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Omni-directional photonic bandgaps (PBG) has been presented in the one-dimensional binary and ternary photonic crystals 
by using the semiconductor and dielectric materials layers of Si, SiO2 and ZnS in the unit cell. The effect of temperature and 
angle of incidence on omnidirectional reflection (ODR) spectra of proposed structure for TE and TM polarization has also 
been studied. The PBG can be tuned by varying the temperature of the semiconductor material Si or by changing the angle 
of incidence. The ODR range can be increased by introducing the third layer of semiconductor materials in binary Photonic 
crystals. The existence of total Omni-directional reflection band gap at 1550 nm in 1D binary and ternary photonic crystal is 
predicted theoretically by using TMM method.  
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1. Introduction 
 

The concept of photonic crystal structure was first 

introduced by E. Yablonovitch [1] and Sanjeev John [2] in 

1987. In the past few years, photonic band gap structures 

attracted the attention of researchers [3–6], due to their 

enormous applications in optical communications, 

optoelectronics and optical instrumentation. These 

photonic band gap structures are multilayer structures 

formed by using two or more materials. These 

multilayered structures lead to formation of photonic band 

gaps or stop bands, in which propagation of 

electromagnetic waves of certain wavelengths are 

prohibited. However, these bands or ranges depend upon a 

number of parameters such as refractive indices of 

materials and angle of incidence. Also optical filters such 

as wavelength division multiplexer (WDM), DWDM, 

CWDM etc. can be designed by introducing defect layer 

between the alternate layers of photonic crystals [7-12]. 

Sanjeev et. all [7] design a single channel wavelength 

division multiplexer  by using non linear photonic crystal 

and he found that the average change in central 

wavelength of defect mode is 0.08 nm/(GW/cm
2
).   

The width of the OBGs plays an important role in the 

applications of 1DPC omnidirectional reflector. In recent 

years, one-dimensional ternary photonic crystals 

(1DTPCs) are also put forward to obtain the extended 

OBGs [13-16]. 1DTPCs are constituted by three material 

layers in a period of the lattice. Awasthi et al. [15] 

demonstrated that the wavelength range of OBGs can be 

enhanced by 108 nm when the structure was modified by 

sandwiching a thin layer of ZrO2 between every two 

layers. When the sandwiched layer was CeF3, the 

enhancement in the range was 120 nm. Wu et al. [16] 

showed that the OBGs can be significantly enlarged in the 

ternary metal-dielectric PC. Xiang et al. [14] found that 

the zero-effective-phase bandgap will be enlarged by 

sandwiching the third material between the two single-

negative materials. 

In the present paper, we design a broad 

omnidirectional reflector (ODR) in one dimensional binary 

and ternary photonic crystal containing semiconductor and 

insulator layer. Also, the dielectric property of 

semiconductors depends not only on temperature but also 

on wavelength. Here we consider the binary 

semiconductor Si/SiO2 and ternary semiconductor 

materials Si/SiO2/ZnS multilayer system. The refractive 

index of SiO2 and ZnS is independent of temperature and 

wavelength. But the refractive index of silicon layer is 

taken as a function of temperature and wavelength both 

[17, 18]. The semiconductor Si is depending on the 

temperature, it is possible to design thermally-tunable 

omnidirectional total reflector.  

 

 

2. Theoretical model 
 

The periodic structure consisting of alternate layers of 

refractive indices n1 (first material layer), n2 (second 

material layer) and n3 (third material layer) with 

thicknesses d1, d2 and d3 respectively is depicted in Fig. 1.  

d = d1 + d2 + d3 is the period of the lattice. It is assumed 

that the incident media is air (n0 = 1). Light is incident on 

the multilayer at an angle θ0.  
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Fig. 1.  Structure of one-dimensional (i) binary and  

(ii) ternary photonic crystals 

 

Applying the transfer matrix method (TMM), the 

characteristic matrices for the TE and TM waves have the 

form [19, 20], 

𝑀[𝑑] = ∏ [
cos 𝛽𝑖

−𝑖

𝑝𝑖
sin 𝛽𝑖

−𝑖𝑝𝑖 sin 𝛽𝑖 cos 𝛽𝑖

]

𝑘

𝑖=1

= [
𝑀11 𝑀12

𝑀21 𝑀22
]           (1)  

 

where, k = 2 for binary photonic crystals and k = 3 for 

ternary photonic crystals (1, 2 and 3 signify the layers of 

refractive indices n1, n2 and n3 (respectively),                     

 𝛽𝑖 =
2𝜋

𝜆
𝑝𝑖𝑑𝑖 cos 𝜃𝑖 ,   𝑝𝑖 = 𝑛𝑖 cos 𝜃𝑖, 𝜃𝑖   is the ray angles 

inside the layer of refractive index ni and is related to the 

angle of incidence  𝜃0by 

 

                   cos 𝜃𝑖 = [1 −
𝑛0

2 sin2 𝜃𝑖

𝑛𝑖
2 ]

1
2

                 (2) 

 

The total characteristic matrix of  N-period of the 

structure given by,   

 

                                           𝑀(𝑑)𝑁                                             (3) 
 

The reflection coefficient of the multilayer is given 

by, 

 

  𝑟(𝜔) =
(𝑚11 + 𝑚12𝑝0)𝑝0 − (𝑚21 + 𝑚22𝑝0)

(𝑚11 + 𝑚12𝑝0)𝑝0 + (𝑚21 + 𝑚22𝑝0)
           (4) 

 

Where mij are the matrix elements and the reflectance for 

this structure can be written in the terms of reflection 

coefficient as, 

 

                                   𝑅 = |𝑟(𝜔)|2                                     (5) 

 

Where, cos
0 0 0

p n 
 

In binary photonic crystal we choose Si for material 

A, SiO2 for material B and N = 12, so the proposed 

structure will be [air/(Si/SiO2)
12Si/air] and in ternary 

photonic crystal we choose Si for material A, SiO2 for 

material B, ZnS for material C and N = 12, so the 

proposed structure will be [air/(Si/SiO2/ZnS)12Si/air].  

The refractive indices of SiO2 and ZnS are 

independent of temperature and wavelength. But the 

refractive index of silicon layer is taken as a function of 

both wavelength and temperature. The refractive index of 

silicon (Si) in the ranges 1.2–14 µm and 293–900K is 

represented as [17]. 

 

𝑛2(𝜆, 𝑇) = 𝜀(𝑇) +
𝑒

−3Δ𝐿(𝑇)
𝐿293

𝜆2
(0.8948 + 4.3977 × 10−4𝑇

+ 7.3835 × 10−8𝑇2)                                     (6) 

Where,  

 
𝜀(𝑇) = 11.4445 + 2.7739 × 10−4𝑇 + 1.7050 × 10−6𝑇2

− 8.1347 × 10−10𝑇3 

 

 and thermal expansion [16] 

 
Δ𝐿(𝑇)

𝐿293
= −0.021 − 4.149 × 10−7𝑇 − 4.620 × 10−10𝑇2

+ 1.482 × 10−11𝑇3                                       (7) 

 

for  293K ≤ T ≤ 1600K 

The thermal coefficient of silicon is 2.6 × 10−6/𝐾 

[17]. In the thickness of Si layer, the effect of thermal 

expansion has been taken by applying following equation: 

 

                   𝑑1(𝑇) = 𝑑293 + (1 +
Δ𝐿(𝑇)

𝐿293

)                     (8) 

 

 

3. Result and discussion  
 

In this paper, we have presented the omnidirectional 

reflection spectra of one-dimensional binary and ternary 

photonic crystals. The refractive indices of SiO2 and ZnS 

are independent of temperature and wavelength. But the 

refractive index of silicon layer is taken as a function of 

both wavelength and temperature. Here, we have chosen 

the refractive index range of silicon (Si) from 1.2–3.3 µm 

and temperature range from 300–1200K. The plot of the 

refractive index as the function of wavelength and 

temperature is shown in Fig. 2. From Fig. 2, it is clear that 

the refractive index of silicon layers increases with 

temperature.  

 

 
 

Fig. 2.  Refractive index as a function of wavelength 

 and temperature 
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For our calculations we studied two different 

structures of binary and ternary one-dimensional photonic 

crystals namely – 

Structure I: Si/SiO2 one-dimensional binary 

photonic crystal 

Structure II: Si/SiO2 /ZnS one-dimensional ternary 

photonic crystal  

The refractive indices of SiO2 and ZnS are 1.45 and 

2.27 respectively [22-23]; and the refractive index of Si is 

dependent of both temperature and wavelength. Applying 

transfer matrix method, we plotted reflectance of the 

structures with wavelength for various angles of incidence. 

In structure I, we have taken the thicknesses of Si and SiO2 

layers to be 𝑎 = 155 nm, 𝑏 = 250 nm and   𝑑 =  𝑎 +  𝑏 =
 405 𝑛𝑚. And for structure II, we have taken the 

thicknesses of Si, SiO2 and ZnS layers to be 𝑎 = 155 nm,             

𝑏 = 250 nm, c = 20 nm and  𝑑 =  𝑎 +  𝑏 + 𝑐 =  425 𝑛𝑚.  

This particular combination of thickness of Si, SiO2 and 

ZnS layers has been chosen such that ODR range in the 

reflection spectra of such a structure can be observed. Fig. 

3 & Fig. 4 show the reflectance of the structure for the 

variation of refractive index profile of Si materials for 

different temperature (300K and 1200K) and different 

angles of incidence, namely, 0
0
, 45

0
 and 85

0
 for TE and 

TM mode respectively and the ODR range for angles of 

incidence from 0
0
 to 85

0 
is shown in the shaded portion of 

Fig. 3 and Fig. 4. 

From the plots of reflection spectra of Structure I 

(Si/SiO2) for different angles of incidence, the 100 percent 

reflection ranges for different angles of incidence at 

Temperature 300K & 1200K are tabulated in Table 1. It is 

clear from Table 1 that the total Omnidirectional range 

(ODR) of wavelength for this multilayer structure lies 

between 1450–1865 nm at T = 300K and the width of the 

omnidirectional wavelength range is 415 nm and at                  

T = 1200K the omnidirectional range lies between 1485-

1955 nm and the width of the Omnidirectional wavelength 

range is 470 nm. It is clear that when we increase the 

angle of incidence (at constant temperature) the bandgap 

shift towards the shorter wavelength region. On the other 

hand as we increase the temperature (at a constant angle of 

incidence) the bandgaps shift towards the longer 

wavelength region which is shown in Fig. 5.  Now in 

structure II, we will discuss how to extend the wavelength 

range of omnidirectional bandgap in one-dimensional 

ternary photonic crystal (1DTPC). 

 
Table 1. Photonic bandgap structure of binary PC as a function of Temperature and angle of incidence 

 

Temperature 

T(K) 

Angle of 

incidence (θ) 

TE (nm) Band width 

(nm) 

TM (nm) Band width 

(nm) 

 

300 

0 1450-2437 987 1450-2437 987 

45 1352-2375 1023 1405-2170 765 

85 1243-2323 1080 1352-1865 513 

 

1200 

0 1485-2550 1065 1485-2550 1065 

45 1392-2493 1101 1445-2282 837 

85 1290-2435 1135 1390-1955 565 

 

 
 

Fig. 3. Omnidirectional reflection (ODR) spectrum of 1D 

binary photonic crystals (Si/SiO2)   at different angle of 

incidence at T=300K. 

 

 
 

Fig. 4. Omnidirectional reflection (ODR) spectrum of 1D 

binary photonic crystals (Si/SiO2) at different angle of 

incidence at T=1200K. 
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Fig. 5. Reflectance spectra of 1D binary photonic crystal as a function of wavelength and temperature 

 

Table 2. Photonic bandgap structure of ternary PC as a function of Temperature and angle of incidence 

 

Temperature 

T(K) 

 

Angle of 

incidence (θ) 
TE (nm) 

Band width 

(nm) 
TM (nm) 

Band 

width (nm) 

 

300 

0 1512-2545 1033 1512-2545 1033 

45 1407-2482 1075 1465-2273 808 

85 1293-2423 1130 1412-1982 570 

 

1200 

0 1545-2667 1122 1545-2667 1122 

45 1442-2600 1158 1505-2382 877 

85 1320-2625 1305 1450-2075 625 

 

From the plots of reflection spectra of Structure II 

(Si/SiO2/ZnS) for different angles of incidence, the 100 

percent reflection ranges for different angles of incidence 

at Temperature 300K & 1200K are tabulated in Table 2. It 

is clear from Table 2 that the total omnidirectional range 

(ODR) of wavelength for this multilayer structure lies 

between 1512–1982 nm at T = 300K and the width of the 

Omnidirectional wavelength range is 470 nm and at                   

T = 1200K the omnidirectional range lies between 1545-

2075 nm and the width of the omnidirectional wavelength 

range is 530 nm. It is clear that when we increase the 

angle of incidence (at constant temperature) the bandgap 

shift towards the shorter wavelength region. On the other 

hand as we increase the temperature (at a constant angle of 

incidence) the bandgaps shift towards the longer 

wavelength region which is shown in Fig. 6.   

Hence, each of these two multilayered one-

dimensional structures can be used as an omni-directional 

mirror in optical communication devices. However, 

Structure II has the broadest ODR range of wavelength. In 

the two structures considered in this paper, we have 

chosen the parameters of each of the structures such that 

the 1550 nm wavelength which is third transmission 

window primarily used in optical communication falls in 

the omnidirectional reflection ranges of wavelength for 

these structures.  

 
 

Fig. 6. Omnidirectional reflection (ODR) spectrum of 1D 

ternary photonic crystal (Si/SiO2/ZnS) at different angle 

of incidence at T=300K 
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Fig. 7. Omnidirectional reflection (ODR) spectrum of 1D 

ternary photonic crystal (Si/SiO2/ZnS) at different angle 

of incidence at T=1200K 

 

 

 
Fig. 8. Reflectance spectra of 1D ternary photonic 

crystal as a function of wavelength and temperature 

 

 

In comparison with the omnidirectional bandwidth in 

the one dimensional binary photonic crystal (1DBPC), it is 

seen that the omnidirectional bandwidth in the 1DTPC is 

about 55 nm larger that without introducing 

semiconductor layer in the 1DBPC at temperature 

T=300K. And the omnidirectional bandwidth in the 

1DTPC is about 60 nm larger that without introducing 

semiconductor layer in the 1DBPC at temperature 

T=1200K. Hence, it is very effective method to design a 

broad omnidirectional OBG in the 1DTPC by sandwiching 

the semiconductor layer between two dielectric and 

semiconductor layer in the unit cell. 

 

 

4. Conclusion 
 

In this paper, we have designed a new type of broad 

omnidirectional and thermally tunable PBGs in one-

dimensional binary and ternary photonic crystals 

composed of the semiconductor and dielectric materials. 

The angle and temperature dependence of these PBGs 

have been investigated. It is found that the bandgap width 

of these omnidirectional PBGs can be enhanced by 

introducing the additional semiconductor layer within 

binary photonic crystal material layers.  

It is seen that the omnidirectional bandwidth in the 

1DTPC is about 55 nm larger than that without 

introducing semiconductor layer in the 1DBPC at 

temperature T=300K and the omnidirectional bandwidth in 

the 1DTPC is about 60 nm larger than that without 

introducing semiconductor layer in the 1DBPC at 

temperature T=1200K.  The variation of reflectance for 

both binary and ternary photonic crystal can be used as 

omnidirectional reflectors in fiber optic communication 

systems which fall in the wavelength range around 1550 

nm (third transmission window). Such broad 

omnidirectional and thermally tunable PBGs will offer 

many prospects for omnidirectional mirrors, temperature 

sensing device, optical filters, polarizer, and other optical 

devices of optical communications in the future. 
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