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Abstract: In this work, we propose and experimentally demonstrate a broadband polarization
splitter-rotator (PSR) on the lithium niobate on insulator (LNOI). With multiple sequentially
connected adiabatic tapers for waveguide mode conversion and directional coupling, the PSR
shows a 160-nm bandwidth covering the C and L bands, an insertion loss of less than 2 dB,
and an extinction ratio of more than 11 dB. Benefiting from the conversion-enhanced adiabatic
tapers, the broadband device has a short length of 405 um. Further optimization is performed to
reduce the device length to 271 um and comparable performances are achieved, demonstrating
the feasibility of higher device compactness. The proposed design and principle can contribute
to high-performance polarization management for integrated lithium niobate photonics.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Thin-film lithium niobate on insulator (LNOI) has been considered one of the most promising
integrated photonics platforms because of its multiple advantages such as low optical loss, linear
electro-optical effect, and wide transparent window [1-3]. The existing LNOI nanofabrication
techniques allow for optical modes and driving electric fields confined within the (sub)micrometer
scale, and thus, orders of magnitude lower modulation voltages compared to conventional
waveguide structures in bulky lithium niobate [4,5]. Consequently, high-speed LNOI photonic
devices with COMS drivers have become feasible on chip, paving the way for highly integrated
optoelectronic devices based on LNOI [6]. Similar to conventional approaches, wavelength
division multiplexing (WDM) and polarization division multiplexing (PDM) [7] are direct
methods for expanding the optical communication capacity using LNOI. WDM can directly
benefit from the transparency that covers the visible and near-infrared regimes. For PDM, a
polarization splitter-rotator (PSR) is essential at the receiver end to demultiplex the optical
information encoded in two orthogonal polarizations. This functionality is also desired in on-chip
optical quantum systems because polarization information is frequently used to distinguish
quantum states [8]. From the viewpoint of system integration, an on-chip PSR [9] integrated
with other devices monolithically can benefit from cost effectiveness, compactness, stability,
etc. A few PSR designs based on LNOI, which use mode evolution sections to convert an input
TMj mode to a TE; mode have recently been reported [10—12]. Subsequently, the TE; mode
is converted to the TEy) mode via asymmetrical directional coupling [10,11] or asymmetric
Y-splitting [12]. However, mode evolution usually requires a long tapering waveguide (from a
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few hundred pm to over 1 mm) to achieve ~100% conversion and support a large bandwidth
simultaneously.

In this study, we propose a multi-taper design for LNOI-based PSRs to enhance mode
conversions significantly. In the multi-taper structures, the direction of each taper is opposite to
that of the adjacent tapers. The designed mode evolution section, as short as 82.2 pm, supports
99.8% conversion from the TMy mode to the TE; mode at a wavelength of 1550 nm in the
simulation. To convert the TE; mode into a TEy mode, an asymmetrical directional coupler
(ADC) was designed with the same multi-taper idea, realizing 99.7% conversion efficiency with
a coupler length of only 90 um. PSR devices consisting of the mode evolution and ADC sections
were fabricated on an LNOI substrate. The measured transmission spectra showed that the
operating bandwidth was as high as 160 nm. To the best of our knowledge, this is the largest
experimentally obtained PSR bandwidth for LNOI reported to date. The actual bandwidth is
expected to be larger but could not be fully revealed in the proof-of-concept measurement because
of the limited wavelength ranges of the tunable laser and grating couplers (GCs). The entire
device was only 405 pm long, including the two conversion sections, a transition waveguide,
a TE;-mode filter, and an S-bend of the ADC output. For the TMy input, the PSR insertion
loss (IL) was less than 2 dB, and the extinction ratio (ER) was more than 11 dB. The TE,
input demonstrates better performance with an IL of less than 1 dB and an ER greater than 22
dB. Further optimization of the ADC and S-bend realized a PSR device as short as 271 um
with comparable performance, making the PSR much more compact than those in previous
experimental reports on LNOI [10-12]. The novel design concept with the proposed multi-taper
structures for mode conversion was successfully validated in both simulations and experiments.

2. Structure design and simulation

The proposed PSR is based on 600-nm X-cut LNOI with the main propagation along the optical
axis Z. As schematically shown in Fig. 1(a), it begins with a mode evolution section for converting
an input TM(y mode to a TE; mode. Then, the TE; mode is converted to a TEy mode using the
following ADC section. We used an S-bend to guide the TEy mode to the cross port. An input
TE( mode goes straight to the through port adiabatically without any conversion. A TE;-stop
filter using multi-mode interference (MMI) is added before the through port to suppress crosstalk
from the TE; mode. The entire structure is formed by ridge waveguides (etched by 350 nm)
and cladded by 1-um SiO; (Fig. 1(b)). The sidewall angle is set to 60° according to our LNOI
etching process. Our design features multi-taper structures, in which the direction of each taper
is opposite to that of the adjacent tapers. These structures are applied in both the mode evolution
and ADC sections for conversion enhancement, which will be explained theoretically in the
following sections.

lum
350nm|
250nm)|

Fig. 1. (a) Schematic of the proposed PSR. (b) Cross-section of the LNOI ridge waveguide.

The broken vertical symmetry induced by the ridge waveguide and inclined sidewalls can lead
to strong mode hybridization if the effective indices and mode profiles of the two waveguide
modes are close to each other [13]. The waveguide structure is illustrated in Fig. 1(b). We
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calculated the effective indices of the first few modes in the LNOI waveguide versus the waveguide
upper width using commercial software Lumerical Mode. The waveguide orientation is along the
optical axis Z with an anisotropic refractive index described by the Sellmeier equation [14], where
n, = 2.211 and n, = 2.138 at the wavelength of 1550 nm. It can be observed that the effective
indices of the TMy and TE; modes become much closer in the width range of approximately
1.5-2.1 um with an anti-crossing in the middle (Fig. 2(a)). At the anti-crossing, the difference
in the mode indices is only 0.01. The TE polarization fractions (represented by the colors of
the curves) suggest that the field intensity ratio of TE to TM for both modes approaches 50:50
around the anti-crossing. Therefore, we can expect similar mode profiles that facilitate mode
hybridization. This is because the E, and E, profiles of the TMy and TE; modes are similar.
When the TE-to-TM ratios of the two modes were close to 50:50, their composed magnitude
profiles demonstrated the highest similarity. In this case, they can be easily hybridized and
transferred to each other if sufficient perturbation is provided [13,15]. However , the polarization
purity rapidly increases outside the range of 1.5-2.1 wm, leading to a significantly weaker mode
hybridization. Hence, the taper end widths of the mode evolution section in our design are set to
1.5 pm and 2.1 pm.
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Fig. 2. (a) Effective indices of the first few modes supported by the LNOI waveguide
dependent on the waveguide width at 1550 nm wavelength. The curve colors indicate the
TE polarization fraction of the corresponding waveguide modes. Inset: Mode profiles of
the TMg and TE; modes at the anti-crossing. (b) Mode conversion process in a multi-
taper structure represented by the transmission matrix 7; with S-parameter elements. (c)
Conversion efficiency of a single taper versus the taper length. The red mark indicates the
conversion result of the proposed four-taper design. (d) Calculated phase differences |2g|
and |2h| versus taper length.
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A single waveguide taper is the simplest TMy-TE; converter with a linearly varying width as a
continuous perturbation. An S-parameter matrix [16] is used to describe the conversion process.
Subsequently, the multi-taper conversion can be expressed as the product of the matrices for the
tapers involved in order, as shown schematically in Fig. 2(b). The subscripts j and k (j, k = 1,2)
of matrix element s;; denote the conversion from mode & to j. Consequently, the transmission
matrix containing the amplitude and phase for any single taper can be expressed as

S R k11 exp(iay) k2 exp(iara) 0

$21 S ka1 exp(iazr) ko exp(iaz;)

where i is an imaginary symbol and ki (j, k = 1,2) is the conversion amplitude. Therefore, /<12k
denotes the absolute conversion efficiency. The term a;(j, k = 1,2) is the phase change during
conversion. Assuming that the transmission is lossless and the matrix is unitary, we can obtain

aiy + ax = ayp + ax; + m and rewrite Eq. (1) for convenience as follows:

cos rexp(i isin rexp(ih
o) p(ig) p(ih) o
isinrexp(—ih) cosrexp(—ig)

where cosr = K11 = K22, sinr = K12 = K21, f = (a” + 6122)/2, g = (a]] - azz)/z and
h = (aijp —any)/2. Therefore, r is defined as the angle of the conversion amplitude Kjk. According
to Egs. (1) and (2), f is the phase change induced by light propagation, 2g is the phase difference
induced by the different propagation constants of the two modes, and 2/ is the difference between
the phase changes of the two conversion processes, i.e., model -»mode2 and mode2—model.
For the two tapers connected end-to-end, the total transmission matrix can be simply expressed as

T, =TT 3)

where T is the total transmission matrix for taper 1 (7) and taper 2 (73). It can be derived that
the mode conversion efficiency sin” r| 5 satisfies the following relations:

sin’ rio = sinz(rl + 1) cos? v+ sinz(rl -r) sin’ y €)

where y = (g1 — h1)/2 + (g2 + hy)/2. In the scenario studied in this work, it is straightforward to
have

sin? rip = sinz(rl + 12) — 4sin ry sin rp cos ry cos rp sin’ v < sinz(rl + 1) (®)]

sin® rp = sin?(ry — ry) + 4 sin ry sin rp cos ry cos r; sin’ v > sinz(rl -r) 6)

Hence, we can obtain
ri—n|l<rna<rn+n (7

Specifically, 1, = 7/2(sin? rio = 1) only when r; + r, = /2 and y = 0. This relation can
be readily extended to a general case with n transmission matrices. In the overall transmission
matrix T, = [ T, r1,, follows the inequality

n
rl,nﬁrl,n_1+rns'~SZrk (8)
1

Consequently, for an n-taper mode converter with a desired efficiency of 100% (7, = 7/2),
the conversion amplitude angle conditions are

rn+rn=nr/2, n=2

2rne=n/2, n=3
1

€))

While the phase condition to achieve full conversion for the two-taper case is simply y = 0,
the general amplitude and phase conditions are more complicated with more taper parameters.
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However, they can still be derived from the equation below using the cascading principle (similar
to Eq. (4)):
22 ) 2.7 .2 2
sin® ry, = sin“(ry p—1 + ry) cos”y’ + sin“(ry -1 — 1) sin“ vy (10)

where ¥’ = (g1.0-1 = h1,0-1)/2 + (gn + hn)/2.

The conversion efficiency of a single taper (width varying from 1.5 wm to 2.1 pm) versus the
taper length was calculated using the eigen-mode expansion (EME) solver in Lumerical Mode,
as shown in Fig. 2(c). Considering that nonadiabatic evolution may occur if the taper is too short,
we calculated the efficiency from the 5-pum length. An efficiency of 99% requires a taper length
of over 250 um (Fig. 2(c)). This conversion process can be divided into two parts: fast (<120
um) and slow (>120 um). This phenomenon implies that there is an opportunity to reduce the
total length requirement using multiple short tapers because each taper conversion can remain in
the fast part. Simultaneously, the amplitude condition (Eq. (9)) given above can be fulfilled more
easily. For the phase condition, straight waveguides may be employed to tune the phase between
the tapers for a higher conversion efficiency [16] but an additional length is required. Here, we
evaluate the phase information |2g| and |2A| of the single taper dependent on the length, as shown
in Fig. 2(d). It can be observed that |2g| remained nearly constant. This is because the average
effective indices of the TMy and TE; modes are close to each other over the hybridization regime
(gray region in Fig. 2(a)) and thus, the cumulative phase difference changes slightly. In contrast,
|2h| increases quickly with the taper length, which means that the shape parameter considerably
affects the phase change during mode conversion. Notably, |2A| changed by 27t when the length
increased from 5 um to 92 um. These results suggest that the conversion amplitude and phase
can be adjusted simultaneously and flexibly via single taper lengths in a multi-taper structure to
realize ~100% conversion while shortening the total length.

Based on the derived theory, we propose a TM-TE; converter with four tapers to have sufficient
degrees of freedom (lengths of the four tapers) for optimization and a reasonable computational
resource load. As mentioned above, the taper end widths were set as 1.5 um and 2.1 um for the
strongest mode hybridization. To avoid unwanted mode conversion during TMy propagation in
the long access tapers between the GCs and PSR of the test device, the beginning and ending
widths of the 4-taper mode evolution section (left part of Fig. 3(a)) are both set as 2.1 um. Hence,
accessing tapers with widths over 2.1 um remains away from the hybridization regime. The
four conversion tapers are then connected end-to-end in different directions. The particle swarm
optimization method was used to simultaneously realize the maximum conversion and shortest
total length. Consequently, we obtained a 99.8% conversion efficiency at a wavelength of 1550
nm with four tapers of lengths 38.9 um, 10.8 um, 9.3 um, and 23.2 um, respectively, resulting in
a total length of only 82.2 um (red mark in Fig. 2(c)). For a TEq input, the transmission is also as
high as 99.8% in this structure according to our simulation results.

To separate the converted TE; mode and input TEy mode, a narrow branch waveguide is placed
near the main waveguide to form an ADC (right part of Fig. 3(a)) that converts the TE; mode to a
TE( mode. This TEy mode is then guided to the cross-port via the S-bend. This S-bend consists
of two connected Euler bends with an 80-um minimum radius at one end and an infinite curvature
at the other end, resulting in a total S-bend length of 163 um. When the effective index of the TE,
mode in the main waveguide and that of the TEy mode in the branch waveguide are sufficiently
close, directional coupling will be accompanied by the mode conversion simultaneously [10].
In contrast, the effective indices of the TEy modes in the main and branch waveguides have a
sufficient difference (An=0.042) so that coupling can hardly occur between them. We observe that
the starting part of the S-bend also contributes slightly to the coupling, which is considered when
designing the ADC with the multi-taper idea. All geometrical parameters are shown in Fig. 3(a).
The corresponding widths are maintained near the strongest mode coupling between the TE; and
TE( modes, that is, approximately 2.5 um for the main waveguides (TE) and approximately 0.99
um for the branch waveguides (TEg). Simulations were performed on a single-taper ADC and
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Fig. 3. (a) Schematic of the proposed PSR with detailed parameters. (b) Calculated
TE-to-TE( conversion efficiencies of our proposed ADC (blue), single-taper ADC (red),
and straight-waveguide ADC (yellow). (c, d) Simulated electric field magnitude distribution
in the PSR at 1550 nm wavelength with TM( and TE inputs, respectively. (e, f) Calculated
transmission spectra of the PSR cross port and through port with TM and TE( inputs,
respectively.

straight-waveguide ADC for comparison. From the simulated conversion efficiencies, we observe
that the single-taper and three-segmented ADCs have similar bandwidths, which are larger than
that of the straight-waveguide ADC (Fig. 3(b)). The three-segmented ADC with 99.7% efficiency
(1550 nm wavelength) was then adopted in the PSR device to verify the performance of the
multi-taper design. Additionally, the input TEy mode can be effectively transmitted directly to
the through port by the ADC with 99.9% transmission. The gap of the ADC is 0.645 um, which
can be easily realized using the existing nanofabrication process. A 1 x 1 filter is also employed
to filter out the leaked TE; mode, which is not coupled to the S-bend. With the EME solver, the
width is designed to be 6 um and the length is 52 um, making the TE;-blocking efficiency at
1550 nm as high as 99%.

The electric field magnitude distributions of the entire PSR with TMy and TE, inputs at 1550
nm are shown in Fig. 3(c) and 3(d), respectively, which clearly demonstrate the polarization
splitting and rotating functionality realized in the proposed structure. Remarkably, the simulated
transmission spectra show that the PSR supports ultra-broadband operation, as depicted in
Fig. 3(e) and 3(f). For the TMy input, the IL monitored at the cross port is less than 1.7 dB,
whereas the ER is more than 12 dB in the wavelength range of 1400-1700 nm; For the TE, input,
the IL monitored at the through port is less than 0.6 dB, whereas the ER is more than 26 dB in the
same 300-nm range. These broadband characteristics can be attributed to the low dispersion of
the LNOI waveguide structure. From 1400 nm to 1700 nm, the waveguide width corresponding
to the anti-crossing point (Fig. 2(a)) only changes by approximately 10 nm, making the strong
hybridization regime almost constant and supporting the broadband PSR design.
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3. Fabrication and measurement

The proposed PSRs were fabricated on a 600-nm LNOI substrate with a 4.7-um buried oxide
layer. The substrate was patterned using electron beam lithography and then etched by 350 nm in
depth with argon plasma-based reactive-ion etching, forming ridge waveguide structures with a
250-nm slab. A standard clean 1 (RCA 1) solution was used to remove the redeposition after
etching. Finally, a 1-um-thick SiO; upper cladding layer was deposited on the etched substrate.
Fig. 4(a) shows the micrograph of the PSRs with TM and TE input GCs, respectively. The inset
shows an enlarged image of the four-taper mode evolution section. For the TE GCs, the period
was 0.89 um, and the duty cycle was 0.304. For the TM GCs, the period was 1 pm, and the duty
cycle was 0.236. The waveguide propagation loss of our LNOI platform was approximately 0.2
dB/cm obtained from a separate ring resonator measurement.
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Fig. 4. (a) Micrograph of the fabricated PSRs. Inset shows a zoom-in picture of the
four-taper mode evolution section. (b) Normalized transmission spectra of the cross port
and through port with TMj inputs. (c) Raw transmission spectra of the measured cross port
and reference with TMy inputs in two 40-nm wavelength ranges. 0 refers to the inclined
coupling fiber angle. (d) Normalized transmission spectra of the cross port and through port
with TE( inputs. (e) Raw transmission spectra of the measured through port and reference
with TE( inputs in two 40-nm wavelength ranges.

A continuous-wave tunable laser (Santec TSL-710, 1480-1640 nm) and a synchronized optical
power meter (Santec MPM-210) were used to characterize the performance of the PSRs. The
polarization of the input light was adjusted using a fiber polarization controller. With the
TM-input PSR, the TM IL is measured from the cross port (upper) and the ER is obtained
by measuring the transmission ratio of the cross port to the through port; with the TE-input
PSR, the TE IL is measured from the through port, whereas the ER is obtained by measuring
the transmission ratio of the through port to the cross port. Straight reference waveguides with
TE and TM GCs were fabricated on the same chip for calibration. Each reference waveguide
has two access tapers identical to those in the PSR device. The access tapers are connected by
a 150-um-long straight waveguide with negligible loss. Notably, all output GCs are TE GCs
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that can be directly used for the measurement of TMy IL (most TMy input light is converted to
TE( light when coupled to the S-bend), TE IL, and TE(y ER. To obtain the TM, transmission
from the TE output GC (through port) for the TMy ER, we used reference waveguides with
TM GCs or TE GCs to perform the calibration. First, we maximize the transmission of the
TM reference waveguide by adjusting the fiber polarization controller before the input fiber.
Free-space polarizers were used to ensure the TM polarization purity. We then moved the fibers
to couple with the TE reference waveguide as much as possible. The fiber angles were also
optimized. By comparing the TM light transmission in the TM and TE reference waveguides, we
obtained the amount of TM light before the TE output GC in the TM-input PSR for the TM ER
figure.

We also noticed that the GCs had limited bandwidths (e.g., approximately 70 nm for a 3-dB
decay in our TE GC) at certain fiber inclination angles. At wavelengths far away from the
bandwidth, the weakly coupled light into the fibers is probably from a higher-order diffraction
or scattering other than the first-order diffraction of the grating [17]. Consequently, using the
result from a single full-range measurement as a reference or device transmission could lead to
incorrect device transmission characteristics at wavelengths far from the GC bandwidth [18,19].
Therefore, we divided the full scanning range (160 nm) into several smaller ranges. The coupling
of each range was optimized by adjusting the fiber angles and finely tuning the fiber alignment
to the GCs [20]. For the TE GCs, we obtained the lowest GC loss of 7 dB at a 9° fiber angle
and 1555-nm wavelength and the highest GC loss of 12 dB at an 11° fiber angle and 1485-nm
wavelength. For the TM GCs, we obtained the lowest GC loss of 9 dB at an 11° fiber angle
and 1580-nm wavelength and the highest GC loss of 14.5 dB at an 11° fiber angle and 1520-nm
wavelength. To connect the separated transmission spectra correctly after normalization, the
same range-splitting measurement was applied to both the PSR devices and reference waveguides
with an identical fiber angle in each range.

Fig. 4(b) and 4(d) show the normalized transmission spectra from the cross ports (red) and
through ports (blue) of the PSRs covering the full wavelength range (1480-1640 nm, C and L
bands as well as part of the S band) with TMy and TE( inputs, respectively. These results are
from the devices with —40 nm width bias compared with the optimized value in the simulation.
This deviation may have been caused by fabrication errors. To demonstrate the reliability of
the normalization, Figs. 4(c) shows the raw transmission spectra of the PSR cross port and the
corresponding reference with TMy inputs in the 1600-1640 nm (upper panel) and 1530-1570 nm
(lower panel) wavelength ranges. It should be noted that the TM—TE reference is a combination
of the transmission spectra of the TE GC and TM GC. The reason for using this reference is
that the input TMy mode was converted to the TE; mode at the cross-port of the PSR. Similarly,
Fig. 4(e) shows the raw transmission spectra of the through port of the other PSR and the
corresponding reference with TE inputs in the same wavelength ranges. In this case, the
reference spectrum is the transmission of the reference waveguide with two TE GCs.

The observed ripples in the transmission spectra can be attributed to the GC reflection back
into the LNOI waveguides. This is because the fringe space matches the FSR of the presumed
Fabry-Perot resonance in the PSR devices or reference waveguides with the GCs as reflectors at
both ends. Specifically, strong ripples in the 1600-1640 nm (Fig. 4(d)) can be attributed to the
different FSRs observed in the two raw transmission spectra (Fig. 4(e)). Because their envelopes
corresponding to the actual device/reference transmissions are very close to each other, TEq IL
can be regarded as <1 dB in this range. From 1480 nm to 1640 nm, the IL is approximately 2
dB, whereas the ER is more than 11 dB for the TMy input (Fig. 4(b)). For the TE, input, the
normalized through transmission is slightly over 0 dB, which is mainly owing to the performance
drift of the GCs between the reference waveguide and PSR device. Hence, we estimate that the IL
for the TE input is less than approximately 1 dB and the ER is more than 22 dB (Fig. 4(d)). Thus,
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we obtained an experimental PSR performance in qualitative agreement with our simulation
results.

To determine the fabrication tolerance of the PSR, we measured the IL and ER depending
on the waveguide width and ADC gap of the test devices, using a series of test devices with
varying structural parameters. The step size between the adjacent width or gap variations was 40
nm. Fig. 5(a) and 5(b) show the measured TMy-to-TE conversion transmissions (cross) in the
TMp-input PSRs with varying widths and gaps, respectively, whereas Fig. 5(c) and 5(d) show the
corresponding simulated transmissions. The structural parameters in the simulation were slightly
adjusted to reflect the electron-beam lithography calibration result as much as possible, leading
to performance shifts compared with those in Fig. 3(e). A wavelength range from 1530 nm to
1570 nm was chosen for the highest GC transmission. It can be observed that in the experiment,
the transmission decreases from Awidth=—40 nm (the result given in Fig. 3(b)) with increasing
Awidth, which agrees with the trend in the simulation although the maximum is at Awidth=0 nm.
We infer that the fabrication error is the main reason for this difference. For the varying ADC gap,
the experiment also matches the simulation qualitatively because the transmission stays close at 0
nm or 40 nm but starts to decrease when Agap exceeds this value. It can be concluded that an
error of approximately +40 nm for the width and gap is allowed for an excessive loss of 2 dB.
Similarly, the width and gap error tolerances for the TMy-to-TEg ER were also studied, as shown
in Fig. 5(e)-5(h). The ER rapidly deteriorated as the width varied from the optimized value
(Fig. 5(e) and 5(g)) but was relatively stable (Fig. 5(f) and 5(h)) with the varying gap. Because
the ADC gap only affects the TE|-to-TE efficiency, whereas the residual TE; fraction is always
blocked by the MMI filter, the residual TMy fraction to the through port is nearly uninfluenced by
the gap. Therefore, we roughly estimated that the width tolerance for the 5-dB ER degradation
was approximately +20 nm according to the additional simulations with a smaller step, whereas
the gap tolerance was over +40 nm. Less tolerance was observed in the experimental results
compared with the simulations. The IL and ER deteriorated faster in the fabricated devices when
the studied parameters were biased from their optimized values. This will be left for further study
because more parameters, such as the waveguide sidewall slope and actual rib height, could also
contribute to this phenomenon.

The sidewall angle tolerance was also evaluated in simulation, as shown in Fig. 6. The TM
transmission monitored at the cross-port decreased by approximately 1 dB within the +4° sidewall
angle deviation (Fig. 6(a)) while the ER decreased from approximately 20 dB to 10 dB (Fig. 6(b)).
Simultaneously, the ER changes were quite different for the positive and negative angle deviations.
For a 5-dB ER degradation, the allowed sidewall angle deviation is from —1° to 2° approximately.

To evaluate the compactness potential of the device footprint, we attempted to optimize the
S-bend and transition taper. The length of the Euler-type S-bend was reduced from 160 pm
to 83.7 um with a minimum radius of 60 um while the transition was shortened from 70 pm
to 10 um. The length of the ADC was slightly optimized to 95.1 um for maximum efficiency.
Consequently, we obtained a total device length of 271 um (Fig. 7(a)) that indicates a significantly
higher compactness compared with the reported experimental LNOI PSRs. Fig. 7(b) shows the
calculated transmission spectra of the full device with the TEy and TM inputs, respectively. From
the calculation results, we can infer that the broadband property of the PSR is well maintained by
the optimized structural parameters. The measured normalized transmission spectra from the
newly fabricated PSRs with the TMy and TE, inputs are shown in Figs. 7(c) and 7(d), respectively.
We observed similar IL performances for both polarizations in the shorter PSRs except for the
abnormal dips at approximately 1500 nm. This may be attributed to the cutoff of GCs which is
more significant in the PSRs. Oscillating ripples are observed again in the longer wavelength
range after 1600 nm, which are caused by the GC reflections. However, we observed that the ER
performance is slightly worse than that of the 405-pm-long PSRs. This may be due to the dose
drift of the electron beam lithography after a major maintenance. The dose drift can induce a
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Fig. 5. (a-d) Measured and calculated transmission spectra of the cross port in the TM-input
PSR with multiple width and gap variations, respectively. (e-h) Measured and calculated ER
spectra of the TMy-input PSR with multiple width and gap variations, respectively.
(@) (b)
2 25 . . :
$o 20
S 2 o
g —— AAngle=-4° % 15
2L 4t —— AAngle=-2° X —— AAngle=-4° —— AAngle=1° |
- 10 ngle ngle=1° |
5 —— AAngle=0 w ——— AAngle=-2° === AAngle=2°
c-6f = AAngle=2° AAngle=-1° == AAngle=4°
© —— AAngle=4° ge gie
= -8} = AAngle=0
0 . . :
1530 1540 1550 1560 1570 1530 1540 1550 1560 1570
Wavelength(nm) Wavelength(nm)

Fig. 6. (a, b) Calculated transmission and ER spectra of the TMy-input PSR with multiple

sidewall angle variations, respectively.
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non-negligible waveguide width error, leading to incomplete TMy-TE; conversion, as well as
considerable TMy leakage to the through port (Fig. 5(g)).
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Fig. 7. (a) Micrograph of the shortened PSR. (b) Calculated transmission spectra of the full
device with TM( and TE( inputs, respectively. (c) Normalized transmission spectra of the
cross port and through port with TMjy input. (d) Normalized transmission spectra of the
cross port and through port with TE( input.

Table 1 summarizes several recent experimental studies of PSRs. Benefiting from the
multi-taper idea, our design shows the largest bandwidth among the LNOI devices. The IL is
competitive with other studies, and the ER is at an acceptable level. A few typical studies on
silicon polarization splitters are also listed for comparison. While silicon has a high refractive
index that is favorable for device compactness, lithium niobate with a much lower refractive
index makes the PSRs one order of magnitude longer.

Table 1. Comparison of several recent experimental PSRs.

IL (dB) Bandwidth (nm) ER (dB) Device
length(um)
Taper with ADC [10] <2 130 >8 >7000
Taper with ADC? [11] <0.65 >80 (O band) 20 431
Taper with Y-junction® [12] <1 >60 >19.6 440
This work? <2(TMp) <1(TEgp) 160 >11(TMy) >22(TEg) 405
Taper with ADC? [9] <1.5(TMy) <0.5(TEp) 90 >12(TMy) >20(TEg) 70
Dual etching® [21] <1 150 >15 24
Sub-wavelength grating? [22] <1(in 50 nm BW) 100 >15 35
Sub-wavelength grating® [23] <14 120 >20 >151

“on LNOI platform
bon SOI platform

4. Conclusion

In this study, we demonstrated a broadband PSR on LNOI, which was inspired by the mode
conversion in a multi-taper structure where each taper’s direction is opposite to that of the adjacent
ones. The theoretical conversion amplitude and phase conditions were rigorously derived using
the S-parameter matrix method. We deduced that the amplitude and phase can be adjusted by
each single taper length simultaneously and flexibly to achieve ~100% efficiency and a compact
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size. Based on this theory, we designed and fabricated PSRs with the multi-taper concept and
realized a 160-nm operating bandwidth in a 405-um-long device. In a wavelength range of 1480
nm to 1640 nm, the IL was less than 2 dB for the TMy input, and the corresponding ER was
more than 11 dB; for the TE( input, the IL was less than 1 dB, and the ER was more than 22
dB. The fabrication tolerances were approximately +40 for the 2-dB transmission degradation
and approximately +20nm for the 5-dB ER degradation. The critical dimension of the PSR was
over 500 nm, which made it much easier to fabricate than the subwavelength grating structures
[24]. Although the measurement range was limited by the tunable laser and GCs, the actual
bandwidth of our PSR could be larger, as implied by our simulation and experimental results. The
optimization of the transition taper and S-bend further reduced the total device length to 271 um,
indicating the compactness enhancement potential that exists in our design. Research involving
PDM transmitters, polarization controllers, and other polarization-relevant LNOI devices could
benefit from this study.
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