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Abstract—In this paper a transfer matrix treatment for the
reflectivity and transmissivity spectra of electromagnetic waves
propagating in a nano sized multilayer periodic structure has been
presented. Effect of varying the angle of incidence on the photonic
bandgaps is shown. The design of a tunable polarizer by reflection
which is more efficient in comparison to that obtained by reflection
from a single dielectric slab, has been suggested.
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1. INTRODUCTION

Photonic crystals (PCs) are artificial multi-dimensional periodic
structures with a period of the order of optical wavelength, which
can prohibit the propagation of light in specific wavelength ranges [1].
These ranges called the photonic bandgaps are angle dependent, due
to the differing periodicities experienced by light propagating at non-
normal incidences [2]. Electromagnetic propagation in periodic media
has been studied extensively [3–5]. Photonic crystals have found
application in lasers [6–8], fibers [9], splitters [10], and many other
fields [11]. PCs have drawn much attention as a new kind of optical
materials [12, 13]. These materials have many potential applications
in optoelectronics and optical communication [13–26].

Polarizers and polarizing beam splitters (PBSs) have found
application in many optical systems. Whereas in a polarizer it is only
the transmitted or the reflected light that is utilized, in a polarizing
beam splitter both the transmitted and the reflected beams are utilized
and are of equal significance [27]. A photonic crystal polarizer based on
the Brewster angle effect is far more efficient than the well known pile
of plates polarizer at Brewster’s angle [28], firstly, because absorption
losses are almost negligible in PCs, and secondly, because the general
Brewster stack works only at Brewster’s angle, whereas the photonic
crystal polarizer, by proper designing, can be made to operate quite
efficiently over a wide angular range of the incident light.

In this paper a transfer matrix method (TMM) [29, 30] to study
the reflectivity and transmissivity spectra for light waves impinging
on a nano sized one-dimensional photonic band gap material has been
reported. The effect of varying the angle of incidence on the photonic
bandgap is studied. This structure can be used to design a polarizer
by reflection which is more efficient than that obtained by reflection at
Brewster’s angle from a single dielectric slab. The desired wavelength
range of maximum efficiency of operation of the polarizer can be
achieved by changing the lattice parameters, or the refractive index
of the ambient medium, or both. Investigation in the visible range of
the electromagnetic spectrum has been carried out.

2. THEORETICAL ANALYSIS

The multilayered structure consists of dielectric slabs stacked
periodically along the x axis and placed between semi infinite media
of refractive indices n0 and ns (Fig. 1). We assume a periodic step
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Figure 1. Depiction of a one dimensional periodic lattice.

function for the refractive index of the form [31, 32]

n(x) =
{

n1, −d1 < x < 0,
n2, 0 < x < d2,

(1)

with n(x) = n(x + md) and m is the translational factor which takes
values 0, ±1, ±2, − − − and d = d1 + d2 is the period of the lattice
with d1 and d2 being the width of the steps having refractive indices
n1 and n2 respectively.

For the TE wave, the electromagnetic field can be described by a
two component wave function [33, 34]

χ =
[

Ez

icBy

]
(2)

where c is the velocity of light in vacuum, Ez and By are the tangential
components of the electromagnetic field.

The characteristic matrix M [d] of one period is given by [30]

M [d] =
2∏

i=1

[
cos γi

−i
pi

sin γi

−ipi sin γi cos γi

]
≡

[
M11 M12

M21 M22

]
(3)

where γi = 2π
λ0

nidi cos θi, pi = ni cos θi, θi is the ray angle inside the
layer of refractive index ni, and is related to the angle of incidence θ0

of light on the periodic structure by

cos θi =
[
1 − n2

0 sin2 θ0

n2
i

]1/2

(4)

The matrix M [d] in Equation (3) is unimodular as |M [d]| = 1.



136 Awasthi et al.

For an N period structure, the characteristic matrix of the medium
is given by

[M(d)]N = M [Nd] =
[
m11 m12

m21 m22

]
(5)

where

m11 =
(

cos γ1 cos γ2 −
p2

p1
sin γ1 sin γ2

)
UN−1(a) − UN−2(a),

m12 = −i

(
1
p2

cos γ1 sin γ2 +
1
p1

sin γ1 cos γ2

)
UN−1(a),

m21 = −i(p1 sin γ1 cos γ2 + p2 cos γ1 sin γ2)UN−1(a),

m22 =
(

cos γ1 cos γ2 −
p1

p2
sin γ1 sin γ2

)
UN−1(a) − UN−2(a),

where

a =
1
2

[M11 + M22] = cos γ1 cos γ2 −
1
2

(
p1

p2
+

p2

p1

)
sin γ1 sin γ2, (6)

and UN are the Chebyshev polynomials of the second kind:

UN (a) =
sin

[
(N + 1) cos−1 a

]
[1 − a2]1/2

(7)

The reflection and transmission coefficients of the multilayer are
given by [30]

r =
R

A
=

(m11 + m12ps)p0 − (m21 + m22ps)
(m11 + m12ps)p0 + (m21 + m22ps)

(8)

and

t =
T

A
=

2p0

(m11 + m12ps)p0 + (m21 + m22ps)
(9)

where

p0 = n0 cos θ0, ps = ns cos θs = ns

[
1 − n2

0 sin2 θ0

n2
s

]1/2

where A, R and T are the amplitudes of the electric vectors of the
incident, reflected and transmitted waves respectively. Substitution
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of expressions [5–7] into [8, 9] will give the reflection and transmission
coefficients of the multilayer.

The reflectivity and transmissivity of the multilayer are given by

R = |r|2 = (rr∗), T =
ps

p0
|t|2 =

ps

p0
(tt∗) (10)

The reflectivity and transmissivity of the multilayer for the TM
wave can be obtained by using expressions (3)–(10) with the following
values of pi, p0 and ps [35]

pi =
cos θi

ni
, (i = 1, 2) (11)

p0 =
cos θ0

n0
, ps =

cos θs

ns
=

[
1 − n2

0 sin2 θ0

n2
s

]1/2

ns
(12)

3. RESULTS AND DISCUSSION

For numerical computation, values of lattice parameters d1 and d2 are
chosen as d1 = 46 nm, d2 = 192 nm. A 10-period structure (N = 10)
has been considered.

Taking n0 = ns = 1.0 (air), n1 = 1.52 (glass), n2 = 1.0 (air) and
using expressions (3)–(10), reflectivity and transmissivity curves for TE
and TM waves for varying angles of incidence have been plotted as a
function of free space wavelength λ0 (Fig. 2.1 & Fig. 2.2). These curves
indicate that as the incidence angle increases, the photonic bandgap
regions, which are the regions of maximum reflectivity, and which
coincide with the forbidden band gaps of the periodic structure shift
towards the lower wavelength side. Also, the photonic bandgaps for the
TE wave are generally wider than the corresponding ones for the TM
wave. Figs. 3.1 and 3.2 are a plot of the reflectivity and transmissivity
curves for a sharper refractive index contrast i.e., n1 = 2.2 (ZrO2),
n2 = 1.0 (air), n0 = ns = 1.0 (air). Comparison of Fig. 2 and
Fig. 3 shows that a sharper refractive index contrast results in a wider
bandgap region for all incidence angles. Table 1.1 shows the photonic
bandgap regions for different angles of incidence for the above two cases
considered.

4. DESIGN OF A POLARIZER

Figure 2.2(d) indicates that for an incidence angle of 56.70, the
reflectivity of the TM wave is zero for the entire visible range
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Figure 2.1. Reflectivity (RTE-solid curve) & Transmissivity (TTE-
dashed curve) spectra for TE waves at various angles of incidence.
(n1 = 1.52, n2 = 1.0, n0 = ns = 1.0, d1 = 46 nm, d2 = 192 nm,
N = 10).
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Figure 2.1. Reflectivity (RTE-solid curve) & Transmissivity (TTE-
dashed curve) spectra for TE waves at various angles of incidence.
(n1 = 1.52, n2 = 1.0, n0 = ns = 1.0, d1 = 46 nm, d2 = 192 nm,
N = 10).
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Figure 2.2. Reflectivity (RTM-solid curve) & Transmissivity (TTM-
dashed curve) spectra for TM waves at various angles of incidence.
(n1 = 1.52, n2 = 1.0, n0 = ns = 1.0, d1 = 46 nm, d2 = 192 nm,
N = 10).
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Figure 2.2. Reflectivity (RTM-solid curve) & Transmissivity (TTM-
dashed curve) spectra for TM waves at various angles of incidence.
(n1 = 1.52, n2 = 1.0, n0 = ns = 1.0, d1 = 46 nm, d2 = 192 nm,
N = 10).
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Figure 3.1. Reflectivity (RTE-solid curve) & Transmissivity (TTE-
dashed curve) spectra for TE waves at various angles of incidence.
(n1 = 2.2, n2 = 1.0, n0 = ns = 1.0, d1 = 46 nm, d2 = 192 nm,
N = 10).
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Figure 3.1. Reflectivity (RTE-solid curve) & Transmissivity (TTE-
dashed curve) spectra for TE waves at various angles of incidence.
(n1 = 2.2, n2 = 1.0, n0 = ns = 1.0, d1 = 46 nm, d2 = 192 nm,
N = 10).



144 Awasthi et al.

400 450 500 550 600 650 700 750

0

0.2

0.4

0.6

0.8

1

R
T

M
 / 

T T
M

0
(nm)

0
=00

400 450 500 550 600 650 700 750

0

0.2

0.4

0.6

0.8

1

R
T

M
 / 

T T
M

0
(nm)

0
=300

400 450 500 550 600 650 700 750

0

0.2

0.4

0.6

0.8

1

R
T

M
 / 

T T
M

0
(nm)

0
=450

(a)

λ

θ

(b)

λ

θ

(c)

λ

θ

Figure 3.2. Reflectivity (RTM-solid curve) & Transmissivity (TTM-
dashed curve) spectra for TM waves at various angles of incidence.
(n1 = 2.2, n2 = 1.0, n0 = ns = 1.0, d1 = 46 nm, d2 = 192 nm,
N = 10).
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Figure 3.2. Reflectivity (RTM-solid curve) & Transmissivity (TTM-
dashed curve) spectra for TM waves at various angles of incidence.
(n1 = 2.2, n2 = 1.0, n0 = ns = 1.0, d1 = 46 nm, d2 = 192 nm,
N = 10).
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Figure 4.1. Reflectivity (RTE-solid curve) & Transmissivity (TTE-
dashed curve) spectra for TE wave at Brewster’s angle. (n1 = 3.4,
n2 = 1.52, n0 = ns = 1.52, d1 = 46 nm, d2 = 192 nm, N = 10).
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Figure 4.2. Reflectivity (RTM-solid curve) & Transmissivity (TTM-
dashed curve) spectra for TM wave at Brewster’s angle. (n1 = 3.4,
n2 = 1.52, n0 = ns = 1.52, d1 = 46 nm, d2 = 192 nm, N = 10).

considered, whereas the TE wave [Fig. 2.1(d)] shows non zero
reflectivity for a significant portion in this range, i.e., RTM = 0
and RTE �= 0 simultaneously, indicating that the device is working
as a polarizer by reflection. Also in the wavelength range 400 nm–
428 nm, RTE = 1 (Table 1.2). Hence in this range the polarizer is
most efficient in its operation giving enhanced intensity of polarized
light. Comparison of curves 3.1(d) and 3.2(d) shows that the structure
acts as a polarizer for an incidence angle of 65.20. Here RTE = 1
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Table 1.1. Photonic band gaps at different angles of incidence.

PBG For TE Wave PBG For TM Wave  
Type  of

Structure
Angle  of
Incidence

( 0)
Wavelength
Range For 

RTE 1

PBG
Width
(nm)

Wavelength
Range 

For RTM 1

PBG
Width
(nm)

0.0 508 - 544 36 508 - 544 36

30.0 427 - 516 89

45.0 400 - 472 72

56.7 400 - 430 30

75.0 - -.10

,192

,46

,0.1

,0.1,52.1

2

1

0

21

=

=

=

==

==

N

nmd

nmd

nn

nn

s

85.0 - -

0.0 489 - 750 261 489 - 750 261

30.0 426 - 719 293 449- 653 204

45.0 400 - 683 283 409 - 534 125

65.2 400 - 634 234

75.0 400 - 618 218

400 - 609 209

614 - 631 17

.10

,192

,46

,0.1

,0.1,2.2

2

1

0

21

=

=

=

==

==

N

nmd

nmd

nn

nn

s

85.0

650 - 668 18

θ
≈ ≈

- -

- -

- -

- -

- -

- -

- -

- -

0 0

0 0

for a much wider range (400 nm–632 nm) as the photonic bandgap
region has become wider due to a sharper refractive index contrast.
The above investigations have been repeated with a different ambient
medium (n0 = ns = 1.52). Taking n1 = 3.4 (GaP), n2 = 1.52 (glass),
d1 = 46 nm, d2 = 192 nm, N = 10, the range of maximum reflectivity
(RTE = 1) is achieved for the entire range (400 nm–750 nm) considered
at Brewster’s angle 65.90 (Fig. 4.1 & Fig. 4.2). Thus the desired
wavelength range of maximum efficiency of operation of the polarizer
can be achieved by changing the lattice parameters, or the refractive
index of the ambient medium, or both.

It has been earlier reported [36] that for light incident on a glass
slab (n = 1.52) from air, RTM = 0 andRTE = 0.15 at Brewster’s angle
56.70. For air (n = 1.0), ZrO2 (n = 2.2) interface RTM = 0 and
RTE = 0.42 at Brewster’s angle 65.20 (Fig. 5.1). For reflection from
glass (n = 1.52) to GaP (n = 3.4) at Brewster’s angle 65.90, RTM = 0
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Table 1.1. Maximum efficiency range of polarizer for different PBG
structure.

S.No.
Type

of
Structure

Brewster
Angle(θB)0

Wavelength
Range For 

RTE =1

Wavelength
Range For 

RTM = 0 

Maximum
Efficiency
Range Of 

Polarizer(nm)

1.

.10

,192,46

,0.1

,0.1,52.1

21

0

21

=

==

==

==

N

nmdnmd

nn

nn

s
56.7 400 - 428 400 - 750 400 - 428 

2.

.10

,192,46

,0.1

,0.1,2.2

21

0

21

=

==

==

==

N

nmdnmd

nn

nn

s
65.2 400 - 632 400 - 750 400 - 632 

3.

.10

,192,46

,52.1

,52.1,4.3

21

0

21

=

==

==

==

N

nmdnmd

nn

nn

s
65.9 400 - 750 400 - 750 400 - 750 
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Figure 5.1. Reflectivity (RTE-solid curve & RTM-dashed curve) as a
function of the angle of incidence for Air-ZrO2 interface.

and RTE = 0.44 (Fig. 5.2). Table 1.3 shows these results. Hence
we conclude that a polarizer made by reflection from a PBG material
is more efficient (giving a reflectivity of 100% in specific wavelength
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Figure 5.2. Reflectivity (RTE-solid curve & RTM-dashed curve) as a
function of the angle of incidence for Glass-Gap interface.

Table 1.1. Reflectivity (RTE, RTM) at brewster angle (θB) [For single
dielectric slab].

S.No. Interface Brewster Angle (θB)0 Reflectivity RTE Reflectivity RTM

1. Air - Glass(BK7) 56.7 0.15 0

2. Air - Zr O2 65.2 0.42

3. Glass - GaP 65.9 0.44 0

0

ranges) as compared to that obtained by reflection from a single
dielectric slab (which gives a comparatively much weaker intensity of
polarized light).

5. CONCLUSION

In summary we have investigated the photonic bandgaps for glass
(n1 = 1.52)-air, ZrO2 (n1 = 2.2)-air, and GaP (n1 = 3.4)-glass
PBG structures and found that with increasing angle of incidence,
the band gaps shift towards the lower wavelength side. Also with a
sharper refractive index contrast, bandgap regions becomes wider. We
have also suggested a polarizer with these structures which gives a
much enhanced intensity of polarized light as compared to a polarizer
obtained by reflection from a single dielectric slab.
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