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ABSTRACT— The performance of a polarizing
beam splitter based on the one-dimensional
photonic crystals (1D-PCs), is theoretically
investigated. The polarizing beam splitter
consists of a symmetric stack of the low-index
quarter-wave plates and the high-index half-
wave plates with a central defect layer of air.
The linear transmission properties of the
polarizing beam splitter are numerically
simulated by the transfer matrix method. The
results show that the wavelength of the
polarizing beam splitter can be tuned by
adjusting the thickness of the defect layer of air
and the incident angle of light due to the
resonant couple of the evanescent waves
localized at the interfaces between neighboring
layers.
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|. INTRODUCTION

Photonic crystals (PCs) as structures having
materials with  periodically  modulated
dielectric constants in one, two and three-
dimensions have been the subjects of intensive
studies due to their unique electromagnetic
properties and potential applications [1-4].
Under some circumstances, certain ranges of
the optical wavelengths (i.e. the photonic band
gaps (PBGs)) are forbidden to propagate inside
the PC [1]. It is known that one can attain a
very narrow defect mode inside the PBG by
creating defects in the periodic structure of the
PCs [2]. This unique feature of the PC which
alters dramatically the flow of light within the
structure, can lead to many potential
applications in optoelectronics [4, 5]. Since,
the 1D-PCs are easier to fabricate, many
interesting applications such as dielectric

reflecting mirrors, low-loss waveguides,
optical switches, filters, and optical limiters
have been suggested based on the 1D-PCs [6—
11]. It has been demonstrated theoretically and
experimentally that the 1D-PCs have absolute
omnidirectional PBGs [12-14]. Recently, the
application of the 1D-PCs as polarizing beam
splitters has attracted a great deal of attention
due to their importance in the fields of optical
interconnection, ultrafast light information
processing and optoelectronic signal receiving
or detecting systems [15-18].

In this paper, we study the transmission
properties of a 1D-PC composed of alternating
layers of high index and low index dielectric
materials with a central defect layer of air in it.
Unlike the previous studies that the waves are
incident form the air to the structure, in the
present study we assume that the waves are
incident form a dense medium to the structure.
In this case, the waves will be evanescent in
the low index layers and we have propagating
waves in the high index layers at the incident
angles greater than a critical angle. Thus some
unusua transmissions will be found, and the
structure can be used as a tunable multichannel
polarizing beam splitter. The polarizing
characteristics of the 1D-PC structures are
realized by the resonant couple of the
evanescent waves localized at the interfaces
between neighboring layers. The thickness of
the defect layer of air plays an important role
to fine tune the wavelength of the polarizing
beam splitter. In Section 2, we present the
model and the basic theory of the polarizing
beam splitter. Section 3 is devoted to the
analysis of the system. In Section 4, we
present a summary of our main results.
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[I. THEORY OF POLARIZING BEAM-
SPLITTER

Fig. 1. Schematic representation of the 1D layered
structure H (AB)"C (BA)™H .

Consider the 1D layered  structure
H(AB)"C(BA)"H shown in Fig. 1, where,
m isthe period number, A and B represent the
low index and the high index dielectric layers
with the thicknesses d,, d, and refractive

indices n,, n, respectively. Cisadefect layer
of air with the refractive index n, and the
thickness d.. Here, we assumed that the

layered structure is surrounded by the medium
H with therefractive index n,, .

Let a plane wave with temporal part exp(i ot)
be injected from the medium H into the 1D
layered structure at the incident angle 4, as
shown in Fig. 1. The reflectance and
transmittance coefficients of the structure can
be calculated by the transfer matrix method
(TMM) [19]:

ik
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where M,,M,,,M,, and M,, are the

elements of total transfer matrix of the system
(M) which is given as:

M=(MM)"M.(M,M_)", (2

and
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[11.RESULTSAND DISCUSSION

In what follow we assume that the layered
structure is constructed from the quarter-wave
plates A and the half-wave plates B. The used
materials are chosen to be polydiacetylene 9-
BCMU with the refractive index n, =1.55 and

Si with the refractive index n, =3.48 [20, 21].

We consider the thicknesses of the layers as
2nd, =nd, =275nm, n.=1 and n,=n,.
We want to discuss the effect of the defect
layer of air on the performance of the
polarizing beam splitter. To do this, we first
plot the transmission spectra of the 1D
defective multilayer structure H(AB)'C(BA)'H

as a function of vacuum wavelength (1) for
the TE-polarized (the solid lines) and the TM-
polarized (the dashed lines) waves at the
incident angles @) =0, b) =20, ¢)
6=30 withd,=0 andd) =0, e) =20,
f) 6=30" with d_=d, inFig. 2. Asitisclear
from the figure, the structure contains a wide
transmission band in the visible range at the
normal incidence case (see Fig. 2(a)).
However, by increasing the incident angle @,
the structure shows a wide band gap with some
resonant transmission lines (see the case
¢=30" in Fig. 2). Moreover, the vacuum
wavelength of the resonant transmission lines
depending on the polarization of the incident
waves can be fine tuned by adjusting the width
of the defect layer of air (see Figs. 2(d,ef)).
These resonant transmission lines are due to
the interaction of the evanescent waves in the
low-index layers and the propagating waves in
the high-index layers.
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Fig. 2. Transmission spectra of the layered structure
HAB'CBA'H as a function of vacuum

wavelength (1) for the TE-polarized (the solid lines)
and the TM-polarized (the dashed lines) waves at

theincident anglesa) =0, b) §=20",¢c) 4=30°
with d, =0 and d) 6=0°, ) #=20", f) =30
with d; =d, Here, we assumed that n, =1.55
n, =3.48, n. =1
2nd, =nd, =225nm.

n, =n, and

For our choice of the parameters, the waves
are evanescent in the layers A for

0>sin"n /n =265. Furthermore, for
@>sin"n /n =167 the waves are

evanescent in the defect layer C. As one can
see from the Fig. 2, for one of the polarizations
the transmittance of the structure reaches to
100% at the resonant wavelengths. While, for
the other polarization the transmittance of the
structure reaches nearly to zero (see
Figs. 2(c,f)). So, one of the polarizations at the
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resonant wavelength completely transmitted
from the structure and the other one
completely reflected from the structure. As a
result, the structure acts as a polarizing beam
splitter. To show more clearly the angular
behavior of the resonant transmission lines, we
plotted the transmission of the structure
H(AB)‘C(BA)*H ontheplaneof 1 and & for
a) the TE-polarized wave, b) the TM-
polarized wave with d.=0 and c) the TE-

polarized wave, d) the TM-polarized wave
with d_ =d, inFig. 3.
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Fig. 3. Transmisson of the structure

H(AB)*C(BA)*H on the plane of wavelength and
incident angle for @) the TE-polarized wave, b) the
TM-polarized wave with d_ =0 and ¢) the TE-
polarized wave, d) the TM-polarized wave with
d, =d,. Other parameters are the same as those
of Fig. 2.

Here, the light regions show the transmission
peaks and the dark regions show the forbidden
band gaps. This figure reveals that the
wavelengths of the resonant transmission
peaks not only depend on the polarization of
the incident wave, but also on the width of the
defect layer of air which can be easly
adjusted. Additionally, the number of the
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resonant transmission peaks depends on the
width of the defect layer of air.

Now, we want to show that the working
wavelength of the system can be tuned simply
by adjusting the width of the defect layer of
air. To show this, the transmission of the

structure H(AB)‘C(BA)*H is plotted versus
d./d, for the TE-polarized (the solid lines)

and the TM-polarized (the dashed lines) waves
at the vacuum wavelengths a) 4 =431nm and

b) 4 =572nm with 8 =30° inFig. 4.
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Fig. 4. Transmission of the structure
H(AB)'C(BA)'H versus d./d, for the TE-

polarized (the solid lines) and the TM-polarized (the
dashed lines) waves at the vacuum wavelengths a)
A=431nm and b) 4 =572nm . Here, we assumed

that @ = 30°and the other parameters are the same as
those of Fig. 2.

Figure 4(a) shows that the transmittance of the
TE-polarized waves at A =431nm increases

by increasing d, and reaches to its maximum
value 100% at d. =d, and then it is decreases
by further increasing d,. However, the

transmittance of the TM-polarized wave at
A =431nm independent from the value of d,
is nearly zero (see dashed lines in Fig. 4(a)).
This situation isvice versaat 4 =572nm (see
Fig. 4(b)). So, the working wavelength of the
polarizing beam splitter can be tuned by
adjusting the width of the air layer. To display
more clearly the effect of the defect layer of
ar on the operating wavelength of the
polarizing beam splitter, we plotted the
transmission spectra of the structure
H(AB)*C(BA)*H on the plane of 1 and
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d./d,for &) the TE-polarized wave and b) the

TM-polarized wave at the incident angle
¢ =30° in Fig. 5. The figure clearly shows
that the operating wavelength of the polarizing
beam splitter can be tuned simply by adjusting
the thickness of the defect layer of air at the

given incident angle.
]
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Fig. 5. Transmisson of the structure
H(AB)*C(BA)*H on the plane of wavelength and

d./d, for @ the TE-polarized wave, b) the TM-

polarized wave at the incident angle & = 30°. Other
parameters are the same as those of Fig. 2.
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Fig. 6. Transmission of the structure

H(AB)*C(BA)*H versus 4, for the TE-polarized
and the TM-polarized waves at the vacuum
wavelength 4 =550nm with & d,=0 and b)
d, =d, Here, 0 =30, the optical thicknesses of the
layers A and B are given by 2nd, =nd, =4, and
the other parameters are the same as those of Fig. 2.

In continue, we consider the effect of the
optical thicknesses of the layers A and B on
the transmission of the structure at the given
wavelength 4. Here, we assume that the
optical thicknesses of the layers A and Bare
given by 2nd, =n.d, =4,. Figure 6 shows the

transmission of the structure H(AB)*C(BA)'H
versus A, for the TE-polarized and the TM-
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polarized waves at the vacuum wavelength
A=550nm and the incident angle 6 =30
with @ d,=0 and b) d.=d,. This figure
reveals that the optical thicknesses of the
layers A and B play essentia role in
designing a polarizing beam splitter for a
given operating wavelength. Moreover, one
can use the width of the defect layer of air asa
controlling parameter to adjust the working
wavelength of the polarizing beam splitter (see
Fig. 6(c, d)).

40300 300 400
2y (nm)

Transmission of the
H(AB)*C(BA)*H on the plane of wavelentgh and A,
for a) the TE-polarized, b) the TM-polarized waves
with d, =0 and c) TE polarization, d) TM
polarization with d. =d,. Here, the incident angle

Structure

Fig. 7

is & =30, the optical thicknesses of layers A and B
are given by 2nd =nd =4, and the other
parameters are same as Fig. 2.

In order to show the role of the optical
thicknesses of the congtituting layers of the
structure on the performance of the polarizing
beam splitter at the visible range, we plotted
the transmission spectra of the structure
H(AB)*C(BA)*H on the plane of 4 and 1,

for @) the TE-polarized wave, b) the TM-
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polarized wave with d.=0 and c) the TE-

polarized wave, d) the TM-polarized wave
with d.=d, in Fig. 7. Here, we considered
again 2nd,=nd, =4, and =30". Form Fig.
7 it is clear that the operating wavelength of
the polarizing beam splitter depends on the
thicknesses of the quarter-wave plates A, the

half-wave plates B and the defect layer of air
C.

The creation of the resonant transmission
peaks in the transmission spectra of the
structure is due to the localization of the
electromagnetic fields at the interface of the
low-index and the high-index layers. To show
this, we plotted the normalized transverse
electric field intensity distributions in the

structure  H(AB)*C(BA)*H for the TE-

polarized (the solid lines) and the TM-
polarized (the dashed lines) waves at

A=430nm with ¢=30" and d =d, in
Fig. 8.

Normalized transverse electric field distribution

Z (um)

Fig. 8 Normalized transverse electric field intensity
distributions in the structure H(AB)*C(BA)*H for

the TE polarized (the solid line) and the TM-
polarized (the dashed line) waves at the wavelength
of 1 =430nm. Here, d, =d_, theincident angleis

6 = 30" and the other parameters are same as Fig. 2.

From the Fig. 8, we see that the transverse
electric field intensity of the TE-polarized
wave has a symmetric distribution around the
defect layer of air. Moreover, the transverse
electric field intensity of the TE polarized
wave is localized at the interface of the low-
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index and the high-index layers. Since, the
used structure is also symmetric; this means
that the structure completely transmits the TE-
polarized wave at the given wavelength and
incident angle. On the other hand, Fig.8
shows that the transmission of the structure for
the TM-polarized wave is approximately zero.
Accordingly, the structure completely reflects
the TM-polarized wave.

|'V.CONCLUSION

In conclusion, we demonstrated the realization
of a polarizing beam splitter in the centro-
symmetric one dimensional photonic crysta
structure consisting dielectric materials. For
the incident angles greater than the critical
angle, the electromagnetic waves in the low-
index materials are evanescent waves. The
thickness of the middle defect layer of air
plays an important role for the fine tune of the
operating wavelength of the structure. It is
shown that different wavelengths can be
achieved by adjusting the incident angle and
the width of defect layer of air.
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