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Multimode Waveguide Bends in Lithium Niobate on
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and Yonghui Tian*

Lithium niobate on insulator (LNOI) is a promising platform for realizing
high-performance photonic integrated circuits (PICs) for communication
applications due to LN’s excellent electro-optic properties. Multimode
photonic devices are attractive as they can improve the communication
capacity of PICs by multiplexing orthogonal modes. For connecting
multimode photonic components on the same chip, multimode waveguide
bends are indispensable. In this contribution, multimode waveguide bends
are proposed, simulated, and experimentally demonstrated with double air
grooves to ensure low crosstalk for three different transverse electric (TE)
modes by improving the mode overlap at the interface between the straight
and bent waveguide when the waveguide is bent. This enables demonstration
of S-shaped waveguide bends (two 90° bent waveguides) with insertion losses
below 1.42, 1.12, and 2.5 dB in the wavelength range of 1525-1575 nm for the
transmitted TE,, TE,, and TE, modes, respectively. The mode crosstalk is
lower than —12.2 dB for all three modes. The demonstrated device provides a
compact solution for multimode waveguide bends in the LNOI platform,
paving the way for high-speed, high-data-capacity PICs for on-chip

communication systems.

1. Introduction

Photonic integrated circuits (PICs) with various active and pas-
sive circuit components integrated on a single chip can be

used for high-speed and large-capacity
information communication systems.
Lithium niobate on insulator (LNOI) has
the potential to play an important role in
the development of high-speed and large-
data-capacity PICs thanks to its excellent
electro-optic properties,''>! low loss, and
wide transparency window. The attractive
properties have enabled the demonstra-
tion of a series of high-speed active circuit
components in LNOI, such as electro-
optical switches,[®”] modulators,® and
tunable filters,[®) which can be connected
with passive circuit components such as
polarization division multiplexers, mode
division multiplexers (MDMs),l'% re-
flection filter,"! microring resonator,!?!
Y-splitters!’®] to make full use of them.
Although many passive circuit compo-
nents have already been experimentally
demonstrated,'*7] some still remain
to be investigated, such as multimode
waveguide bends, which are needed to
connect MDMs for high-data-capacity
PICs in LNOI.

Multimode waveguide bends can change the propagation di-
rection of multiple optical modes with low loss and low inter-
mode crosstalk. Such bends need to be carefully designed, as
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Figure 1. a) The schematic diagram of the proposed multimode waveguide bend, b) cross-section view of the multimode waveguide bending.

mode crosstalk can occur at the interface between straight and
bent waveguides due to the mismatch of the optical modes,*®!
which causes crosstalk and degrades the transmission perfor-
mance of the multimode optical signals. To reduce the crosstalk
among the modes in multimode waveguide bends, various
schemes have been reported in the Silicon-on-Insulator (SOI)
platform, such as Euler bends,!'*??! optical transformation,?’!
shallow etched grating assistance,?* and inverse design.[?>2¢]
However, to the best of our knowledge, no multimode waveguide
bends have been reported in the LNOI platform.

In this contribution, we propose, simulate, and experimentally
demonstrate multimode waveguide bends that support three dif-
ferent transverse electric (TE) modes (TE,, TE;, and TE,) in the
LNOI platform with compact size, low loss, and low crosstalk.
This is achieved by using two air grooves in the multimode
waveguide bends. Experimental results show that the insertion
loss of TE,, TE,, and TE, modes propagating in a pair of 90°
multimode waveguide bends is below 1.42, 1.12, and 2.5 dB, re-
spectively, in a wavelength range of 1525-1575 nm. The mode
crosstalk is less than —12.2 dB for the three modes. In addition,
the cut-back method is used to estimate the insertion loss for
a single 90° multimode waveguide bend at 1550 nm, which is
0.39, 0.29, and 0.85 dB for the TE,, TE,, and TE, modes, respec-
tively. The demonstrated multimode waveguide bends provide
an efficient solution for interconnecting multimode photonic cir-
cuit components on a single chip, paving the way for high-data-
capacity multimode PICs in the LNOI platform.

2. Design and Working Principle

For the investigation of the multimode waveguide bends we
use the silicon nitride (Si;N,) loaded LNOI waveguide platform,
where the Si,;N, on top of the LN thin film is patterned to achieve
the horizontal confinement of optical modes.['"] As a common
optical loading material on the LNOI platform, Si;N, has a sim-
ilar but slightly lower refractive index and similar transparency
window to LN, and more importantly, it can be deposited and pat-
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terned by the mature fabrication processes that have been devel-
oped in CMOS foundries. This platform uses the mature Si;N,
fabrication process while the waveguide design results in most
of the optical field being confined in the LN layer,!%?-2] tak-
ing full advantage of LN’s attractive properties. Figure 1a shows
a schematic diagram of the 90° multimode waveguide bend
formed by a circular curved waveguide with two similar curved
air grooves. For our design, we choose an X-cut LNOI platform
with the thicknesses of the LN and Si;N, layers of both 300 nm,
consistent with our previous work.[>"] The radius of the proposed
multimode waveguide bend is 120 pm to ensure a compact size
and the width is 4.48 um to support the TE, TE,, and TE, modes.
The waveguide bend has two circular curved air grooves with a
width of 120 nm and a height of 300 nm, as shown in Figure la.
The cross-section of the proposed multimode waveguide bend
is shown in Figure 1b with the specific structural parameters
marked as h, w w, and w, respectively.

The working principle of the proposed multimode waveguide
bend is described as follows: When optical modes pass from the
straight waveguide to the multimode waveguide bends, inter-
mode crosstalk occurs due to the modal mismatch between the
straight and bent waveguide. To reduce the modal crosstalk in the
bend, we introduce two air grooves with a width of 120 nm and a
height of 300 nm (Si;N, is fully etched), as shown in Figure 1a.
This allows us to manipulate the effective index gradient of the
waveguide in the radial direction,!'8] so that the optical modes ex-
perience alower effective refractive index at the outer edges of the
bend. As a result, the mode distribution in the waveguide bend is
manipulated in a way that reduces the modal mismatch between
the straight and bent waveguide, reducing the modal crosstalk.

To achieve low crosstalk, we calculated the modal overlap for
the straight and bent waveguide using a finite difference eigen-
mode (FDE) solver.*! The calculation results are shown in Fig-
ure 2a—c, in which the horizontal and the vertical axis are related
to the structure parameters w, and w, labeled in Figure 1b. As-
suming w; = m*l, w, = n*l, n and m are constants that are greater
than 1 and only one decimal place such as 1.1, 1.2, 1.3, etc., and |
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Figure 2. The modal overlap integral of a) TE, mode, b) TE; mode, and c) TE, mode.
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Figure 3. The simulated transmission spectra for a) TE, input, b) TE; input, and c) TE, input; The simulated field distribution for d) TE, input, ) TE;

input, and f)TE, input.

is chosen as 100 nm by considering the fabrication accuracy. Ac-
cording to Figure 2, the modal overlap integrals for TE,, TE,, and
TE, mode are optimal when n = 3.7 and m = 15, therefore, w, =
1500 nm, w, = 370 nm are determined and the overlap integral
values of the three modes are 0.95, 0.917 and 0.932, respectively.

The finite difference time domain (FDTD) method is used to
simulate the transmission performance of the multimode waveg-
uide bend by the determined structure parameters h = 300 nm, w
=448 ym w; = 1.5 um and w, = 370 nm. The simulated results
are shown in Figure 3, from which we can see the insertion losses
are below 0.22, 0.18, and 0.25 dB for TE,, TE,, and TE, respec-
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tively, and the inter-modal crosstalk is less than —17.5 dB in the
wavelength range of 1500-1600 nm. Figure 3d-f shows the sim-
ulated field distribution of the proposed multimode waveguide
bend when TE, TE,, or TE, is launched from the input port, re-
spectively, from which we can see these three optical modes can
propagate in the proposed multimode waveguide bend with low
loss and low inter-mode crosstalk as expected.

For comparison, we simulate the transmission of the multi-
mode waveguide bend with the same dimensions, but without
the additional air grooves. The simulated transmission spectra
of the common multimode waveguide bend are presented in

© 2023 Wiley-VCH GmbH
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Figure 4. The transmission spectra of a multimode waveguide bend without air grooves for a) TE; input, b) TE; input, and c) TE, input. The simulated
field distribution of a multimode waveguide bend without air grooves for d) TE, input, e) TE; input, and f) TE, input.

Figure 4a—c, from which we can see that the insertion loss and
inter-mode crosstalk are degraded compared to the multimode
waveguide bend with air grooves. The simulated field distribu-
tion shown in Figure 4d—f indicates that the modal mismatch
of the multimode waveguide bend is significant. This demon-
strates that our proposed multimode waveguide bend with air
grooves reduces the transmission loss and inter-mode crosstalk
strongly.

3. Experimental Results

Next, we fabricated the multimode waveguide bend for experimen-
tal verification. For this, we used a commercial X-cut LNOI wafer with a
4.7 um-thick buried oxide and a 300 nm-thick LN thin film, on which we
deposited a Si;N, thin film layer with a thickness of 300 nm.["% Afterwards
we used electron beam lithography (EBL) and inductively coupled plasma
(ICP) etching processes to pattern the Si; N, and form the waveguides. To
characterize the multimode waveguide bend, we used a pair of 3-channel
MDMs with grating couplers on either side of the bends, which enabled
us to excite the modes of interest in the multimode waveguide.

An optical microscope image of the fabricated multimode waveguide
bend and multimode straight waveguide (reference waveguide) is shown
in Figure 5a. The fabricated multimode waveguide bends had an S-bend
formed by two cascaded bends. We investigated bends with air grooves
and without air grooves for comparison. The scanning electron micro-
scope (SEM) images of the fabricated multimode waveguide bend with
different magnifications are shown in Figure 5b, c.

We used a broadband light source (1525-1575 nm) and an optical spec-
trum analyzer (OSA) to characterize the fabricated multimode waveguide
bends. The light from the broadband light source is first coupled into the
device using the grating couplers, and the output light is connected to
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the OSA for observing the transmitted optical spectrum. To eliminate the
effects of the MDMs and remove the spectral dependence of the grating
coupler efficiency, we normalized all experimental results with the refer-
ence straight multimode waveguide (shown in Figure 5a). Figure 6a—c
shows the experimental results of the fabricated device including two 90°
multimode waveguide bends, from which we can see the insertion losses
are about 1.4, 1.1, and 2.5 dB for the modes TE,, TE,, and TE, respec-
tively. The inter-mode crosstalk in the investigated wavelength range is
less than —12.2 dB for all the modes. To characterize the performance
of the proposed multimode waveguide bends more accurately, we fabri-
cated devices with 0, 2, 4, 6, 8, and 10 cascaded multimode waveguide
bends. Figure 6d—f shows the transmission as a function of the number
of bends. By linear fitting, we can extract the insertion loss of the bend
for the different modes, which were 0.39, 0.29, and 0.85 dB for TE,, TE;,
and TE, modes at the wavelength of 1550 nm. If we compare this with the
simulated results, we find that the performance of the fabricated device is
slightly degraded, especially in terms of inter-mode crosstalk, which may
be caused by fabrication variations of the fabricated devices. As shown in
Figure 7, we investigate the transmission response of our device to the
fabrication variations of the slot width by performing the 3D FDTD sim-
ulations. It can be seen that for TEy, TE;, and TE, modes, the crosstalk
increases when the slot widths increase or decrease by 20 nm. However,
we can also find that the experimental crosstalk is still lower than —12.2 dB
within a bandwidth of 100 nm, which indicates that the device is tolerant
to slot width variations.

For comparison, we also included the results for S-bend multimode
waveguide bends without air grooves. The corresponding spectra for dif-
ferent input modes are shown in Figure 8a—c, from which we can see the
insertion loss and crosstalk of the not optimized multimode waveguide
bends is degraded greatly in the wavelength range of 1525-1575 nm. This
indicates that the proposed multimode waveguide bends are effective to
realize bends with a tight bending radius, while maintaining low loss and
low inter-modal crosstalk.

© 2023 Wiley-VCH GmbH
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Figure 5. a) Optical microscope image of the fabricated multimode waveguide bend. b,c) SEM images of the proposed multimode waveguide bends
with different magnifications.
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4, Conclusion

In conclusion, we propose, simulate, and demonstrate a high-
performance multimode waveguide bend with a radius of 120 um
and a waveguide width of 4.48 pm on the Si;N, loaded LNOI
platform, which can support the transmission of the TE, TE,,
and TE, mode with low loss and low crosstalk. Two air grooves
with a width of 120 nm are used on the outer side of the bend
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to improve one mode overlap integral at the interface between
the straight and bent waveguide to reduce transmission loss and
inter-mode crosstalk of the multimode waveguide bend. The ex-
perimental results show that the insertion loss of the fabricated
multimode waveguide bend is less than 0.85 dB at the wave-
length of 1550 nm, and the crosstalk is less than —12.2 dB for
two bends. Compared with multimode waveguide bends without
any air grooves, our proposed device has lower transmission loss

© 2023 Wiley-VCH GmbH
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and inter-mode crosstalk. Such bends are very attractive for con-
structing multimode PICs suitable for high-data-capacity com-
munication applications.
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