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Abstract: We propose a new compact polarization beam splitter based on the self-collimation effect
of two-dimensional photonic crystals and photonic bandgap characteristics. The device is composed
of a rectangular air holes-based polarization beam splitting structure and circular air holes-based self-
collimating structure. By inserting the polarization beam splitting structure into the self-collimating
structure, the TE and TM polarized lights are orthogonally separated at their junction. When the
number of rows in the hypotenuse of the inserted rectangular holes is 5, the transmittance of TE
polarized light at 1550 nm is 95.4% and the corresponding polarization extinction ratio is 23 dB; on
the other hand, the transmittance of TM polarized light is 88.5% and the corresponding polarization
extinction ratio is 37 dB. For TE and TM polarized lights covering a 100 nm bandwidth, the TE and
TM polarization extinction ratios are higher than 18 dB and 30 dB, respectively. Compared with the
previous polarization beam splitters, our structure is simple, the size is small, and the extinction
ratio is high, which meets the needs of modern optical communications, optical interconnection, and
optical integrated systems.
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1. Introduction

A polarization beam splitter (PBS) refers to a beam splitter that can separate different
polarization modes in electromagnetic waves and propagate in different directions. It is
widely used in optical communications, optical storage, and optical integration systems.
The traditional PBS uses the different refractive index of polarized light in the crystal. Its
size is generally on the order of millimeters, since it mainly depends on natural crystal
materials. Because it is susceptible to angles and the extinction ratio of transmitted light is
not high, it is challenging to use PBS to meet the needs of modern optical integrated devices.

The concept of photonic crystals was first proposed in 1987 when E. Yablonoviceton [1]
studied the radiation characteristics of materials. He believed that the suppression of
spontaneous emission could be achieved by changing the photon density of states. In the
same year, S. John [2,3] studied the photonic localization based on disordered artificial
materials. He proposed that changing the photonic crystal structure can control the beam
propagation characteristics. The photonic crystal is a kind of man-made material [4], which
is a combination of dielectric materials with different dielectric constants in space according
to a specific periodic law. It has the characteristics of photonic bandgap [5,6] and photonic
localization [7-9]. Based on this characteristic, photonic crystals are widely used in various
photonic devices, such as photonic bandgap [10,11], filters [12], beam splitters [13-15],
switches [16], multiplexers [17], and modulators [18-20]. Photonic crystal fibers (PCFs) and
polymer optical fibers (POFs) are often used in multiplexers, demultiplexers, combiners,
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beam splitters, and other applications [21-23]. The combination of materials and photonic
crystal structures improves system performance and reduces power consumption. It has
great potential to be integrated into dense wavelength division multiplexing technology to
improve network system performance.

The combination of photonic crystals with polarization multiplexing technology
can be used to design photonic crystal polarization beam splitters [24-26]. According
to the bandgap characteristics, negative refraction characteristics [27], self-collimation
effect [28], multi-mode interference theory, the directional coupling effect, guided-mode
dispersion relationship, and other photonic crystal characteristics [29], the propagation
of electromagnetic waves in the photonic crystal can be controlled. The following is the
pioneering works of several photonic crystal polarizers. The earliest photonic crystal
polarization beam splitter is a heterojunction structure prepared on SOI, using the self-
collimation effect of polarized light in different materials. But the transmittance of the two
polarized lights is not high [30]. Polarization beam splitting can be achieved by inserting
a material with high reflectivity for a polarized light into the self-collimating structure.
Such a polarization mode is effective at suppressing diffraction consumption [31]. The
polarization beam splitter can also be prepared by inserting air holes on the silicon plate,
and the high extinction ratio of the two polarized lights can be obtained [32].

In recent years, there have been more developments in the structural design and
research of photonic crystal polarization beam splitters. In 2005, Yogita Kalra [33] designed
an ultra-compact polarization beam splitter based on a complete photonic bandgap. By
digging out two rows of linear defect waveguides in a photonic crystal with a honeycomb
structure, the TE mode and TM mode are directed along different waveguides. This
structure that uses defect structures to achieve polarization beam splitting is relatively
simple, but the polarization extinction is relatively small. In 2016, Sigi Duan [27] used
lithium niobate (LN) materials and the negative refractive photonic crystal wedge plate
with an angle of 60° to propose an efficient broadband polarization beam splitter. The
polarization beam splitter based on LN has a transmittance of more than 80% for polarized
lights. The angle and wavelength bandwidth at 1550 nm is 8° and 70 nm, respectively. In
this kind of polarization beam splitting realized by using negative refraction materials, the
application field is limited and the light easily diverges at the exit end. In 2017, Haiyang
Wang [29] used dual-core photonic crystal fiber and magnetic fluid to propose a tunable
surface plasmon resonance based on a polarization beam splitter. When the external
magnetic field is in the range of 400-760 Oe, the wavelength of the incident light can be
separated in the same fiber within a wide range of 1.45-1.55 um. A high extinction ratio
and wide bandwidth can be obtained under different light wavelengths. This structure
that uses an external magnetic field to control polarization beam splitting is complicated
and difficult to manufacture.

Based on the above problems, a new photonic crystal polarization beam splitter
based on the self-collimation effect and photonic bandgap characteristics was designed.
Different from other published polarization beam splitters that change the filling ratio, the
device in this paper achieved polarization separation by changing the hole shape, that is,
rectangular holes were used to replace the traditional circular holes. The overall structure
was a combination of a rectangular holes structure and circular holes structure to obtain
90 degree separation of TE and TM polarized lights. The device had a simple structure, a
small size, and a high polarization extinction ratio.

2. Structure Design
2.1. Self-Collimating Structure

When defects and nonlinear materials are not inserted in the photonic crystal, the
light beam irradiates the surface of the photonic crystal, and an abnormal dispersion
phenomenons appear inside the photonic crystal, that is, the self-collimation effect of the
photonic crystal [10], and the light beam do not appear in the photonic crystal. The effects
of reflection, refraction, diffraction, etc., always propagate in a straight line inside the
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photonic crystal. The self-collimating structure designed based on this characteristic is
shown in Figure 1a. We inserted 21 x 21 circular holes arranged in a square lattice, where
the distance between the hole and the adjacent hole was the lattice constant a (a = 0.43 im),
and the radius of the holes was r (r = 0.33 a). After optimizing the parameters of this
structure, a better self-collimation effect could be obtained. The energy band diagram of
the self-collimating structure was calculated by Plane-wave Expansion (PWE), as shown in
Figure 1b. It can be seen from the figure that TE polarization and TM polarization have
no photonic bandgap in the normalized frequency range of 0-0.7 a/A(corresponding to
the wavelength range of A > 614 nm). Optical signals within the frequency range of the
photonic bandgap cannot propagate in the photonic crystal structure. Therefore, both TE
polarization and TM polarization can pass through this structure.
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Figure 1. (a) Self-collimating structure; (b) Energy band diagram of self-collimating structure.

In order to further research the transmission behavior of TE polarized light and TM
polarized light in the structure, the equifrequency contours (EFC) of the first Brillouin
zone were calculated by PWE. EFC is a series of cross-sections of the full-band surface
at different frequencies. The propagation of light in the photonic crystal is controlled
by the dispersion surface of the photonic crystal, and the group velocity determines the
propagation direction, so it is always perpendicular to the EFC. If the EFC remains flat
at a particular frequency, self-collimation will occur. The EFC diagrams corresponding
to the second energy band in TE and TM modes are shown in Figure 2a,b, respectively.
The number of the second energy band in Figure 1b is 1, so the upper part of Figure 2
was labeled “band 1”. It can be seen from the figure that in the normalized frequency
range 0.27-0.28 a/A, the EFC in TE and TM modes is almost linearly distributed near the
ky direction and k, direction, which shows that both TE polarized light and TM polarized
light can propagate in a self-collimated manner in the structure along the ky direction and
the k;, direction. We chose the center position below the self-collimating structure as the
input terminal and placed a continuous wave light source with a Gaussian time distribution
with a length of 4 lattice parameters. We then placed the power monitor (to detect the
power at the output terminal) in the lower center of the structure as the signal output
terminal. Taking into account the reflection on the surface of the photonic crystal, we set
the excitation source closer to the lower input end. The electromagnetic field distribution
at different times in this self-collimating structure was calculated by the Finite Difference
Time Domain (FDTD) method. Figure 3a,b respectively show the wavelength at 1550 nm
(The normalized frequency is 0.276 a/A.) of the field distribution of TE polarized light and
TM polarized light in the self-collimating structure. There was still partial reflection (blue
part) at the lower input end of Figure 5a,b, but both TE polarized light and TM polarized
light could be well coupled into the self-collimating structure. It could be observed that
both polarized lights can be effectively self-collimated and propagate along the Z direction.
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Figure 2. (a) EFC diagram in TE mode; (b) EFC diagram in TM mode.
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Figure 3. (a) EFC diagram in TE mode; (b) EFC diagram in TM mode.

2.2. Polarization Beam Splitting Structure

The photonic bandgap is one of the characteristics of photonic crystals. Due to
the periodic distribution of the dielectric material of the photonic crystal in space, there
may be a photonic bandgap between adjacent energy bands. When the frequency of
electromagnetic waves falls within the frequency range of the photonic bandgap, the
electromagnetic wave will not propagate in this photonic crystal.

We used this feature to design a polarization beam splitting structure, as shown in
Figure 4a. In order to ensure the consistency of the lattice constant of the entire device, the
form of inserting air holes in the silicon background material was still selected. The type
of air hole inserted was a rectangular hole. The length of the four sides of a rectangular
hole was the same, which was defined as d, the values of which were twice the radius
r of the circular hole. Figure 4b is the energy band diagram in TE mode and TM mode
obtained by calculating the polarization beam splitting structure according to the PWE
algorithm. It can be seen that the energy band in TE mode has no photonic bandgap,
which means that TE polarized light can be passing directly through the polarization beam
splitting structure; while in the TM mode, there is a photonic bandgap (red region) with a
normalized frequency in the range of 0.247-0.291 a/A (corresponding to the wavelength
range of 1477.7-1740.9 nm). This means TM polarized light in this frequency range cannot
pass through the structure.
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Figure 4. (a) Polarization beam splitting structure; (b) Energy band diagram of polarization beam
splitting structure.

The EFC diagram in TE mode is shown in Figure 5. The normalized frequency range
is 0.27-0.28 a/A (corresponding to the wavelength range of 1535.7-1592.6 nm). Because the
EFC in TE mode is linearly distributed along the ky and k, directions, TE polarized light
can propagate in the structure along the ky and k;, directions in a self-collimating manner.
However, TM polarized light at 1550 nm cannot pass through this structure because its
frequency is within the photonic bandgap, thus realizing the function of polarization beam
splitting. We chose the center position below the self-collimating structure as the input
terminal and placed a continuous light source there with a Gaussian time distribution and
a length of 4 lattice parameters. The power monitor was placed in the center above the
self-collimating structure as the output terminal. Taking into account the reflection on
the surface of the photonic crystal, we set the excitation source closer to the lower input
end. The TE polarized light and TM polarized light at a wavelength of 1550 nm were
set to match the boundary conditions according to the FDTD algorithm perfectly, and
the obtained steady-state field distribution diagrams are shown in Figure 6a,b. From the
bottom of Figure 6a, it can be seen that there is still some reflection (blue part) at the input
end, but most of the light is directly coupled into the polarization beam splitting structure.
In Figure 6b, because TM polarized light cannot be coupled in, almost all TM polarized
light is reflected back to the input end. It can be observed that the TE mode can propagate
effectively in the self-collimating structure along the positive z-axis, but the TM mode
cannot enter the polarization beam splitting structure and is reflected at the input end.
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Figure 6. (a) Steady-state field distribution in TE mode; (b) Steady-state field distribution in TM mode.

3. Compact Polarization Beam Splitter

To achieve the orthogonal separation of TE polarized light and TM polarized light, we
combined the designed self-collimation structure and polarization beam splitting structure.
As shown in Figure 7, the polarized beam splitting part was inserted into the hypotenuse
of the self-collimating part. In the diagonal area, the number of sides of the inserted
polarization beam splitting part is n, as shown in Figure 7, where n is 5. The entire device is
still 21 x 21 air columns inserted into the background material Si, the background refractive
index is 3.4, and the air column refractive index is 1. Because the side length d of the square
air column in the polarization beam splitting structure is the same as the diameter of the
circular air column in the self-collimating structure, the lattice constant of the entire device
is the same, which is still 0.43 um.

TE Output

Figure 7. Compact polarization beam splitter structure.

The input end of the entire device, that is, the excitation source, was set at the center of
the lower end. The TE output end was set at the center of the upper end of the device, and
the TM output end moved up and down in the z-axis direction according to the inserted
polarization beam splitting structure to ensure that the center axis of the output end was
aligned with the input end. The center axis of the excitation source was symmetrical about
the right hypotenuse, and a power monitor was placed at the output end. TE polarized
light and TM polarized light were input from the input end and propagated upwards
along with the self-collimating structure. When the TM polarized light encountered the
polarization beam splitting structure, it could not pass through the structure and was
reflected to the right end (the TM output). The TE polarized light was directly transmitted
through the polarization beam splitting structure and output from the TE output terminal,
thereby realizing the orthogonal separation of TE polarized light and TM polarized light.
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The number of sides n of the polarization splitting structure inserted in the left hy-
potenuse area of the compact polarization beam splitter had little effect on the transmittance
of TE polarized light, and mainly had a relatively significant influence on the transmittance
of TM polarized light. We mainly researched the influence on TE transmittance and TM
transmittance when n was 1, 3, 5, and 7. When n was set to 1, both TE polarized light and
TM polarized light were output from the TE output end, while the transmittance was more
than 90%, and the reflection effect on TM was not realized; when n was set to 3, part of
the TM polarized light was reflected into the TM output terminal, but there was still a
part of TM polarized light output from the TE output terminal through the polarization
beam splitting structure. At this time, the transmittance of the TM output terminal was
less than 70%.

When n was 5 or 7, TM could be perfectly reflected to the TM output end to achieve the
orthogonal separation of TE polarized light and TM polarized light. Considering the surface
reflection and internal scattering of the photonic crystal, Figure 8a,b respectively show
the steady-state field distribution of two polarized lights at 1550 nm in the polarization
beam splitter. It can be seen from the stable field that although there are still reflected
electromagnetic waves (blue parts) at the input end, most of the input light is transmitted
from the input end. TE polarized light propagates in a self-collimating structure, and
almost no deflection occurs at the interface between the self-collimating structure and
the polarization beam splitting structure. We then continued to propagate along the z
direction, as shown in Figure 8a, and finally output from the TE output. The TM polarized
light also propagated along the +z direction in the self-collimating structure. But it was
then reflected 90 degrees to the right side of the device at the interface between the self-
collimating structure and the polarization beam splitting structure. Finally, it propagated
in the positive direction of x and was output from the TM output terminal, as shown in
the Figure 8b. Power monitors were placed at the TE output terminal and TM output
terminal to calculate the optical power when passing through the center of the monitor.
When n was 5, the transmittance of TE polarized light at the TE output end was 95.4%, and
the transmittance of TM output end was 0.54%; the transmittance of TM polarized light
at the TM output end was 88.63%, and the transmittance of TE output end was 0.023%.
The reflection on the surface of the photonic crystal structure and the scattering inside the
photonic crystal had little effect on the propagation of TE polarized light in the device, and
the transmittance of TE polarized light was greater than 95%. The TM polarized light was
greatly affected by reflection at the junction of the polarization beam splitting structure and
the self-collimating structure, resulting in the transmittance of TM being lower than 90%.
The reflection at the input end hardly affected the transmittance of the two polarized lights.
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Figure 8. At 1550 nm, when n is 5 (a) steady-state field distribution in TE mode; (b) steady-state field
distribution in TM mode.
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In order to eliminate the influence of the boundary on the performance of the device,
the boundary condition of the Perfectly Matched Layer (PML) was selected. The PML
absorbs all incident energy without producing reflections. This allowed field energy which
is incident on the boundary to effectively leave the domain. Using the FDTD algorithm,
the transmission spectrum can be calculated in the wavelength range of 1500-1600 nm (the
corresponding normalized frequency range is 0.267-0.285 a/A). For TE polarized light, the
transmission spectra of the TE output end and the TM output end are shown in Figure 9a.
In the normalized collimation frequency range of 0.267-0.285 a/A(or A = 1500-1600 nm),
the transmittance of the TM output terminal remained almost zero, while the transmittance
of the TE output terminal increased from 78% to 97.8%, with TE at 1555 nm. The maximum
transmittance was 97.8%. The TM transmittance was almost zero because TM polarized
light was reflected to the right when passing through the polarization beam splitting
structure, and almost no TM light passed through the upper monitor. The reason for the
increase in TE transmittance is related to the wavelength. From the previous EFC diagram,
it can be seen that as the wavelength increases, the EFC in TE mode tends to be straight, the
self-collimation effect improves, and TE polarized light extends further. It is output from
the upper TE output terminal in the z direction. Figure 9b shows the transmission spectrum
of TM polarized light. In the wavelength range of 1500 nm-1600 nm, the transmittance of
the TM output port exhibited waveform fluctuations, with several peaks that appeared,
and the peak range was mostly between 80-95%. The reason for the fluctuation of the TM
transmittance may be that the inserted polarization beam splitting structure changed the
propagation path of the TM polarized light, which led to a change in the self-collimation
direction. A series of dispersions such as the scattering and refraction of the polarized light
itself also caused the fluctuation of the power. From the previous EFC diagram in the TM
mode, the self-collimation effect tended to be better as the wavelength increased. Based on
the superposition of the two, it is reasonable that the TM transmittance fluctuates as the
wavelength increases. At A = 1550 nm, TE(TM) polarization had a high transmittance of
95.4% (88.5%) through the TE(TM) output terminal.
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Figure 9. When n is 5, the transmission spectrum of (a) TE polarized light and (b) TM polarized light
at the output end.

In addition to transmittance, an essential indicator for measuring polarization beam
splitters is the Polarization Extinction Ratio (PER), which can measure the separation of two
polarized lights. In the device structure, the PER of TE polarization and TM polarization
can be expressed by the following formula:

PER7g = 10log(Ti—1e/Ti—TM), 1)

PERTyM = 10log(To—tm/ To—TE), ()

where Tq1_T1g and Tq_1ym refer to the TE transmittance and TM transmittance at the TE
output end, To_1v and T, refer to the TM transmittance and TE transmittance at the
TM output end, and this unit is dB. The PER calculated according to Figure 9 is shown in
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Figure 10. In the wavelength range of 1500-1600 nm (100 nm bandwidth), PERTM and
PERTE exceeded 30 dB and 18 dB, respectively, and the maximum values reached 37 dB
and 25 dB. At a wavelength of 1550 nm, PERTg (PERT)) was 23 dB (37 dB), which indicated
that TE (TM) polarized light has a high PER of 23 dB (37 dB).
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Figure 10. PER of outputs TE and TM over the band & = 1500-1600 nm.

4. Discussions

Compared with the polarization beam splitter designed by changing the radius of
the circular hole, the polarization beam splitting structure we designed uses a square hole
structure. However, in terms of preparation, the difficulty of preparing square holes is
slightly higher than that of circular holes. However, the polarization structure of different
apertures has the problem that the lattice period does not match the larger aperture. As a
result, the lattice period must be increased to ensure that the circular holes do not overlap
each other. This will increase the size of the device. Therefore, compared with the old polar-
ization beam splitters with different circular hole radii, the square hole structure proposed
in this paper will reduce the size of the entire device. It can be seen from the previous
results that, compared with the circular hole structure, the transmittance and extinction
ratio of the device we designed at TM and TE polarized light were improved. Therefore,
the square hole structure we proposed provides a new design idea for the photonic crystal
polarization beam splitter, which is more suitable for photonic integrated devices.

Compared with the extinction ratios of TE polarized light and TM polarized light of
18 dB and 23 dB in reference [20], the polarization extinction ratio of the compact device we
designed was increased by 5 dB and 4 dB, respectively, and the transmittance of TM was
also higher. In terms of preparation difficulty, rectangular holes are indeed difficult to use
to guarantee absolute right angles, but right angles have little effect on device parameters.
Compared with the preparation of round holes, the preparation of rectangular holes is
also more difficult, but it is easier than the preparation of other hole types. As long as
the horizontal and vertical dimensions are the same as the diameter of the circular hole,
and the TE polarization and TM polarization can be separated by 90 degrees, the high
polarization extinction ratio of the device can be achieved.

5. Conclusions

A new type of compact two-dimensional photonic crystal polarization beam splitter is
proposed according to the self-collimation effect and photonic bandgap characteristics of
the two-dimensional photonic crystal. The device is composed of a rectangular air hole type
polarization beam splitting structure and a circular air hole type self-collimating structure.
By inserting the polarization structure of the rectangular hole row into the hypotenuse area
of the self-collimating structure arranged in a square lattice, the orthogonal separation of
TE and TM polarized light can be achieved. The change of TE (TM) transmittance with
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the number of rectangular hole rows in the inserted polarization beam splitter structure
was analyzed and discussed. When the number of rectangular hole rows is 5 and the
wavelength is 1550 nm, the transmittance of TE polarized light at the TE output end is
95.4%, the transmittance of TM output end is 0.54%, and the polarization extinction ratio
of TE is 23 dB; TM polarized light is at the TM output end. The transmittance is 88.63%,
the transmittance at the TE output end is 0.023%, and the polarization extinction ratio of
TM is 37 dB. Within the wavelength range of 1500-1600 nm (100 nm bandwidth), PER1y
and PERtg exceed 30 dB and 15 dB, respectively, with a maximum of 37 dB and 25 dB,
respectively. This compact polarization beam splitter enables the orthogonal separation of
TE polarized light and TM polarized light. Compared with some devices that have been
published, the structure is simpler, and the size is smaller. The polarization extinction ratio
is higher, which can better meet the needs of modern optical integration devices. The device
works at 1550 nm, has a working bandwidth of up to 100 nm, has high transmittance and
high polarization extinction ratio in the range of 1500-1600 nm, and has a large application
space in optical interconnection systems and optical communication systems. It can be
used as a input signal polarization processor for multiplexers and demultiplexers. It can
also be used as a input signal polarization processor for multiplexers and demultiplexers.
The device size is 9 pm x9 um, which is a compact photonic device suitable for optical
integrated systems.
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