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ABSTRACT 

We show theoretically that range of reflection bands and defect modes inside the band gap can be tuned by using a 
one-dimensional tilted photonic crystal (TPC) structure. A TPC structure is similar to the conventional PC structure 
with the only difference that in this case alternate layers are inclined at certain angle in the direction of periodicity of the 
structure. In order to obtain the reflectance spectra of the proposed structure transfer matrix method (TMM) has been 
employed. From the analysis of the reflectance curve, it is found that 100% reflectance range can be varied and en-
hanced by using TPC structure for both (TE- and TM-) polarizations. The enhancement in reflection bands increases as 
the tilt angle increases for both the polarizations and hence the enlarged omni-reflectance bands are obtained. Further, 
we study the properties of the defect modes in TPC structure by introducing the tilted defect at the different tilt angle. 
The results show that defect modes (tunneling modes) can be tuned at different wavelengths by changing the tilt angle 
of the structure without changing other parameters. Finally, the effect of variation thickness of defect layers on the tun-
neling mode has been studied for both TPC and conventional PC structure. The proposed model might be used as a 
tunable broadband omnidirectional reflector as well as tunable tunneling or transmission mode, which has potential ap-
plications in the field of photonics and optoelectronics. 
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1. Introduction 

During the past two and half decades photonic crystal (PC) 
structures have been an interesting and emerging field of 
research due to their ability to control and manipulate light 
inside the periodic structure. Photonic crystals also known 
as photonic band gap materials (PBG) are artificially fab-
ricated periodic structures, which give rise to allowed and 
forbidden bands for the propagation of light. Photonic crys-
tal structure leads to many potent applications in the filed 
of photonics and optoelectronics [1-8]. One of the poten-
tial applications of one-dimensional PC structure is om-
nidirectional optical reflector which is widely used in 
recent years, and a great deal of work has been done by 
the previous researchers [9-14]. One-dimensional PC is 
attractive since their production is more feasible at any 
wavelength scale and their analytical and numerical cal-
culations are comparatively simple. The total reflection 
bands that occur in all directions for both the polarization 
(TE- and TM-) are called omnidirectional reflectors or 
mirrors. Optical reflectors or mirrors are basically of two 

types, a metallic mirror and dielectric Bragg mirror. In 
metallic mirror, for arbitrary incident angles, light can be 
rejected over a wide range of wavelengths, however, at 
lower wavelengths, considerable amount of power is lost 
due the absorption. The mirrors based on multilayer di-
electric structure have high reflectivity over a certain range 
of wavelengths but it is very sensitive to the incident 
angles. The omnidirectional reflectors based on PC have 
negligible loss compared with metallic mirrors, particu-
larly at infrared, optical or higher frequencies. Broad band 
Omnidirectional reflection (ODR) region with high reflec-
tivity of PC structure mainly depends on the two aspects; 
one on the selection of materials with high refractive index 
contrast and other on the proposed model. Several au-
thors have proposed and developed the various model for 
attaining the broad band gap which includes encapsulation, 
identification of defects, nesting, multi-quantum well, 
photonic hetero structures etc. [9-16]. 

In the present communication we propose one-dimens- 
ional tilted photonic crystal (TPC) structure for further 
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improvement in the model and enhancement in the omni- 
reflectance region. A TPC structure is similar to the con-
ventional PC structure with the only difference that in this 
case alternate layers are inclined at certain angle in the 
direction of periodicity of the structure. The proposed 
structure consists of a periodic array of two alternate lay-
ers of SiO2 and Si with low and high values of refractive 
indices as in the conventional PC structure. Reflectance 
spectrum of the proposed structure has been calculated 
by using the transfer matrix method (TMM). Further, we 
investigate the defect modes in TPC structure by intro-
ducing the tilted defect at the different tilt angle for two 
different thicknesses of the defect layer. It is observed 
that defect mode can be tuned by varying the tilt angle 
without changing other parameters of the structure. We 
consider here the Si-based material in the structure be-
cause silicon (Si) gives the actual optical integration and 
it is a good material for the fabrication of photonic de-
vices. It has a large refractive index with excellent me-
chanical and thermal properties and is compatible with 
Si-based microelectronics. Thus, the characteristics of Si 
in combination with the SiO2 material have been investi-
gated extensively and an omnidirectional reflector pro-
duced by them has also been reported. 

2. Theoretical Analysis 

The periodic multilayered structure consists of alternate 
layers of high and low refractive index along the x-axis 
and placed between semi infinite media of refractive in-
dices ni (refractive index of the incident medium) and nt 
(refractive index of the substrate) is illustrated in the 
Figure 1. The characteristics matrices for the TE (s-pola- 
rization) and TM (p-polarization) waves have the form 
[17,18] 
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θk is the ray angle inside the layer of refractive index nk 
and λ is the wavelength in the incidence medium. For the 
tilted PC structure, due to the tilt angle of the plane of 
periodic multilayer structure with respect to x-axis (di-
rection of periodicity), the thickness of low (d1) and high 
(d2) refractive index layers are modified and may be 
given as 
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 are the thickness of tilted layers 
of low and high value of refractive indices; α is the tilt 
angle. 
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Figure 1. The schematic diagram of tilted photonic crystal 
structure. 

 
The total characteristics matrix for the N period of sys-

tem is given by 

 N

kM M                (2) 

The reflection coefficient of the multilayered structure 
for TE (s-polarized) and TM (p-polarized) waves are given 
by [18] 
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l where M11, M , M , M  are the elements of the tota12 21 22

characteristic matrix of the N period multilayer structures. 
The values of q0 and qt for TE(s) and TM (p) polarized 
waves are given as 
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Reflectance spectra of multilayer structure can be ob-
ta

q s n

ined by using the expression: 

    2
, ,R s p r s p             (6) 

Neglecting the absorption loss of the mater
si

ials, expres-
on for the transmittance spectra can be written as 

   , 1 ,T s p R s p              (7) 

In the next section we present the num
of

3. Results and Discussions 

 choose SiO2 (n1 = 1.5) 

erical analysis 
 the proposed TPC structure for different tilt angle and 

show the omni-reflectance bands for both TE- and TM- 
polarizations. Also, numerical computation of the pres-
ence of defect modes in the band gap regions has been 
presented. 

For the numerical computation we
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and Si (n2 = 3.5) layers and their thicknesses are taken in 
accordance with the quarter wave stack condition, i.e. 

1 1 2 2 0 4n d n d    where λ0 = 1.55 μm, which comes 
nm and d2 = 110.7 nm respectively. 

Here, we consider the case when both the layers are tilted 
with the horizontal direction and the total number of pair 
of layer taken as N = 15, the refractive index of the sub-
strate is nt = 1.5and light is incident from air. The reflec-
tance spectra of multilayer structure (AB)15 for different 
tilt angle α = 0˚, 10˚, 20˚ and 30˚ at incident angle θi = 0˚ 
and 85˚ are plotted in the Figures 2-9. At the normal 
incident angle it is found that range of 100% reflection 
bands increases when the tilt angle increases. For tilt 
angle α = 0˚ (structure is normal PC structure) width of 
reflection band is 863.4 nm for both TE- and TM-mode. 
When tilt angle has value α = 10˚, 20˚ and 30˚ the width 
of reflection bands found to be 867.6 nm, 909.3 nm and 
986.7 nm respectively. Due to increase in the tilt angle 
not only the width of reflection band increases but the 

 

out to d1 = 258.3 

 

Figure 2. The reflectance spectra (TE-mode) of PC struc-
ture at tilt angle α = 0˚ for n1 = 1.5, n2 = 3.5, nt = 1.5 d1 = 
258.3 nm, d2 = 110.7 nm, N = 15 layers (a) θi = 0˚; (b) θi = 85˚. 

 

 

Figure 3. Represents the reflectance spectra (TM-mode) of

i

 
PC structure at tilt angle α = 0˚ for n1 = 1.5, n2 = 3.5, nt = 
1.5, d1 = 258.3 nm, d2 = 110.7 nm, N = 15 layers, (a) θi = 0˚; 
(b) θ  = 85˚. 

 

Figure 4. Represents the reflectance spectra (TE-mode) o
PC structure at tilt angle α = 10˚ for n  = 1.5, n  = 3.5, n  

f 
= 1 2 t

1.5, d1 = 262.3 nm, d2 = 112.4 nm, N = 15 layers, (a) θi = 0˚; (b) 
θi = 85˚. 

 

 

Figure 5. Represents the reflectance spectra (TM-mode) of
PC structure at tilt angle α = 10˚ for n  = 1.5, n  = 3.5, n  =

 
 1 2 t

1.5, d1 = 262.3 nm, d2 = 112.4 nm, N = 15 layers, (a) θi = 0˚; (b) 
θi = 85˚. 

 

 

Figure 6. Represents the reflectance spectra (TE-mode) of
PC structure at tilt angle α = 10˚ for n  = 1.5, n  = 3.5, n  =

 
 1 2 t

1.5, d1 = 274.9 nm, d2 = 117.8 nm, N = 15 layers, (a) θi = 0˚; (b) 
θi = 85˚. 
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Figure 7. Represents the reflectance spectra (TM-mode) o
PC structure at tilt angl α = 10˚ for n  = 1.5, n  = 3.5, n  = 1.  

f 
5,1 2 t

d1 = 274.9 nm, d2 = 117.8 nm, N = 15 layers, (a) θi = 0˚; (b) θi = 
85˚. 

 

 

Figure 8. Represents the reflectance spectra (TE-mode) of
PC structure at tilt angl α = 10˚ for n  = 1.5, n  = 3.5, n  =

 
 1 2 t

1.5, d1 = 298.3 nm, d2 = 127.8 nm, N = 15 layers, (a) θi = 0˚; 
(b) θi = 85˚. 

 

 

Figure 9. Represents the reflectance spectra (TM-mode) of
PC structure at tilt angle α = 10˚ for n  = 1.5, n  = 3.5, n  =

 

 
 1 2 t

1.5, d1 = 298.3 nm, d2 = 127.8 nm, N = 15 layers, (a) θi = 0˚; (b) 
θi = 85˚. 

range of reflection bands shift to higher side of the wave-
length, also. For the incident angle θi = 85˚ the TE- and 
TM-modes have different range of reflection bands and 
so the band width. It has been observed that for tilt angle 
α = 10˚, 20˚ and 30˚ width of reflection bands in TE- 
modes are 978.4 nm, 992.5 nm 1040.3 nm and 1128.7 
nm while for TM-modes it is found to be 487 nm, 494 
nm 518.2 nm and 592.3 nm respectively. If we compare 
the range of reflectance bands for tilt angle α = 10˚ and 
30˚ at normal incident angle, then we see that width of 
reflection band increases from 863.4 nm to 986.7 nm, i.e. 
there is increase of 14.2% in band width as compared to 
normal PC structure for both TE- and TM-polarizations. 
When incident angle is 85˚ then for TE-mode width of 
reflection bands increases from 978.4 nm to 1128.7 nm 
and for TM-mode it increases from 487 nm to 592. 3 nm. 
This means that there is 15.2% enhancement in the width 
of reflectance band in TE-mode and 21.6% enhancement 
in TM-mode when the PC structure is tilted from 0˚ to 
30˚. The omnidirectional reflection (ODR) bands corre-
sponding to tilt angle α = 10˚ and 30˚ lies in the range 
1223.6 nm - 1610.4 nm (= 386.8 nm) and1423.2 nm - 
1859.5 nm (= 436.3 nm) respectively, which shows that 
total percentage enhancement in ODR range is 12.7%. 
From above discussion it can be inferred that by tilting 
the structure reflectance range and hence the ODR region 
can be enhanced appreciably without changing the other 
physical or optical parameters of the structure. The basic 
reason for the enhancement in the reflectance band of 
TPC structure is due to increase in the optical path length 
of layers, when the structure is tilted at certain angle 
from the horizontal direction, i.e. with direction of the 
periodicity of the structure. Now we show the numerical 
calculation of defect modes or tunnelling modes present 
in the reflection bands of normal and tilted PC structure. 
Figures 10-13 show the defect modes appearing in the 
band gaps of TPC structure having the form (AB)5 

D(AB)5 for tilt angle α = 10˚, 20˚ and 30˚. For the calcu-
lation we choose air and ZnS as a defect medium with
thickness taken as 0 4D Dd n  and 0 2D Dd n , 
where dD and nD denotes the thickness and refractive 
index of the defect layer respectively. Further, the thick-
ness of defect layers at tilt angle (α) can be calculated by 

using the relation  tilted cos
D

D

d
d


 . Existence of defect 

modes or tunnellin and gap region of PC g modes in the b
structure arises due to constructive interference of incident 
and reflected waves in the defect layer. From the analysis 
of Figures 10 and 11, it can be observed that when the 
thickness of defect layer is equal to 0 4D Dd n , there 
exists only one defect mode in both cases where the de-
fect layer is air or ZnS. If the tilt angle increases from 0˚ 
to 30˚ then the defect mode shifts to higher side of the 
wavelength. When the refractive index of defect layer is 
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Wavelength (in nm) 

Figure 10. Represen side the band ap 
of structure (AB)5D(  = 3.5, nD = 2.3 nm 

ts the defect mode in
AB)5 for n1 = 1.5, n2

 g

nt = 1.5 with dD = 168.5 nm for θi = 0˚ at tilt angle (a) α = 0˚; 
(b) α = 10˚; (c) α = 20˚ and (d) α = 30˚ respectively.  

 

 
Wavelength (in nm) 

Figure 11. Represen side the ban  
of structure (AB)5D(  = 3.5, nD = 1.0 nm 

ts the defect mode in
AB)5 for n1 = 1.5, n2

d gap

nt = 1.5 with dD = 387.5 nm for θi = 0˚ at tilt angle (a) α = 0˚; 
(b) α = 10˚; (c) α = 20˚ and (d) α = 30˚ respectively. 

 
Wavelength (in nm) 

Figure 12. Represents the defect mode inside the band ap 
of structure (AB)5D(  = 3.5, nD = 2.3 nm 
n  = 1.5 with d  = 33 tilt angle (a) α = 0˚; 

 g
AB)5 for n1 = 1.5, n2

7.0 nm for θ  = 0˚ at t D i
(b) α = 10˚; (c) α = 20˚ and (d) α = 30˚ respectively. 

 

 
Wavelength (in nm) 

Figure 13. Represents the defect mode inside the band ap 
of structure (AB)5D(  = 3.5, nD = 1.0 nm 
n  = 1.5 with d  = 77 tilt angle (a) α = 0˚; 

 g
AB)5 for n1 = 1.5, n2

5.0 nm for θ  = 0˚ at t D i
(b) α = 10˚; (c) α = 20˚ and (d) α = 30˚ respectively. 
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larger than one of the constituent layers (n1 and n2) form-
ing the structure (here it is ZnS with refractive index nD = 
2.3), then tunnelling mode has transmission peak nearly 
equal to 67%. But when the refractive index of defect 
layer is smaller than n1 and n2 (here we take air nD = 1.0) 
then the transmission peak has value nearly equal to 85% 
for α = 0˚ and 10˚ while it approaches to 95% for α = 20˚ 
and 30˚. Further it has been observed that when the thick-
ness of defect layer is in accordance with quarter wave 
stack condition then the tunnelling mode lies towards the 
lower wavelength side of the reflection bands for each tilt 
angle. From Figures 12 and 13, we notice that by in-
creasing the thickness of defect layer two times of the 
previous case i.e. equal to 0 2D Dd n , we get two tun-
nelling modes in the band gap region. One of the tunnel-
ling modes lies in the lower side of band gap while other 
at the higher side of the band gap with the peaks having 
transmission equal to 97% for air defect and 92% for 
ZnS defect layer. In this case also we observe that both 
the higher and lower side modes shift to longer wavelength 
side when the structure is tilted from 0˚ to 30˚. Since the 
quality factor (Q) is defined as peak  , where peak  
is the wavelength of tunnelling modes corresponding to 
maximum transmission and   is the wavelength at 
FWHM (full width at half maxima), then it can be shown 
that by tilting the PC structure Q-factor of the structure 
can also be tuned without affecting the other material pa-
rameters of the structure. 

4. Conclusion 

In conclusion, we have theoretically investigated the re-
of TPC structure for different tilt an

sity, Noida, India, 
his work. 

eous Emission in 
Solid-State Physics and Electronics,” Physical Review 
Letters, Vol. 58 . 
doi:10.1103/Ph

flection properties -
gle. The analysis shows that 100 % reflectance range can 
be varied and enhanced by using the proposed structure 
for both (TE- and TM-) polarizations. The enhancement 
in reflection bands increases as the tilt angle increases for 
both the polarizations which cause the enlargement in the 
ODR bands. The reason for enhancement in the band gap 
and hence in the ODR arises due to increase in the effec-
tive optical path of the layer by tilting the structure. Fur-
ther, the properties of defect modes in the band gap re-
gion have been studied. The results show that defect 
modes or tunneling modes can be tuned to different 
wavelengths by changing the tilt angle of the structure 
without changing other parameters. Moreover, the effect 
of variation of thickness of defect layers on the tunneling 
mode has been studied, also, for both TPC and conven-
tional PC structure. From the study we can say that by 
tilting the PC structure, Q-factor of the structure may be 
varied without affecting the other material parameters of 
the structures. The proposed model might be used as a 
tunable broadband omnidirectional reflector as well as 
tunable transmission mode, which has a potential in the 
field of photonics and optoelectronics. 
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