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Compact Adiabatic Polarization Splitter-Rotator on
Thin-Film Lithium Niobate

Yinan Wu ¥, Xuerui Sun"”, Xiaotian Xue ", Hao Li

Abstract—Polarization controlling devices on thin-film lithium
niobate (TFLN) are critical components for photonic integrated
circuits (PICs) on the platform because the birefringence of lithium
niobate intrinsically determines its polarization-dependent prop-
erty. Here, we propose and demonstrate a compact polarization
splitter-rotator (PSR) on TFLN based on two adiabatic tapers and
an asymmetric directional coupler with an effective length of only
240 pm. The device is fabricated via a one-step electron beam
lithography (EBL) and inductively coupled plasma (ICP) etching
process. Our device shows efficient polarization extinction at the
telecom C-band, providing a polarization extinction ratio (PER)
of 26.6 dB and 12.2 dB for TE and TM mode, respectively. The
highest PER both exceed 30 dB at 1544 nm and the insertion
loss both less than 0.91 dB. The device is expected to apply to
efficient polarization multiplexing and polarization modulating, an
indispensable component of the PICs on TFLN in the future.

Index Terms—Adiabatic coupling, polarization splitter-rotator,
thin-film lithium niobate.

1. INTRODUCTION

S AN emerging multifunctional optical material, thin-
film lithium niobate (TFLN) is considered as one of the
most promising photonic integration platforms [1], [2], [3], [4],
[5], [6], [7], [8], [9], [10]. TFLN retains the excellent optical
properties of crystalline lithium niobate (LN), such as high
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refractive index, wide transmission spectrum, large nonlinear
and electro-optic coefficients. Light can be well confined and
manipulated in TFLN micro-/nano-waveguides by leveraging
the high refractive index contrast between LN and silica. Taking
advantage of the superior optical properties of LN, a large
number of integrated devices with excellent performance have
been demonstrated on the TFLN platform [11], [12], [13], [14],
[15], [16], [17], [18], [19], [20]. In recent years, varieties of
electro-optic modulators [11], [17], [21], [22], [23], [24], [25],
[26], nonlinear frequency conversion [12], [14], [15], [16],
[19], [27], parametric oscillation [28], [29], optical frequency
combs [21], [30], [31], [32], and quantum light sources [13],
[33] based on TFLN have been reported. With the rapid devel-
opment of TFLN integration technology, independent devices
with different functions will be integrated on the same chip on a
large scale in the short future. Therefore, the basic device units
such as polarization controlling [34],[35], [36], [37], wavelength
division multiplexing [38], [39], and multimode interference
coupler [40] are becoming more and more critical.

The birefringence effect of LN intrinsically determines its
anisotropic property. Light propagating in different directions
experiences different refractive indices, which makes the high-
performance polarization controlling device on TFLN urgently
demanded. For instance, in order to utilize the largest coefficient
for nonlinear or electro-optic effects on TFLN, a specific po-
larization mode is required. Compared with polarization beam
splitters (PBS) [35], PSRs are more commonly used for po-
larization management. This kind of polarization controlling
device is a necessary part of the mode division multiplexing
system [41], [42] and polarization multiplexing system [42],
[43]. Therefore, the study of high-performance PSR devices
has high practical value and great application potential. Various
efficient PSRs have been demonstrated on silicon platform [44],
[45], [46], [47], [48], [49]. These devices can be divided into
two types: coupling-type and evolution-type. For coupling-type
PSRs, the core structure is a directional coupler (DC). According
to the cross-polarization coupling principle [50], the TM and
TE mode can directly couple with each other through the ridge
waveguide. This type of PSRs have compact footprint but they
are demanding for TFLN platform. For example, PSRs based on
subwavelength grating waveguides (SWGs) [46], [47] on TFLN
are difficult to realize at present because of the fabrication limi-
tation. PSRs based on bent DC [48], [49] is also rejected by the
material’s anisotropy. In addition, cross-polarization coupling
DCs have the disadvantage of narrow operating bandwidth and
high fabricating precision requirement. On the other hand, the
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Fig. 1. (a) Schematic illustration of the PSR on TFLN. (b) Cross section and
(c) top view of the PSR (not to scale).

evolution-type PSR, which is composed of adiabatic taper and
DC with the same polarization coupling, has these disadvantages
mitigated. This type of PSR is also more suitable for the TFLN
platform due to its simple fabrication and large tolerance. So far,
a few evolution-type PSRs on TFLN have been reported [36],
[51], [52], [53], [54], but the lengths of these devices are long,
some even reaching the millimeter level, which is not favorable
in dense integration.

Here, we demonstrated a compact PSR on TFLN based on two
adiabatic tapers and an asymmetric DC. The device is fabricated
via a one-step electron beam lithography (EBL) and inductively
coupled plasma (ICP) etching process. The total length of the
device is only 240 pm, and the TE and TM polarization modes
have high extinction ratios within the entire telecom-C band. The
experimentally measured polarization extinction ratios (PERs)
of TE and TM modes exceed 26.6 dB and 10.6 dB respectively
in the wavelength range of 1520-1570 nm. At the same time,
the PER of the two orthogonal modes both exceed 30 dB at the
wavelength of 1544 nm.

II. DEVICE DESIGN AND NUMERICAL SIMULATION

Fig. 1(a) depicts the schematic of the PSR on the 600-nm-thick
x-cut TFLN platform. The TFLN is bonded on top of a 2-um-
thick SiOy buffering layer and a 500-1 m-thick Si substrate.
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Fig.2. Effectiverefractive indices for the lowest order modes at the wavelength
of 1550 nm with respect to the waveguide width when the waveguide is aligned
along (a) y-axis and (b) z-axis of TFLN.

The PSR device consists of an adiabatic taper and an asym-
metric directional coupler (ADC). The TE; mode propagates
directly to the through port without mode conversion and mode
coupling. For TM input, the TMy mode can be converted
into the TE; mode efficiently in the adiabatic taper. Then the
TE; mode is coupled to the cross port through the ADC and
simultaneously converted into TE; mode. As shown in Fig. 1(b),
the TFLN waveguide is usually a half-etched ridge waveguide
which is asymmetric along the vertical direction due to the
etching condition. The TMy and TE; modes experience mode
hybridization within a certain waveguide width range. In the
numerical simulation, the etching depth h of the waveguide is set
to be 350 nm to ensure the existence of TM modes. The etching
angle is 63°, according to the actual etching condition. Fig. 1(c)
shows that the adiabatic taper is divided into two segments and
the typical width and length parameters of the taper is denoted
as wp, wi, we, Ly, and Lo, respectively. The coupling length
and coupling gap of the ADC are denoted as L. and w,.

Fig. 2 illustrates the calculated effective refractive indices,
nest, of the four lowest-order eigenmodes at 1550 nm varying
with the top width, w, of the ridge waveguide along the y-axis
and z-axis, respectively. There exists the condition for mode
hybridization between the TM and TE; mode when w is near
3.3 pum and 1.6 um for the y-propagating and z-propagating
waveguide, respectively, as marked by the grey area. For the
y-propagating waveguide, the top width w corresponding to
mode hybridization is much wider than that of the single mode
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Fig. 3. (a) Transmittance of TEp and TM mode in the first taper versus the
taper length L. (b) Conversion efficiency from TM( to TE; mode in the second
taper versus the taper length Lo.

condition. Thus, the adiabatic taper needs to be very long even to
the order of millimeters in order to achieve efficient conversion
from TM to TE; mode and low transition loss of TMg mode
from single-mode waveguide to the wide waveguide. The TFLN
waveguide is usually set along the y-direction in electro-optic
or nonlinear applications, resulting in that the length of the
device is too long to meet the miniaturization requirement of
the PICs. In our design, the PSR is aligned along the z-axis.
In this way, the mode conversion from TM, to TE; mode (the
mode hybridization region) happens when the taper width is
approximately 1.4—1.9 um, see also Fig. 2(b). The top width
of the whole adiabatic taper wg, wi and wy need to satisfy
wy < wyp < 1.4 pm < 1.9 pm < wy. Firstly, the input wave-
guide needs to support only fundamental TE and TM mode. Ac-
cording to Fig. 2(b), the single-mode condition is satisfied when
w < 0.8 pum. In our configuration, we choose wy = 0.7 ym. The
width of the other segment is set to vary from 1.3 ym to 2 pym
to ensure efficient mode conversion from TMg to TE; mode.
Under this condition, there is no mode hybridization with the
TEy mode.

Next, the taper lengths of L; and Ly need to be optimized to
achieve maximum mode conversion efficiency. The length of the
first segment is relatively short because the function of this part is
to make the fundamental mode in the input waveguide smoothly
transit to the hybridization waveguide and the width difference
between wy and w; is small. Fig. 3(a) shows the fundamental
mode transmittance of the L; segment as a function of its length
for the TMy and TEy mode. The transmittance of both TM,
and TEy mode exceeds 99% when L, is longer than 12 ym. The
length L, of the second segment is optimized under the condition
of L1 = 12 um. The conversion efficiency from TM, mode to
TE; mode is higher than 99.9% when L, is set to 160 pm, as
shown in Fig. 3(b). The TMy mode in the input waveguide is
almost completely converted to the TEI mode by the 172-um
long adiabatic taper while the propagation of the TEj; mode is
unaffected.

Then, an ADC is designed to separate the TE; and TE; modes.
According to Fig. 2(a), the neg of TE; mode is 1.923 while wo
=2 pm. Consequently, the width of the output waveguide to the
Cross port, ws, is set to be 0.77 pm to meet the phase-matching
condition of the ADC and the width exactly satisfies the single-
mode condition, as marked by the horizontal dotted arrow. Under

2431

(

S

Coupling efficiency (%) &
D
3

Coupling length L, (um)

" E—

I
TE, input

0.5

S

Fig. 4. (a) Coupling efficiencies from TE; to TEy mode in ADC versus
the directional coupling length L. at different coupling gaps wg. (b) Light
propagation in the PSR at 1550 nm.

the same condition, no mode in the output waveguide matches
the TEy mode in the taper waveguide. So, the TEy mode will
propagate straight forward along the waveguide to the through
port without mode coupling. The coupling length L. and the
waveguide gap w, are optimized according to the width w3 of
the output waveguide. Fig. 4(a) shows the coupling efficiency
varying with the length L. of the ADC with different coupling
gaps at 1550 nm. The gap w, is chosen to be 600 nm in our
design, considering the fabrication precision as well as to reduce
the length of the device as much as possible. The calculated
coupling length is 68 ;m with a conversion efficiency of 99.4%.
Finally, an S-bend waveguide is placed at the end of the cross port
to separate the two ports. Empirically, a size of 20 x 100 ;m?
for the S-bend waveguide is good enough for light propagating
with little loss. For the though port, we directly use the wide
waveguide in the ADC as the output waveguide because only
few TE; mode remains in the through port and there are no other
higher-order modes theoretically. Fig. 4(b) shows the simulated
light propagation along the PSR device when inputting the TE
and TM, mode, respectively, at the wavelength of 1550 nm.
Then, the broadband performance of the PSR device is in-
vestigated. Fig. 5 shows the calculated transmission spectra for
TMg, TEg and TE; modes at the two output ports over the
bandwidth of 1500-1600 nm for the TEy and TMy mode input,
respectively. The transmittance to the through port is nearly unity
and the polarization extinction ratio (PER) is maintained high
(above 30 dB) within the whole band for the TE; mode input, as
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Fig. 5. Simulated transmission spectra at the through and cross ports for
(a) TEg and (b) TM mode input.

TE( mode does not experience mode hybridization throughout
the entire device. For TMy mode input, the transmittance to
the cross port is close unity within the whole band. While at the
through port, although the TMy mode has been suppressed below
—28.8 dB, there is still a small portion of TE; mode existing. The
TMj and TE; modes in through port show different transmission
spectrum because the residual TMy mode comes from the ADC
while the TE; mode comes from the ADC. Therefore, unlike the
TE mode input, the PER of the TM mode input has a moderate
wavelength sensitivity due to the characteristics of the ADC.
Still, the PER exceeds 18.7 dB for a wide wavelength range
spanning from 1520 to 1570 nm and the maximum PER is
very close to 30 dB at 1550 nm. The designed PSR has a high
extinction performance over a wide bandwidth.

Finally, the tolerance of the device is considered. For the PSR
device, the ADC has a higher requirement for fabrication accu-
racy than the adiabatic taper. It is worth mentioning that the phase
matching condition can be well satisfied in the ADC, because the
slope difference of the curves of TEy and TE; mode is very small,
see also Fig. 2(a), and the simultaneous increase or decrease of
wy and ws only causes a slight drift of the central wavelength.
The tolerance of the PSR is investigated by introducing +10 nm
and £20 nm discrepancy to the coupling gap w,. As shown in
Fig. 6, the central wavelength has a blue shift when w, gets
wider. The PER of TM mode is more sensitive to the variation
because the TM mode has undergone once mode conversion and
once directional coupling. However, the operating bandwidth
of the device is not greatly affected. The PER of TE and TM
modes is still higher than 29 dB and 14 dB, respectively, over the
wavelength spanning from 1520-1570 nm. This means that the
PSR has a large fabrication tolerance considering the precision
during the lithography and etching process.

III. DEVICE FABRICATION AND CHARACTERIZATION

The PSR device is fabricated using a commercial x-cut TFLN
wafer (NANOLN) consisting of a 600-nm thick LN layer, a 2-psm
silica layer, and a 500-um silicon substrate. The preparation
process of the device is divided into three major parts. Firstly, a
665-nm thick amorphous silicon is deposited as a hard etching
mask by plasma-enhanced chemical vapor deposition (PECVD).
Next, a layer of resist is spin-coated on the surface of amorphous
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Fig. 7. (a) Optical microscope and (b) SEM images of the fabricated PSR,
the cross section of the input waveguide and a straight waveguide. (c) The
characterization experimental setup. PC, polarization controller; LF, lensed fiber;
PM, powermeter.

silicon and exposed by electron beam lithography (EBL). The
pattern is transferred to the silicon mask layer and the TFLN
with the inductively coupled plasma (ICP) etching. The residual
silicon mask is removed by KOH solution. Finally, the chip
is diced and the facets are polished for lensed fiber coupling.
The sample is fabricated at the Center for Advanced Electronic
Materials and Devices, SJTU.
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Fig. 7(a) shows the optical microscope image of the fabricated
PSR device. The total length of the PSR is only 240 pm,
significantly shorter than previous reports [36], [S1], [52], [53],
[54]. Fig. 7(b) shows the scanning electron microscopy (SEM)
images and the enlarged view of the ADC, the cross section
of the input waveguide and straight waveguide, as marked in
the dashed zone. The widths of the two coupled waveguide of
the ADC are 0.78 pym and 2 pm, with a coupling gap of 0.62 pm.
The waveguide width, etching depth and sidewall angle is mea-
sured to be 718 nm, 350 nm and 61.3°, respectively, which is
consistent with our designed parameters. In addition, a single
straight waveguide is made for the coupling loss measurement.
Fig. 7(c) shows the experimental setup for the device character-
ization. Light source provided by a tunable laser source passes
through a polarization controller (PC) and is coupled into the
PSR through a lensed fiber (LF). Light from the output ports is
imaged using an infrared camera for mode profiling or collected
using another lensed fiber for power measurement.

Fig. 8(a) displays the intensity distribution and the mode
profiles of the output channels with different polarization states
input. The PSR device realizes great polarization extinction
performance. For quantitatively characterization, the maximum
and minimum power values of the through and cross ports are
respectively measured by adjusting the PC and the PER of the
PSR is determined. The device insertion loss is determined by
measuring the power of a straight waveguide to normalize the
output power. In our experiment, the on-chip insertion loss of the
PSR for TE and TM mode input is approximately 0.91 dB and
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TABLE I
COMPARISON OF PSR PERFORMANCE ON TFLN

Ref. Length/um PER/dB IL/dB Bandwidth/nm

[36] 431 >20 0.65 80
(1275-1355)

[37] 440 >26.6 TE 1 60
>19.6 TM (1520-1580)

[51] >1200 >20 1.5 35
(1530-1565)

[52] 8000 ~8 TE 2 TE 130
~10 TM 3 T™™ (1500-1630)

[53] 679 >20 TE 1.5 47
>10 TM (1502-1649)

[54] 405 >22 TE 2 160
>11 T™M (1480-1640)

This work 240 >26.6 TE 091 TE 50
>10.6 TM  0.38 TM (1520-1570)

0.38 dB at 1550 nm, respectively. Fig. 8(b) shows the measured
normalized transmittance of the two ports for TE and TM
polarized input. The experimental results are well consistent
with the theoretical prediction. The measured PER for TE and
TM mode input exceeds 26.6 dB and 10.6 dB over 1520-
1570 nm, respectively. And the PER for TM mode is greater than
12.2 dB covering the telecom C-band. The maximum PERs of
TE and TM both exceed 30 dB at 1544 nm, only a small deviation
away from the simulation result.

Table I summarizes recent progress of PSR on TFLN. Among
all the following devices, our PSR shows the shortest length and
the insertion loss is competitive with other studies. Meanwhile,
the PER of our devices is at a good level. It is worth mentioning
that our device possesses the highest PER of over 30 dB for
both TE and TM polarization within the central wavelength
range. Although compared with works in Refs. [52], [54], our
PSR have a relatively narrower bandwidth, the high bandwidth
performance is obtained by sacrificing the effective length and
insertion loss.

The results confirm the high performance of our PSR design
in the telecom C-band thanks to its double adiabatic feature.
The device is readily applicable for efficient polarization mul-
tiplexing and polarization modulating, which will become an
indispensable component of the PICs on TFLN in the future.

IV. CONCLUSION

In conclusion, we have demonstrated a compact PSR on TFLN
with an effective length of only 240 pm, which is the shortest
length compared with the current similar work. The fabricated
PSR exhibits a high-performance PER of over 26.6 dB and
12.2 dB for TE and TM mode, respectively, over the whole
telecom-C band and the highest PER simultaneously exceeds
30 dB at the central wavelength. Moreover, the device has a
simple structure and only needs a single-step EBL and ICP
process with a large fabrication tolerance. Therefore, the device
is expected to apply to efficient polarization multiplexing and
polarization modulating, which will become an indispensable
component of the photonic integrated circuits on TFLN in the
future.
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