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Abstract. A photonic crystal polarization beam splitter
based on photonic band gap and self-collimation effects is
designed for optical communication wavelengths. The
photonic crystal structure consists of a polarization-insen-
sitive self-collimation region and a splitting region. TM-
and TE-polarized waves propagate without diffraction in
the self-collimation region, whereas they split by 90 de-
grees in the splitting region. Efficiency of more than 75%
for TM- and TE-polarized light is obtained for a polariza-
tion beam splitter size of only 17 um x 17 um in a wave-
length interval of 60 nm including 1.55 um.
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1. Introduction

Photonic crystals (PCs) have growing reputation due
to their large variety of advantages within ultra-compact
sizes [1], [2]. One of the most crucial properties of the PCs
is having photonic band gap (PBG) property in which
electromagnetic waves cannot propagate in any direction.
Light of certain frequencies in a PBG can be guided in
a photonic crystal waveguide in the lateral direction by the
periodicity of the lattice and in the vertical direction by
means of total internal reflection [3]. Besides, the interest
to these materials led the researchers to discover new ways
to control the flow of light through these structures. Of
particular interest is the self-collimation effect, by which
the electromagnetic waves can propagate without diffrac-
tion in a perfect photonic crystal in the absence of a wave-
guide. First proposed by Kosaka et al. [4] and promoted by
Prather et al. [5] and others [6-10], the phenomenon of
self-collimation has been employed in many schemes for
a large variety of device applications ranging from bends,
splitters, interferometers to filters and detectors. In par-
ticular, the self-collimation effect is very preferable for
device implementations on-chip integrated photonic cir-
cuits due to its arbitrary beam routing efficiency without
crosstalk.

In this study, a hybrid photonic crystal consisting of
a polarization-independent self-collimation region and
a splitting region is employed to achieve polarization split-
ting. The polarization-independent self-collimation (PIS)
region is used to direct the TM- and TE-polarized waves
simultaneously without diffraction. The splitting region is
formed by changing the composition of the Al,Ga; As
alloy in a rectangular region inside the PIS region, in which
the refractive index of that region is changed to be inside
the photonic band gap for one of the orthogonal modes.
The equi-frequency contours and photonic band diagrams
of the PC are obtained with plane-wave expansion (PWE)
method, while the field propagation and splitting properties
of the device are determined with finite-difference time-
domain simulations (FDTD) [11].

2. Design and Method

The polarization beam splitter structure presented in
this study is illustrated in Fig. 1. It consists of two regions,
namely the PIS region and the splitting region. Both of
these structures consist of a square lattice of air holes of the
same radius in Al,Ga;.,As alloy; however with higher re-
fractive index introduced in the splitting region by chang-
ing the composition (x). When kept in mind that, the spe-
cial points of the Brillouin zone for a square lattice PC at
the center, corner and face are known as I', M and X, the
splitting region is aligned along the I'M direction, whereas
light is incident along the I'X direction. When the TM- and
TE-polarized light reaches the splitting region, the two
orthogonal polarizations split by 90 degrees. The TE-po-
larized light follows the path 1 by virtue of the self-colli-
mation, while the TM-polarized light makes a turn in the
direction of path 2 due to the photonic band gap effect
(Fig. 1).

In the preliminary calculations, the TM photonic band
gap is found to be increasing up to » = 0.36a and decreas-
ing later as the radius of the holes increases. The radius of
air holes is chosen as » = 0.36a, where « is the lattice con-
stant so that a better overlap between the self-collimated
wavelength region and photonic band gap region is pro-
vided. The lattice constant is arranged as 628 nm to render
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Fig. 1. The geometry of the proposed photonic crystal based

polarization beam splitter structure.

the operation wavelength centered at 1.55 pm. Three di-
mensional PWE and FDTD calculations are approximated
in two-dimensions with an effective index value of 2.4 for
the PIS region and an effective index value of 2.8 for the
splitting region of the PC [12].

3. Simulation and Analysis

The contours of constant frequency along the &, and
ky, wave-vector plane are called equi-frequency contours
(EFCs). The group velocity is the velocity of energy trans-
port and defined by 5= Via(k), where k is the Bloch
wave-vector. The group velocity is always perpendicular to
the EFCs and it is aligned in the increasing (k) direction.
Light propagates without diffraction in the flat (not curved)
regions of the EFC. A mode can be identified by its unique
combination (k, n), where n is called the band number in
the band diagram. The EFCs of the second (n=2) TM
(Fig. 2(a)) and TE band (Fig. 2(b)) for the self-collimated
PC are square-shaped for the range of normalized frequen-
cies, o= 0.40(c/a) —0.42(c/a), for both TM- and TE-po-
larizations. In these frequencies, polarization independent
self-collimation can be observed along the faces of the
square-shaped EFCs which are aligned along the I'X and
XM direction, as seen in Fig. 2.

Full-width half-maximums of the input and output
beams are examined for the two orthogonal polarizations
by FDTD simulations in order to verify the self-collimation
effect that is predicted by the PWE method. As seen in
Fig. 3, no remarkable broadening occurs for TM- and TE-
polarized waves in the self collimated PC after propagation
along 31.4 um distance (50a).

Once the PIS region of the polarization beam splitter
is designed, the properties of the splitting region are
investigated in order to achieve the separation of the
different polarizations. Fig. 4 shows the photonic band
diagram of the splitting region for TM- and TE-modes. As
the refractive index ofthe PCis increased to 2.8 in the
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Fig. 2. Equi-frequency contours of the second band for
(a) TM modes and (b) TE modes of the self-collimat-

ing photonic crystal.
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Fig. 4. Band diagram for the splitting region of the photonic
crystal with »=2.8. The small arrow points the
operation frequency region of the beam splitter.

splitting region, a photonic band gap appears for the TM-
polarized light between the normalized frequencies,
w=0.39(c/a) — 0.42(c/a). However, since the electric field
confines in the air holes for the TE-mode, it is not affected
by the refractive index increase as much as the TM-mode.
Therefore, there still exists a mode for the TE-polarized
waves along the I'X direction. As the incoming light
reaches the splitting region, the TM-polarized waves reflect
in the perpendicular direction, whereas the TE-polarized
waves propagate directly in the self-collimation regime.

We employ a PC of 27a x 27a size in order to quan-
tify the transmission and reflection efficiency of the polari-
zation beam splitter through FDTD simulations. The per-
fectly matched layers of 2a thickness are imposed on the
four edges of the PC layer to prevent reflection. The simu-
lation engine [11] uses uniaxial perfectly matched layers
[13] by introducing a special lossy anisotropic material
which changes both the dielectric constant and magnetic
permittivity. A Gaussian source of frequency o=
0.405(c/a) with the full-width half-maximum of 360 fs is
launched into the PC along the I'X direction. Two detec-
tors are placed at the exits of the two ports of the PC as
shown in Fig. 1. To obtain the normalized transmission and
reflection spectra, the intensity of the transmitted and re-
flected light beam gathered through these detectors are
integrated across the beam cross section and normalized
with respect to the incident beam. An abrupt change of
refractive index in the splitting region is observed to cause
high level of reflection and refraction loss. To minimize the
leakage along the boundary between the PIS and the split-
ting region, a gradual refractive index change is employed
through the edges of the splitting region. This is accom-
plished by inserting three layers of regions with widths of
1.5a, 2a and 1.5a inside the PC side by side as the splitting
region. From the refractive index of 2.4 to 2.8 the refrac-
tive index is increased linearly in the first PC layer, from
the refractive index of 2.8 to 2.4 the refractive index is
decreased linearly in the third PC layer; whereas the re-
fractive index is fixed to 2.8 in the middle PC layer.
Graded refractive index materials are often employed in
anti-reflection coatings, light-emitting diodes and solar

cells to eliminate Fresnel reflection by fabricating coatings
whose refractive index gradually changes from the refrac-
tive index of the active semiconductor layer to the refrac-
tive index of the surrounding medium [14-16].

It can be seen at Fig. 5 that the reflection of the TM-
polarized light is above 75 % between 1.53 um and
1.59 um and the transmission of TE-polarized light is
above 85 % in the 80 nm operation bandwidth of the po-
larization beam splitter. A transmission of 93 % for TE-
polarized light and reflection of 79.5 % for TM-polarized
light are obtained at 1.55 um. In one of the studies on PC
polarization beam splitter, a PC beam splitter is designed
by changing the filling fraction of the PC in the splitting
region, while maintaining the lattice constant and radius of
the holes of the PC [8]. The simulations are realized in 2Ds
with an effective index and up to 83 % transmission/reflec-
tion for TM/TE polarizations are achieved. Here, we obtain
higher reflection and transmission ratios by applying
a novel method, i.e. tuning the refractive index of the split-
ting region locally in the PIS region.

The polarization extinction ratios (PERs) of the trans-
mitted and reflected beams are defined as -10log(7\/T1g)
and -10log(Rtg/Rtwm), respectively. The PERs of the trans-
mitted and reflected beams at 1.55 pum wavelength are
calculated as 12.7 dB and 18.3 dB, respectively. Recently,
a PC polarization beam splitter based on a self-collimated
Michelson interferometer is demonstrated in silicon by
using two beam splitters and four mirrors in a large Si PC
[17]. The calculations are performed in 2Ds without scal-
ing down the thickness of the Si slab by using an effective
index. Although higher PER values are obtained (18.4 dB
for TM and 24.3 dB for TE mode) in that study, these val-
ues are only valid for the optimized fixed single frequency
value and decrease immediately in the surrounding fre-
quencies due to the destructive interference nature of the
Michelson interferometer.

As the splitting region, Chen et al. [18] used an air
block that is aligned along the I'M direction inside a Si PC
lattice of holes to divide the TE- and TM-polarized waves
simultaneously through the two ports. A maximum effi-
ciency of 48 % for TE-polarization at an air block width of
0.18a and 49.9 % for TM-polarization at an air block width
of 0.33a are obtained [18]. Although the production is
simple, the width of the air block is critical for achieving
maximum efficiency of the splitter in that study. However,
since the refractive index of the splitting region is tuned
smoothly in our study, the transmission efficiency does not
show such an abrupt change. The size of the splitting re-
gion can be a little increased to enhance the TM reflection
ratio at the cost of a modest decrease in the TE transmis-
sion. For example, when the width of the splitting region in
the middle PC layer is increased to 3a, the maximum
transmission and reflection efficiencies are 84 % and 87 %
for TE- and TM-polarized light, respectively.

The FDTD simulation of the light propagation
through the proposed PC based polarization splitting
structure is illustrated in Fig. 6. It can be seen that the TE-
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polarized light beams transmit directly and the TM-polar-
ized light beams make a 90 degree turn after passing
through the splitting region, with the maintenance of the
self-collimation ability.
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