened resulting from the 

increased incidence angle. As a result, the corresponding 

resonance wavelengths are shifted to shorter wavelength 

for the larger incidence angle compared to the case of 

smaller incidence angle. Additionally, it is surprising that, 

the bandwidth of TE wave is slightly extended at larger 

incidence angle compared to the case of small incidence 

angle. Contrarily, while the incidence angle is increased to 

80
0
, the corresponding bandwidth of TM wave is 

remarkably compressed to ~86 nm. However, as the 

incidence angle is reduced to the case of 0
0
, the bandwidth 

is quickly extended to ~209 nm. Based on the figures, one 

can conclude that the bandwidth of TM wave is very 

sensitive to the incidence angle. The more detailed 

variation is plotted in Fig. 8, where one can observe the 

normalized results of both central wavelength and 

bandwidth for TE and TM wave as the incidence angle is 

varied from 0
0
 to 80

0
. 

 

 
Fig. 7. Band-gap of TM wave with various 

 incidence angles 
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Fig. 8. (a) Normalized central wavelength and (b) 

normalized bandwidth of photonic band-gap for TE wave 

(red line with closed triangle marks) and TM wave (blue 

line with closed square marks) against  initial incidence  

                    angle 

 

 

4. Conclusions 

 

By means of transfer matrix method, the band-gap 

properties of one-dimensional photonic crystals with 

(AB)
N
 structure are presented and thoroughly discussed in 

this work. Enough repetition number for photonic crystals 

can lead to the full reflectivity band-gap. The refractive 

index ratio and thickness ratio of A and B layers strongly 

affect the bandwidth and central wavelength of achieved 

band-gap. In the case of oblique incidence, central position 

in band-gap is always shifted to shorter wavelength with 

increase of incidence angle. However, the width of 

band-gap is slightly extended (remarkably compressed) for 

TE wave (TM wave) for the larger incidence angle 

compared to the case of small incidence angle. 
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