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Lithium Niobate Thin Film Polarization Beam
Splitter Based on Asymmetric Directional Coupling
Yinan Wu , Xuerui Sun, Hao Li, Chuanyi Lu, Yuting Zhang, Shijie Liu, Yuanlin Zheng , and Xianfeng Chen

Abstract—Polarization devices on lithium niobate thin film
(LNTF) are vital components for photonic integrated circuits
(PICs) on the novel platform. Because both linear and nonlinear
devices on the anisotropic platform are intrinsically polarization-
dependent. Here, we demonstrate compact polarization beam split-
ters (PBS) on LNTF based on two asymmetric directional couplers
with an effective length of only 180 µm. The PBS is fabricated
via a single-step electron beam lithography (EBL) and inductively
coupled plasma (ICP) etching process. Our device shows efficient
PBS operation at the telecom bands with an extinction ratio over
26 dB and 13 dB for fundamental TE and TM modes, respectively.
The device holds promise for efficient on-chip polarization division
multiplexing and polarization manipulation, which would become
an indispensable component in future LNTF PICs.

Index Terms—Cross-polarizaiton coupling, directional coupler,
Lithium niobate thin film, nanowaveguide, photonic intergrated
circuit, polarziation device.

I. INTRODUCTION

A S A multifunctional optical material with huge poten-
tial, lithium niobate thin film (LNTF) is considered as
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a revolutionary photonic integrated platform for on-chip op-
tical manipulation and processing [1], [2], [3], [4], [5], [6].
Light can be strongly confined in sub-micrometer waveguides,
i.e., nanowaveguides, with dramatically enhanced light-matter
interactions in LNTF by harnessing its high refractive index
contrast between lithium niobate (LN) and silica, as well as
broad transparent range, large nonlinear and electro-optic co-
efficients of LN. Tremendous effects have been made in the
development of different devices on LNTF with superior per-
formance for various photonics applications [7], [8], [9], [10],
[11], [12], [13], [14], [15]. Within the last few years, a vari-
ety of excellent electro-optic modulators [7], [16], [17], [18],
[19], [20], [21], frequency converters [8], [9], [10], [11], [12],
parametric oscillators [22], frequency comb generators [13],
[23], [24], supercontinuum generators [14], [25], and quan-
tum sources [9], [15] has been successfully demonstrated, with
performance far beyond the limit of their conventional coun-
terparts. With the multifunctionality of LN, different func-
tional devices are to be incorporated in photonic integrated
circuits (PICs) on the same chip in the future. Devices for
wavelength, mode, and polarization-division multiplexing [26],
[27], [28], [29] are thus becoming more and more desired and
urgent.

Lithium niobate itself is an anisotropic crystal, which makes
devices on LNTF intrinsically polarization dependent. Other
than polarization-division multiplexing applications, the electro-
optic effect and second-order nonlinear wave mixings are also
polarization sensitive. Besides, devices with small footprints
are more favorable in dense integration. To these ends, high-
capacity yet compact polarization manipulators like polarization
beam rotators (PBR) and polarization beam splitters (PBS) that
harness the polarization degree of freedom are greatly sought
after for LNTF PICs. Polarization devices on LNTF will greatly
expand the toolbox on the novel platform. So far, several PBR
on LNTF with different structure and design have been re-
ported [30], [31], [32], but fewer PBS [33], [34], [35], [36] have
been demonstrated. And they still rely on complex design and
structures.

Here, we demonstrate a compact PBS on LNTF based on two
asymmetric directional couplers (ADCs) via two-stage mode
conversion processes. The whole device only requires a simple
fabrication process, i.e., a single-step EBL and ICP etching.
The PBS, with a reduced length of 180 µm, shows broadband
operation in the telecom bands. A high polarization extinction
ratio (PER) and low insertion loss is achieved. The experimen-
tally measured PER from 1520 nm to 1570 nm is 26 dB for
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Fig. 1. (a) Schematic illustration of the PBS on LNTF with numerically
simulated eigenmodes in each waveguide. (b) Cross section and (c) top view
of the PBS.

fundamental TE (TE0) and 13 dB for fundamental TM (TM0)
input, respectively.

II. NUMERICAL SIMULATION

Fig. 1(a) depicts the illustration of our PBS on the 800-nm
thick z-cut LNTF platform. The LNTF sits on top of a 2-µm-
thick SiO 2 buffering layer and 500-µm-thick Si substrate. The
PBS is designed to splits the input modes into two output ports,
i.e., through port for TE0 and cross port for TM0, respectively.
As shown in Fig. 1(b) and 1(c), the mode splitting section
of the device consists of three ridge waveguides, denoting as
WG1, WG2, and WG3 with different widths of W1, W2, and
W3 = W1, respectively. The two ADCs are formed between
WG1 and WG2, WG2 and WG3. The coupling gap is the same
and is denoted as Wg . In the numerical simulation, the etching
depth, h is set to be 450 nm and the etching angle is 63.5◦,
consistent to the actual etching condition. In addition, a S-bend
waveguide is placed at the end of each ADC to avoid mode
coupling and separate the two output ports for experimental
investigation. For TM0 mode input, the first directional coupling
(DC1) process occurs between WG1 and WG2. Under the phase
matching condition, a wider waveguide WG2 is used to mediate
converting the TM0 mode in WG1 into a higher-order mode
in WG2 (TE1 in our case). Regarding the second directional
coupling (DC2) process, we set WG3 the same width of WG1
to transfer the mode in WG2 back to TM0 under the same phase
matching condition as DC1. The phase matching condition is
invalid for TE modes. So that the TE0 mode propagates directly
to the through port without mode coupling. In other words, for
the TM mode, there are two asymmetric directional coupling
occurring during the whole process.

The wider waveguide WG2 serves as a bridge to help the
TM0 mode coupling from WG1 to WG3. As shown in Fig. 1(c),

Fig. 2. (a) Effective refractive indices for the lowest-order modes at the
wavelength of 1550 nm with respect to the waveguide width. The distributions
of different electric field components (not to scale) of (b) quasi-TE and (c)
quasi-TM modes in the ridge waveguide.

the directional coupling length Lc, i.e., the length required
for a complete coupling from one mode to another, needs to
be optimized. In the PBS device, two symmetrical directional
coupling processes are required to complete the polarization
splitting, thus the length of the WG2 should be set to be twice the
coupling length. The effective length of the PBS is 2Lc. And the
overall high performance of the PBS requires that the parameters
of the width of the waveguides W1, W2, and W3 = W1, the
coupling gap Wg , and the coupling length Lc be optimized
simultaneously.

Fig. 2(a) illustrates the calculated effective refractive indices
(neff ) of the five lowest-order eigenmodes in the LN ridge
waveguide. Firstly, the input/output waveguide needs to support
only fundamental modes. The existence of high-order modes not
only badly influences the mode coupling, but also is unwanted in
actual applications. It is found that waveguides narrower than 0.8
µm supports only TE 0 and TM0 modes in the telecom bands. As
marked by the horizontal solid arrows, one can see that the TM0

mode in WG1 and the TE1 mode in WG2 are phase matched
when W1 = 0.8 µm, W2 = 1.17 µm. However, under the same
condition, there is no mode in WG2 to match the TE 0 mode in
WG1. So the TE0 mode will propagate straight forward along
the waveguide without any mode coupling. A similar condition
also exists when W1 = 0.8 µm, W2 = 2.33 µm, as marked by
the horizontal dotted arrows. The TM0 mode in WG1 matches
with the TM1 mode in WG2. But the TE0 mode in WG1 is also in
close phase matching with the TE1 mode WG2. In this situation,
both the TE0 mode and TM0 mode in WG1 would couple into
WG2 leading to mode hybridization and efficient polarization
splitting cannot be realized.

It is worth mentioning that the eigenmodes are not ideally
pure TE or TM modes in general, but quasi-TE or quasi-TM
modes. Fig. 2(b) and 2(c) show the distribution of the vertically
and horizontally polarized components of the quasi-TE0 and
TM0 modes in the ridge waveguide, respectively. Thus, mode
conversion between TE and TM modes can be realized during
directional coupling, i.e., cross-polarization coupling [37]. In
the conditions as marked by the gray area in Fig. 2(a), mode
hybridization dominates, as TM0 mode and TE1 mode are
hybridized in this region [38]. In general cases, one can obtain
stronger cross-polarization coupling when the conditions are
close to the mode hybridization area. This feature is utilized
during the directional coupling as described previously.
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Fig. 3. (a) Efficiencies of coupling from the TM0 mode in WG1 to the TE1
mode in WG2 with respect to the directional coupling length Lc at different
coupling gaps Wg . (b) Coupling efficiency with respect to Lc when Wg = 765
nm. (c) Light propagation for the TE (through) and TM (cross) modes at 1550 nm.
(d) Transmission spectra of the through and cross ports.

After optimizing the waveguide widths, the coupling length
Lc and the waveguide gap Wg are to be determined. At the
end of the DC1 and DC2, a S-bend waveguide is introduced to
separate the two ports for the convenience during experimental
measurement. It should be enough-long to avoid bending loss.
The footprint of the S-bend waveguide is 20× 100 µm2 in our
design. A mode expansion monitors are placed at the end of
output waveguides to determine the PBS transmission spectra.
To obtain the highest coupling efficiency from TM0 mode in
WG1 to TE1 mode in WG2, the Lc is determined by calculating
the coupling efficiency under different coupling gaps Wg at the
wavelength of 1550 nm. The effective length of the PBS is twice
of Lc with maximum coupling efficiency. The highest coupling
efficiency reaches 95% when Wg is in the range of 700–800 nm,
as shown in Fig. 3(a). To appropriately reduce the length of Lc

while achieving high coupling efficiency, Wg is optimized to be
765 nm. The corresponding Lc is 88.5 µm and the conversion
efficiency is 96.6%, as shown in Fig. 3(b). Because the PBS
contains two ADCs, the length of the bridge waveguide WG2
should be twice ofLc to transfer the TE1 mode back into the TM0

mode in WG3, i.e., two-stage mode conversion processes. As can
be seen, the designed device footprint is smaller than those based
on adiabatically tapered structures [8]. The theoretical coupling
efficiency does not equal to unity due to the cross-polarization
coupling of quasi modes, since mode expansion monitors only
collect the energy of pure TE and TM modes.

Fig. 3(c) shows the simulated light propagation along the PBS
device when inputting the TE0 and TM0 mode, respectively.
Fig. 3(d) shows the calculated port transmission spectra for TE
and TM modes over the bandwidth of 1500–1600 nm. As can
be seen, TM modes has a moderate wavelength sensitivity due
to the two-stage mode conversion process. Still, the polarization
extinction ratio (PER) for TE and TM inputs exceeds 35 dB and

Fig. 4. Transmission spectra for (a) TE and (b) TM mode input with different
W2.

20 dB spanning from 1530 to 1560 nm, inferring that the PBS
has a high polarization splitting capacity over a wide bandwidth.

Considering the manufacturing process tolerance, the per-
formance of the PBS is investigated by altering the width of
the bridge waveguide WG2, W2, from 1.16 to 1.18 µm, as
shown in Fig. 4. It can be seen that WG2 has a great impact
on the overall performance of the device. When the width of
the WG2 gets narrower, the center wavelength of the PBS
has a red shift. Overall, the TM0 modes are more sensitive
to the structural variation than TE0 ones, because TM modes
undergo directional coupling twice while TE modes do not.
However, for the wavelength spanning from 1520–1570 nm,
the PER of TE0 and TM0 modes is still higher than 35 dB and
10 dB, respectively, despite a width discrepancy of ±10 nm.
This implies a relatively large fabrication tolerance during the
precision nanofabrication process. As a comparison, similar
devices based on adiabatically tapered structures would possess
a larger tolerance, but they require a much longer length which
is a disadvantage in dense integration [30], [31]. While for other
schemes, such as interferometer, metasurface, slot waveguides,
and heterogeneous integration, higher precision and more com-
plex fabrication processes are needed [39], [40], [41].

III. DEVICE FABRICATION AND CHARACTERIZATION

Our PBS devices is fabricated using a commercial z-cut
LNTF (NANOLN) with a LN layer of 800 nm thick, a 2-µm
silica layer, and a 500-µm silicon substrate. The preparation
process of the structure mainly follows three steps. Firstly, a
665-nm thick amorphous silicon is deposited as the hard etching
mask for LN by plasma-enhanced chemical vapor deposition
(PECVD). Next, a layer of resist is spin-coated on the surface
of amorphous silicon. The mask is defined via electron beam
lithography (EBL). The pattern is then directly transferred to the
silicon mask and the LNTF sample by argon-based inductive
coupling plasmon (ICP) etching. Finally, the residual silicon
mask is removed by KOH solution. The chip facets are polished
for lensed fiber coupling.

Fig. 5 shows the experimental setup for the device charac-
terization. To investigate the operation of the PBS, a tunable
laser source (New Focus, 1520–1570 nm), whose polarization
is controlled by a polarization controller (PC), is coupled to
the input waveguide of the PBS through a lensed fiber (LF).
For output mode characterization, light from the output facet
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Fig. 5. (a) Cross section of the waveguide. (b) Enlarged view of the corre-
sponding areas marked in (c). (c) Optical microscopy image of the PBS device
and the characterization experimental setup.

Fig. 6. (a) The intensity distribution and the mode profiles observed in the
infrared CCD at different input polarization states, i.e., TE, TE&TM, TM input.
(b) Measured transmission spectra of the TE and TM ports for TE or TM mode
input.

of the chip is directly imaged using an objective lens and an
infrared CCD. Figures 5(a) and 5(b) shows the scanning electron
microscope (SEM) images of the cross section of the input
waveguide and marked zones in the microscope image of the
fabricated PBS device in Fig. 5(c). The actual etching depth
is measured to be approximately 440 nm, consistent with the
design parameter. The effective length of the PBS, 2Lc is only
180 µm. The output channels are 125 µm apart after introducing
the two S-bend waveguides to separate the two ports for the
convenience during experimental measurement.

As shown in Fig. 6, our PBS could efficiently split the input
light into the two orthogonally polarized output ports. Fig. 6(a)
displays the intensity distribution (left column) and the mode
profiles (right column) of the output channels with different input
polarization states as observed in the infrared CCD. Obviously,
the TE and TM modes are well separated by the PBS. During
the experiment, the polarization states of the input and the
designated output ports have also been checked by a polarization
analyzer.

For qualitative characterization, we replace the imaging sys-
tem with a second lensed fiber to collect the light of each output
ports. The out coupled light power is monitored using an InGaAs
powermeter for one output port at a time. By varying the input
polarization states, the maximum and minimum power of the
through and cross ports are respectively obtained by the PM.
The obtained result is shown in Fig. 6(b). The on-chip insertion
loss of the PBS for TE and TM mode input is approximately
1.10 dB and 1.24 dB at 1550 nm, respectively. The measured
PER for TE and TM exceeds 26 dB and 13 dB, respectively,
in the 1520–1570 nm range (limited by the laser source). The
TM extinction ratio is smaller than theoretical prediction mainly

due to a small deviation of the etching depth from the optimized
result. In addition, the splitting process for the TM mode in-
volves mode cross-coupling and the condition is not far from
strong mode hybridization. As shown in Fig. 4(b), the TM mode
will obtain a very high extinction ratio only under the exact
phase matching condition. Still, our fabricated PBS has a good
performance in terms of polarization splitting as compared with
the current similar work [30], [31], [32], [33], [34], [35], [36].

IV. CONCLUSION

In conclusion, we design and demonstrate a compact PBS on
LNTF two ADCs with an effective length of only 180 µm. A
good PER exceeding 26 dB and 13 dB for respective TE0 and
TM0 modes over the whole telecom-C band is experimentally
obtained. The device has a simple structure and only requires
a single-step EBL and ICP etching process. The device holds
promise for efficient on-chip polarization division multiplexing
or polarization manipulation. It expands the toolbox on the
LNTF platform and would become an indispensable component
in future PICs.
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