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Using a lithium niobate (LN) material, we propose a broadband polarization beam splitter (PBS) with high
efficiency by employing a negative refractive photonic crystal (PhC) wedge slab with an angle of 60°. It can
split the incident light into two parts at about 90° with TE and TM polarizations. The transmissions of polarized
light for an LN-based PBS are more than 80% with a broad angle and wavelength bandwidth of 8° and 70 nm at
1.55 μm, while with a Si-based PhC, no PBS with high efficiency can be realized for the relatively lower
transmission of TM output light.
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The polarization beam splitter (PBS) can split two differ-
ent beams of mutually orthogonal polarizations along
different directions. The PBS has played an important
role in optical fiber communication and integrated optics
as an important device in polarization optical correlation
systems. The traditional PBS[1,2] uses birefringence in a
natural crystal or polarization selectivity in a multiplayer
structure to realize polarization splitting based on the
Brewster angle. But it has the following drawbacks:
(1) the natural crystal requires a high thickness, (2) the
multilayer structure has a complex processing technology
with a millimeter level size that cannot be applied to the
micro-machining technology, (3) it is sensitive to the
change of angle, and (4) the transmission light has a
low extinction ratio. Therefore, the traditional PBS can-
not meet the size needs of modern integrated optics
systems.
In recent years, several kinds of PBSs[3–5] based on pho-

tonic crystals (PhCs)[6–8] have been developed. The main
characteristic of a PhC is its photonic bandgap (PBG),
which forbids the propagation of photons in a certain
range of frequencies[9–11]. One kind of PBS is used for
the effective refractive index of the PhC, which is þ1
for TE polarization and −1 for TM polarization[12]. It
has a small angle and wavelength bandwidth. Due to
the large boundary reflection of TM polarization, the
PBS has low light transmission, which results in an incom-
plete separation between TE and TM polarizations. An-
other kind of PBS is used for the spectral shift in the
lowest PBG for TE polarization and TM polarization[13,14].
It is difficult to obtain large extinction ratios because of
the non-negligible reflection. For a Si-based PhC PBS,
one can also use a self-collimating PhC[15].
Recently, more research has been focused on lithium

niobate (LN)-based PhCs[16–18], since LN[19] is called “opti-
cal silicon” for an integrated optical system. It is an

important nonlinear optical material[20] with a wide trans-
mission spectral width (400 nm to 5.5 μm), and has more
applications in achieving wavelength converters[21], optical
logic gates and computers[22,23], etc., and especially in gen-
erating quantum polarization sources by spontaneous
parametric down conversion (SPDC)[24]. It is well known
that the conventional PBS is generally used to obtain
quantum polarization entanglement sources combined
with SPDC, but it can be used in free space. So an on-chip
lab-scaled LN-based PBS is critically required for quan-
tum-integrated optical sources.

In this Letter, we propose an LN-based PBS by using a
refractive negative PhC slab that features two different
PBGs and the propagation conditions of TE polarization
and TM polarization at the wavelength of 1.55 μm. This
pillar-type wedge PhC slab has a lattice constant of
0.816 μm and a rod radius of 244.8 nm. This PBS can sep-
arate the incident light with TE∶TM ¼ 1∶1 and has a high
polarization extinction ratio and transmission within a
certain angle and wavelength ranges, which means it
has the characteristic of tunability. When the transmis-
sion is over 80%, the angle bandwidth and wavelength
bandwidth for LN-based PBS are 8° and 70 nm, a trans-
mission no Si-based PBS can achieve.

Here, we demonstrate a PBS based on negative refrac-
tion. The principle of negative refraction is shown in
Fig. 1(a). The circle represents the equi-frequency contour
line. The frequency decreases from the inner ring to the
outer ring for the PhC and increases for the air. The di-
rection of the group velocity Vg ¼ ∂ω∕∂k is along the in-
creasing direction of the contour line. Therefore, the wave
vector k and group velocityVg are in the same direction in
the air. In the PhC, k and Vg are in the opposite direc-
tions. The wave vector k is on the same side of the normal
at the interface of the air and the PhC, which results in
negative refraction.

COL 14(4), 042301(2016) CHINESE OPTICS LETTERS April 10, 2016

1671-7694/2016/042301(4) 042301-1 © 2016 Chinese Optics Letters

http://dx.doi.org/10.3788/COL201614.042301
http://dx.doi.org/10.3788/COL201614.042301


The negative refractive PhC we constructed is shown in
Figs. 1(b) and 1(c). The two-dimensional PhC based on
the LN is arranged in a hexagonal array with a wedge
angle of 60°. The red rods represent LN dielectric rods.
The white background region represents air. The refrac-
tive index of the dielectric is n ¼ 2.143. a is the lattice con-
stant. r is the radius of the dielectric rod. Ports A and B
are the two receivers that will measure the transmission of
the incident light.
Figure 2 shows the map of the input light simulated by

the finite-difference time-domain method. The incident
light with a wavelength of 1.55 μm and an incident angle
of 25° is composed of TE polarization and TM polarization
with TE∶TM ¼ 1∶1. After going through the PhC, the TE
polarization is refracted in the negative direction, and is
received by port A on the left side. The TM polarization
is refracted in the positive direction, and is received by
port B at the top side. Both of the transmissions are over
90%. This means that this PBS can realize the efficient
and complete separation of TE polarization and TM
polarization.
Here, we give the theoretical analysis of the PBGs of the

PhC by using the plane wave expansion method, which
needs at least two PBGs to achieve negative refraction.
We assume that 2r∕a ¼ 0.6 and plot the bandgap struc-
ture of the PhC as a function of the wave vector, as shown
in Fig. 3. The negative refraction for the TE polarization

of the frequency occurs at 0.44–0.64 and 0.73–0.96. In this
case, there is no PBG for TM polarization. Therefore, we
can achieve the PBS under this condition.

Then, we study the relationship between the transmis-
sion and free-space wavelength based on the normalizing
condition. Under this condition, the lattice constant and
waveguide width are a ¼ 1 μm and 2r ¼ 0.6a ¼ 0.6 μm,
respectively. The incident angle is 20°, and the transmis-
sion curves versus the free-space wavelength are shown in
Fig. 4. The blue and red lines represent the received trans-
missions of the TE polarization (Fig. 4(a)) and the TM
polarization (Fig. 4(b)) by ports A and B, respectively.
When the free-space wavelength is 1.9 μm, port A receives
the TE polarization and port B receives the TM polariza-
tion. Therefore, the incident light can be split into two
directions with different polarizations, and the PhC acts
as a PBS.

We choose the wavelength of 1.55 μm as the light
source. According to the normalized frequency formula
f ¼ ωa∕πc ¼ a∕λ (f is a constant), the parameters should
be changed to: a ¼ 0.816 μm, and r ¼ 244.8 nm. There-
fore, we change the free-space wavelength of 1.90 μm into
the communication wavelength of 1.55 μm, based on
the normalizing condition. The relationship between the
transmission and incident angle is shown in Fig. 5. The
blue and red lines represent the received transmissions
by ports A and B. The solid and dashed curves represent
the transmissions of the LN-based and the Si-based PBSs,
respectively. Take the LN-based PBS for consideration:
for TE (TM) polarization, the angle bandwidth range is
20°–30° (0°–28°) with a transmission of over 80% in port
A (B). Therefore, the angle bandwidth range is 20°–28°

Fig. 1. Configuration of the negative refractive PhC. (a) The
principle of negative refraction. The direction of group velocity
is along the increasing direction of the contour line. The wave
vector is on the same side of the normal at the interface of
the air and the PhC. (b) The two-dimensional PhC based on
LN. Ports A and B are the two receivers to measure the trans-
mission of the incident light. (c) The enlarged structure of the
PhC with a hexagonal array. a is the lattice constant. r is the
radius of the dielectric rod.

Fig. 2. Realization of the PBS. The incident light is separated
after passing through the PhC. (a) TE polarization refracted
in the negative direction. (b) TM polarization refracted in the
positive direction. A and B are the two receivers to measure
the light transmission.

Fig. 3. Bandgap as a function of the wave vector for (a) TE
polarization and (b) TM polarization.

Fig. 4. Curves of transmission versus free-space wavelength
based on the normalizing condition with the incident angle of
20° of the two polarizations. (a) TE polarization. (b) TM polari-
zation. The optional free-space wavelength range based on
the normalizing condition is 1.85–1.92 μm. The normalized
frequency range is 0.52–0.54.
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with a transmission of over 80%. But the transmission
of the TM polarization is less than 80% for a Si-based
PBS due to the large reflection that occurs at the surfaces.
Therefore, the PBS based on Si has much more energy
loss than LN. In conclusion, we can achieve a PBS with
an angle bandwidth range of 20°–28° with an LN-based
PBS.
Then, we choose 22° for the LN-based PBS and 14° for

the Si-based PBS as the incident angles. The relationship
between the transmission and wavelength is shown in
Fig. 6. The solid and dashed curves represent the trans-
missions of the LN-based and the Si-based PBSs, respec-
tively. Take the LN-based PBS for consideration: for TE
(TM) polarization, the wavelength bandwidth range is
1.43–1.57 μm (1.50–1.68 μm) with a transmission of over
80% in port A (B). Therefore, the wavelength bandwidth
range is 1.50–1.57 μm with a transmission of over 80%,
and the span of the wavelength is 70 nm.
We compare the difference between the LN-based and

Si-based PBSs. The transmission of TM polarization
based on Si cannot be over 70% under the condition of
the two polarizations separating completely. The LN-
based PBS has a larger wavelength bandwidth than the
Si-based PBS.
In conclusion, we demonstrate an LN-based PBS with a

wedge-shaped negative refractive PhC. It has a good
performance, including an efficient polarization splitting
function with a high transmission of over 80%, an angle
bandwidth of 8°, and a wavelength bandwidth of
70 nm. With a Si-based PhC, besides the large reflection
that occurs at the surface and induces energy loss, no good
PBS feature can be obtained with high efficiency. Com-
bined with the other nonlinearities of LN, the LN-based

PBS may play an important role in on-chip integrated
quantum computation and quantum communication.
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