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Abstract—A simple design of one dimensional gradual stacked
photonic crystal (GSPC) structure has been proposed. The proposed
structure consists of a periodic array of alternate layers of SiOs and
Si as the materials of low and high refractive indices respectively. The
structure considered here has three stacks of periodic structures with
five layers each. The lattice period of successive stack is increased by
a certain multiple (say gradual constant, 7) of the lattice period of the
just preceding stack. For numerical computation, the transfer matrix
method (TMM) has been employed. It is found that such a structure
has wider reflection bands in comparison to a conventional dielectric
PC structure, and the width of the omni-directional reflection (ODR)
bands can be enlarged by increasing the value of the gradual constant.
Hence, a GSPC structure can be used as a broadband omnidirectional
reflector, and the bandwidth of omni-directional gaps can be tuned to
a desired wavelength region by choosing appropriate value of ~.
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1. INTRODUCTION

Since the last two decades, there has been much interest in the
study of the physics of photonic crystals (PCs) for understanding
their various properties and potential applications. Photonic crystals
are structures of materials with periodically modulated dielectric
constants. Under some circumstances, photonic crystals can exhibit
photonic band gap (PBG) i.e., certain range(s) of wavelengths are
forbidden to propagate inside the photonic crystal [1]. By introducing
defects in the periodic structure of the PCs, one can attain a
very narrow defect mode inside the band gap [2]. This unique
feature of the photonic crystal structures dramatically alters the
flow of light, and manipulations of photons within the structure can
lead to many potential applications in optoelectronics [3-8]. One-
dimensional PC structures have many interesting applications such
as dielectric reflecting mirrors, low-loss waveguides, optical switches,
filters, optical limiters etc. It has been demonstrated theoretically and
experimentally that specifically designed one-dimensional PCs exhibit
absolute omnidirectional PBGs [9-16].

Recently, gradual multilayer structures have been studied
and investigated as a heterogeneous composite material by some
researchers [17-19]. It has been found that the physical properties
of the graded material are different from those of the homogenous
material and conventional composite materials of periodic multilayered
structures. In general, graded photonic crystal structures have a
variation in either the refractive indices of the alternative layers
(keeping the thickness of the constituent layers constant) or a variation
in thickness (keeping refractive indices of the constituent layers
constant).

In the present communication, we propose a simple design of a
broadband reflector using a one-dimensional gradual stacked photonic
crystal comprising three stacks of periodic multilayer, each stack
having five periods of layers. We increase the lattice period of
the successive stacks by a constant rate (which we call the gradual
constant, ). The proposed GSPC structure consists of alternate layers
of SiO9 and Si as materials of low and high refractive indices. In order
to calculate the reflection properties, the TMM has been employed.
Here, we consider the Si-based material for the proposed structure
because it is a good material for the fabrication of photonic devices.
Also, it has a large refractive index with excellent mechanical and
thermal properties.
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2. THEORY

The one-dimensional GSPC structure consists of alternate layers of
high and low refractive indices along the z-axis and placed between
semi-infinite media of refractive indices n; (refractive index of the
incident medium) and n, (refractive index of the substrate), as shown
in Figure 1.

Applying the TMM, the characteristic matrices for the TE and
TM waves have the form [20, 21]

M — COSBj _% (1)
! —igjsin3;  cosf3; ’

where ¢; = njcosfj, (j = 1,2; for the first and the second layers of the
unit cell respectively) for the TE polarization and ¢; = cos#;/n; for
the TM polarization, 8; = (2m/A)n;d; cos§;, 6; is the ray angle inside
the layer of refractive index n; and A is the wavelength in the medium
of incidence. The total characteristic matrix for the N periods of the
structure is given by

(2)

The reflection coefficient of the structure for TE and TM
polarizations are given by

- (Mi1 + qsMh2)q; — (May + qs Maa) (3)
(M1 + gsMi2)g; + (May + qsMag)’
where ¢; s = n;scosb;, for TE wave and ¢; s = cosb;s/n;s for TM
wave, where the subscripts 7 and s correspond to the quantities in the
incident medium and substrate respectively. Whereas, the reflectivity
of the structure is given by
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Figure 1. Schematic representation of GSPC structure.
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In one-dimensional PCs, there is no absolute photonic band gap
(PBG) owing to the two factors. The first is that the edges of the
directional PBGs (PBGs at a certain direction) will shift towards
the higher frequency side with the increase in incident angle, usually
leading to the closure of the overall PBGs. The second is that at
the Brewster angle, the TM mode cannot be reflected. However,
the absence of an absolute PBG does not mean that there is no
omnidirectional reflection. The criterion for the existence of total
omnidirectional reflection is that there are no propagating modes
that can couple with the incident wave [22]. From Snell’s law,
we know n;sinf; = nisinf; and nisinfy = ngsinfy ie., 01 =
sin~!(n;sinf;/ny) and Oy = sin~!(ny sinfy/ng), where ny and ny are
the refractive indices of the low and high index media respectively,
and n; is the refractive index of the incident medium. The maximum
refracted angle is defined as 65'** = sin~!(n;/n2) and Brewster angle
is 0p = tan~1(nysin@/ny). If the maximum refracted angle is smaller
than the Brewster’s angle then the incident wave from outside cannot
couple to Brewster’s window which results to total reflection for all
incident angles. Thus, the condition for omni-directional reflection
without the influence of the Brewster’s angle is 0 = 65*** [23]. This
condition is satisfied by the selected parameters that we have taken for
our numerical computations. Hence, in the present analysis there is no
influence of Brewster’s angle on the omni-directional reflection bands.

3. RESULT AND DISCUSSION

From the computation of Equation (3), the reflection properties of
one-dimensional GSPC can be represented graphically. For this
purpose, we consider a GSPC structure having the following sequence
- air/(AB)5/(A1B1)5/(A2B2)5/ Substrate(SiOg). For AB stack, we
choose the material of layer A as SiO2 and the material of layer B
as Si having refractive indices 1.5 and 3.7 respectively. Here all the
regions are assumed to be linear, homogeneous and non-absorbing.
Also, the refractive indices of both the materials are considered to be
constant. The thickness of the layers are taken as a = 283 nm and
b = 115nm according to the quarter wave stack condition a = \¢/4n;
and b = A¢/4ny, where Ac(= 1700nm) is the critical wavelength
which is the mid-wavelength of the wavelength range considered in
our numerical computation. For A1B; stack, we choose the material
of layer Ay as SiOs and the material of layer By as Si in which the
thicknesses of the layers Ay and B are taken as a; = ya and by = b
respectively, where v is defined as gradual constant. In a similar way,
we choose the material of layer Ay as SiOs and the material of layer Bo
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as Si in which the thicknesses of layers As and Bs are taken as as = ~yay
and b = by respectively. The reflectance spectra for conventional PC
can be obtained by choosing v = 1 in the present structure, whereas for
GSPC structures, we consider two cases in which we take the gradual
constant v = 1.1 and 1.2 respectively.

When v = 1, the one-dimensional GSPC structure reduces to
the corresponding conventional one-dimensional PC structure. The
reflectance spectra of the conventional PC (for both TE and TM
polarizations), is shown in Figure 2. The reflectance spectra are
plotted as a function of wavelength and for incident angle 6;. Figure 3,
represents the complete photonic band structure in two dimensions
which can be obtained by the projections of Figure 2. In Figure 3, the
shaded region gives the total omnidirectional reflection band. The data
corresponding to nearly 100% reflectance are summarized in Table 1.
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Figure 2. Reflectance spectra of SiO2/Si one-dimensional PC (v = 1)
for TE and TM polarizations.
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We observe from Table 1 that the TE polarization has its omni-
directional reflection range from 1328 nm to 2135nm and the omni-
directional reflection range for the TM polarization from 1328 nm to
1828 nm. Therefore, the total ODR for both TE and TM polarizations
when v = 1, i.e., for the case of conventional PC, has the bandwidth
(AN = Ag — A1) of 500nm. The upper wavelength edge of the ODR
band is Ay = 1828 nm and the lower wavelength edge is A\, = 1328 nm.
Hence, the normalized omni-directional bandwidth is 29.4% of the
total wavelength range considered around the critical wavelength Ao =
1700 nm.

Table 1. Total reflection region and gap width for SiO2/Si one-
dimensional PC (y = 1).

Angle of TE polarization TM polarization

incidence | Reflection Gap Reflection Gap
0; (degree) | range (nm) | width (nm)| range (nm)| width (nm)

0 1328-2366 1038 1328-2366 1038

30 1271-2340 1069 13002241 941

60 11502268 1118 1242-1971 729

85 10892135 1046 1213-1828 615
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Figure 4. Reflectance spectra of SiO3/Si one-dimensional GSPC
(v =1.1) for TE and TM polarizations.
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Figure 5. Photonic band structure of SiO2/Si one-dimensional GSPC

(v =1.1).

Table 2.

dimensional GSPC (y = 1.1).

Total reflection region and gap width for SiO9/Si one-

Angle of TE polarization TM polarization
incidence | Reflection Gap Reflection Gap
6; (degree) | range (nm) | width (nm) | range (nm) | width (nm)
0 1357-2780 1423 1357-2780 1423
30 13012744 1443 1317-2602 1285
60 1164—-2666 1502 12752294 1019
85 11052626 1521 1240-2075 835

For v = 1.1, the reflectance spectra and photonic band structure
of one-dimensional GSPC for both TE and TM polarizations are shown
in Figures 4 and 5 respectively and the corresponding ODR data are
tabulated in Table 2. We observe from these figures and table that
the TE polarization has its ODR range from 1357 nm to 2626 nm and
the ODR range for the TM polarization is from 1357 nm to 2075 nm.
Therefore, the total ODR (for both TE and TM polarizations) in the
case of GSPC structure with v = 1.1, has a bandwidth of 718 nm. The
upper wavelength edge of ODR band is Ay = 2075 nm and the lower
wavelength edge of the ODR is A, = 1357nm. Thus, the normalized
omni-directional bandwidth is AN/ Ao = 42.2% of the total wavelength
range considered around the critical wavelength A\¢ = 1700 nm. That
is the ODR range of one-dimensional GSPC when v = 1.1 is 1.44 times
of ODR range of conventional PC (y = 1).

Also for v = 1.2, the reflectance spectra and photonic band
structure of GSPC structure for both TE and TM polarizations are
shown in Figures 6 and 7 respectively and the corresponding ODR data
are tabulated in Table 3. From these Figures and Table, we observe
that the TE polarization has its ODR range from 1342nm to 3103 nm
and the ODR range for TM polarization is from 1342nm to 2376 nm.
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Therefore, total ODR (for both TE and TM polarizations) in the case
of GSPC structure with v = 1.2, has the bandwidth 1034nm. The
upper wavelength edge of ODR band is Ay = 2376 nm and the lower
wavelength edge of the ODR is A, = 1342nm. Thus the normalized
omni-directional bandwidth is 78.9% of the total wavelength range
considered around the critical wavelength A\c = 1700 nm. That is, the
ODR range of GSPC in the case when v = 1.2, is 1.44 times of ODR
range for v = 1.1 and 2 times of ODR range of v = 1.

Finally, by increasing the value of gradual constant 7 in steps
0.01, the variation in ODR range with gradual constant () is plotted
as shown in Figure 8. Here, the gap between two dotted lines shows
the ODR range for a particular value of ~.

Table 3. Total reflection region and gap width for SiO2/Si one-
dimensional GSPC (y = 1.2).

Angle of TE polarization TM polarization
incidence | Reflection Gap Reflection Gap
0; (degree)| range (nm) | width (nm) | range (nm) | width(nm)
0 1342-3299 1957 1342-3299 1957
30 1287-3252 1965 13153172 1857
60 1164-3153 1989 1243-2547 1304
85 1111-3103 1990 1234-2376 1142
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Figure 6. Reflectance spectra of SiO2/Si one-dimensional GSPC

(v =1.2) for TE and TM polarizations.
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Figure 7. Photonic band structure of SiO2/Si one-dimensional GSPC
(v =1.2).

3000 T T

£ a0 | -

2000 —

1500 — —

Wavalength

oot 13 12

11 1.
Gradual constant ()

Figure 8. Variation of ODR range with gradual constant.

From Figure 8, it is clearly observed that the ODR range for
v = 1.2 is just double of ODR range for v = 1. So, by choosing
appropriate values of controlling parameters we can tune the ODR
range. The ODR range for GSPC can be enhanced by increasing the
value of v. It is observed that in a GSPC structure, the ODR band
gets enhanced without increasing the number of layers of the structure.
It is found that the ODR range for GSPC structure is generally more
than the ODR range of conventional PC. Also, it is more than the
ODR bandwidth of simple graded PC structure [24].

4. CONCLUSION

To summarize, we have investigated theoretically the ODR range of
one-dimensional GSPC structure. It is found that the ODR range of
GSPC structure can be enhanced by increasing the value of gradual
constant and that the ODR range for one-dimensional GSPC structure
is more than that of conventional PC and simple graded structure.
Hence, a one-dimensional GSPC structure can be used as a broadband
optical reflector, and the range of reflection can be tuned to a desired
wavelength region by varying the value of gradual constant and also
by choosing proper thickness of the period (d) of first stack and
relative thicknesses of individual layers of the following stacks. These
types of optical reflectors are compact in size and may have potential
applications in the field of optical technology and optoelectronics.



110 Kumar et al.

ACKNOWLEDGMENT

One of the authors, Vipin Kumar wishes to express sincere gratitude
to Dr. K. B. Thapa for his valuable suggestions and critical comments.

REFERENCES

1. Yablonovitch, E., “Inhibited spontaneous emission in solid-state
physics and electronics,” Phys. Rev. Lett., Vol. 58, 2059-2062,
1987.

2. John, S., “Strong localization of photons in certain disordered
dielectric superlattices,” Phys. Rev. Lett., Vol. 58, 2486—2489,
1987.

3. Jonnopoulos, J. D., P. Villeneuve, and S. Fan, “Photonic crystals:
Putting a new twist on light,” Nature, Vol. 386, 143-149, 1997.

4. Xu, K. Y., X. Zheng, C. L. Li, and W. L. She, “Design
of omnidirectional and multiple channeled filters using one-
dimensional photonic crystals containing a defect layer with a
negative refractive index material,” Phys. Rev. E, Vol. 71, 066604,
2005.

5. Singh, S. K., J. P. Pandey, K. B. Thapa, and S. P. Ojha, “Some
new band gaps and defect modes of one dimensional photonic

crystals composed of metamaterials,” Solid State Commun.,
Vol. 143, 217, 2007.

6. St. J. Russell, P., S. Treadwell, and P. J. Roberts, “Full photonic
bandgaps and spontaneous emission control in 1D multilayer
dielectric structures,” Opt. Commun., Vol. 160, 66—71, 1999.

7. Kumar, V., K. S. Singh, and S. P. Ojha, “Band structures,
reflection properties and abnormal behaviour of one-dimensional
plasma photonic crystals,” Progress In Electromagnetics Research
M, Vol. 9, 227-241, 2009.

8. Pandey, G. N., K. B. Thapa, S. K. Srivastava, and S. P. Ojha,
“Band structures and abnormal behaviour of one dimensional
photonic crystal containing negative index materials,” Progress
In Electromagnetics Research M, Vol. 2, 15-36, 2008.

9. Dowling, J. P., “Mirror on the wall: You’re omnidirectional after
all?)” Science, Vol. 282, 1841-1842, 1998.

10. Yablonovitch, E., “Engineered omnidirectional external-

reflectivity spectra from one-dimensional layered interference
filters,” Opt. Lett., Vol. 23, 1648-1649, 1998.

11. Chigrin, D. N., A. V. Lavrinenko, D. A. Yarotsky, and
S. V. Gaponenko, “Observation of total omnidirectional reflection



Progress In Electromagnetics Research M, Vol. 14, 2010 111

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

from a one dimensional dielectric lattice,” Appl. Phys. A: Mater.
Sci. Process., Vol. 68, 25—28, 1999.

Fink, Y., J. N. Winn, S. Fan, C. Chen, J. Michel,
J. D. Joannopoulos, and E. L. Thomas, “A dielectric omni-
directional reflector,” Science, Vol. 282, 1679-1682, 1998.

Lusk, D., I. Abdulhalim, and F. Placido, “Omnidirectional
reflection from Fibonacci quasi-periodic one-dimensional photonic
crystal,” Opt. Commun., Vol. 198, 273-279, 2001.

Ibanescu, M., Y. Fink, S. Fan, E. L. Thomas, and
J. D. Joannopoulos, “An all-dielectric coaxial waveguide,” Sci-
ence, Vol. 289, 415-419, 2000.

Srivastava, S. K. and S. P. Ojha, “Omnidirectional reflection
bands in one-dimensional photonic crystal structure using
fullerence films,” Progress In Electromagnetics Research, Vol. 74,
181-194, 2007.

Srivastava, R., S. Pati, and S. P. Ojha, “Enhancement of
omnidirectional reflection in photonic crystal heterostructures,”
Progress In Electromagnetics Research B, Vol. 1, 197-208, 2008.
Huang, J. P. and K. W. Yu, “Optical nonlinearity enhancement
of graded metallic films,” Appl. Phys. Lett., Vol. 85, 94-96, 2004.
Sang, Z. F. and Z. Y. Li, “Effective negative refractive index
of graded granular composites with metallic magnetic particles,”
Phys. Lett. A, Vol. 334, 422-428, 2005.

Huang, J. P. and K. W. Yu, “Second-harmonic generation in
graded metallic films,” Opt. Lett., Vol. 30, 275-277, 2005.

Yeh, P., Optical Waves in Layered Media, John Wiley and Sons,
New York, 1988.

Born, M. and E. Wolf, Principle of Optics, 4th edition, Pergamon,
Oxford, 1970.

Winn, J. N.; Y. Fink, S. Fan, and J. D. Joannopoulos, “Omni-
directional reflection from a one-dimensional photonic crystal,”
Optics Lett., Vol. 23, 1573-1575, 1998.

Lee, H. Y. and T. Yao, “Design and evaluation of omnidirectional
one-dimensional photonic crystals,” J. Appl. Phys., Vol. 93, 819—
837, 2003.

Srivastava, S. K. and S. P. Ojha, “Broadband optical reflector
based on Si/SiO2 one dimensional graded photonic crystal
structure,” J. Mod. Opt., Vol. 56, No. 1, 33—-40, 2009.



