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Multi-mode waveguides are ubiquitously used in integrated photonics. Although interaction

among different spatial waveguide eigenmodes can induce novel nonlinear phenomena,

spatial mode interaction is typically undesired. Adiabatic bends, such as Euler bends, have

been favoured to suppress spatial mode interaction. Here, we adapt and optimize Euler bends

to build compact racetrack microresonators based on ultralow-loss, multi-mode, silicon

nitride photonic integrated circuits. The racetrack microresonators feature a footprint of only

0.21 mm2 for 19.8 GHz free spectral range, suitable for tight photonic integration. We

quantitatively investigate the suppression of spatial mode interaction in the racetrack

microresonators with Euler bends. We show that the low optical loss rate (15.5 MHz) is

preserved, on par with the mode interaction strength (25 MHz). This results in an unper-

turbed microresonator dispersion profile. We further generate a single dissipative Kerr soliton

of 19.8 GHz repetition rate without complex laser tuning schemes or auxiliary lasers. The

optimized Euler bends and racetrack microresonators can be building blocks for integrated

nonlinear photonic systems, as well as linear circuits for programmable processors or pho-

tonic quantum computing.
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Over the past decade, integrated photonic technology has
been successfully translated from laboratory research into
industrial applications1, and has impacted today’s optical

communication networks2,3. Besides silicon—the backbone
microelectronic material, many new material platforms have been
developed, as well as heterogeneous and hybrid integration
techniques4–6 to merge them with silicon. Among these materials,
amorphous silicon nitride (Si3N4)7,8—first proposed in 1980’s9

for integrated photonics due to its wide transparency window
from visible to mid-infrared and a wide bandgap of 5 eV—has
made significant progress recently. Stoichiometric Si3N4 can be
deposited via chemical vapor deposition (CVD) and is compatible
with the complementary metal-oxide-semiconductor (CMOS)
process. Recent advances in fabrication10–13 have achieved Si3N4

photonic integrated circuits (PIC) that are free from cracks and
feature tight optical confinement, high power handling capability,
wideband engineering of anomalous group velocity dispersion
(GVD)14, and ultralow optical losses near 1 dB m−111,15. Com-
bining with its high Kerr nonlinearity, weak Brillouin scattering16

and negligible two-photon absorption, Si3N4 has become the
material of choice particularly for Kerr nonlinear photonics, such
as microresonator soliton frequency combs ("soliton
microcombs”)17, chip-based supercontinua18, and ultralow-
threshold optical parametric oscillators19,20.

Multi-mode waveguides with tight optical confinement are
widely used in integrated nonlinear photonics. The large waveguide
cross-sections reduce optical loss by reducing light interaction with
waveguide surface roughness21. Indeed, state-of-the-art integrated
waveguides of losses near 1 dB m−1 are all multimode10–13,22. In
addition, stimulated Brillouin scattering23,24 and indirect-interband
transition25,26 among different spatial modes are the basis of
magnetic-free non-reciprocal devices27–30. Equally important, har-
monic generation is facilitated by employing phase matching
among different spatial modes31–35. For Kerr nonlinear photonics,
anomalous GVD is required, which is realized via geometric dis-
persion engineering14 using multi-mode waveguides. Novel phe-
nomena can arise from spatial mode interaction in multi-mode
microresonators, such as the generation of Stokes solitons36,
breathing solitons37, soliton crystals38,39, dark pulses40,41, and
spatial-mode-interaction-induced dispersive waves42,43. Single
avoided-mode crossing (AMX) resulting from strong mode cou-
pling can facilitate the stabilization of bright solitons44,45 or the
generation of dark pulses46,47. However, spatial mode coupling in
highly over-moded waveguides is uncontrollable, yielding spectrally
distributed AMXs with random strengths. These coexistent AMXs
can often prohibit soliton formation48,49 and significantly distort
soliton spectra50,51. Therefore, suppression of spatial mode coupling
in multimode waveguides is still desired for stable and reliable
access to the single soliton regime52.

In multimode waveguides, defects and surface roughness can
introduce spatial mode interaction. In addition, mode mixing
occurs when a waveguide curvature experiences a non-adiabatic
transition, e.g. from a straight section to a curved section, due to
bending-induced mode mismatch. Despite that the waveguide
cross-section is identical, the waveguide bending causes changes
of waveguide eigenmodes due to the modified effective indices53,
and finally yields spatial mode mixing. In ultralow-loss PICs
where defects and surface roughness are carefully addressed,
mode mixing due to nonadiabatic transition can be the dominant
cause for spatial mode interaction. Such mode interaction
represents a major loss channel54, and can severely limit the
performance of ultralow-loss PICs and planar microresonators.

In this work, we demonstrate a photonic design that suppresses
spatial mode interaction and effectively operates multi-mode
waveguides in the single-mode regime. Using a racetrack
microresonator that features high-quality factor Q > 107 and

consists of two straight waveguides and two adiabatic Euler
bends, we quantitatively characterize the suppressed spatial mode
interaction.

Results
Design of racetrack microresonators with Euler bends. Race-
track microresonators of tens of gigahertz free spectral range
(FSR) are widely used for the generation of soliton microcombs or
electro-optic combs with microwave repetition rates52,55. A nor-
mal racetrack microresonator consists of two straight waveguides
and two circular bends. Since the optical eigenmodes are modified
due to the waveguide curvature, the eigenmode bases are different
for the straight waveguide (with an infinite bending radius) and
curved waveguide (with a finite bending radius). Therefore, mode
mixing is introduced due to the abrupt mode transition. In high-
Q racetrack microresonators where light circulates many round-
trips, such mode mixing can severely impact device performance,
increase losses, and shift resonance eigenfrequencies. For exam-
ple, several studies have highlighted difficulties to access soliton
states of microwave repetition rates in racetrack or finger-shape
microresonators10,56,57. To avoid mode mixing, microring reso-
nators are used and single solitons with repetition rates in the
microwave X- and K-band are generated52, however, the devices
suffer from larger footprints (larger than 4 mm2) and constrained
device density. Alternatively, mode filtering elements49,58 can be
used to suppress mode mixing.

Here, we optimize racetrack microresonators by replacing the
two circular bends with two Euler bends59–61 that have adiabatic
radius transition from infinite (in the straight section) to finite (in
the bending section). An Euler bend has a curvature (the inverse
of radius) varying linearly with its path length. Adiabatic bends,
including Euler bends, have applications in railroad and highway
engineering, and have later been used in integrated photonics. For
example, a general design for adiabatic waveguide connection62

has been applied to create ultralow-loss, meter-long, suspended
silica photonic delay lines63. Modified Euler bends64 have been
applied on multi-mode silicon-on-insulator (SOI) racetrack
microresonators21 to achieve high Q. Nonlinear adiabatic bends12

have been used on Si3N4 microring resonators to to achieve low
loss and broadband external coupling with bus waveguides. Euler
bends have also been used in a tightly coiled, multi-mode
waveguide resonator of 7.6 GHz FSR for stimulated Brillouin
scattering in As2S3 glass65.

Figure 1 highlights the difference between circular bends and
adiabatic Euler bends. In Cartesian coordinate system x – y, the
circular bend can be expressed as x2+ y2= R2, where R is the
constant bending radius. In comparison, the Euler bend,
illustrated in Ref. 61, can be expressed as

xðsÞ ¼
Z s

0
cos

α

2
� u2

� �
du

yðsÞ ¼
Z s

0
sin

α

2
� u2

� �
du

ð1Þ

where α is the linear rate of curvature (k) change with path length
(s), i.e. k(s)= α ⋅ s. The curvature k determines the local bending
radius, i.e. R(s)= [dθ(s)/ds]−1= k(s)−1.

To connect two straight waveguides separated by distance d in
the racetrack microresonator, a π-bend (i.e. 180∘ bend) consisting
of two Euler bend sections and a circular bend section can be
used, as illustrated in Fig. 1(a). The two Euler bend sections
connect each straight waveguide to the circular bend of angle
θ∈ (0, π), allowing for adiabatic mode conversion from infinite
radius (R=∞) to a finite value Rp= (απp)−1/2, and vice versa.
Here, the Euler portion factor p, denoting the ratio of two Euler
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bends in the total π-bend, is defined as

p ¼ 1� θ

π
ð2Þ

We emphasize that, when the values of p and d are given, the
linear curvature changing rate α is uniquely determined, as

α ¼
2

ffiffiffi
2

p R ffiffiffiffiffiffiffi
πp=2

p
0 sin t2dt þ 2ffiffiffiffi

πp
p sin πð1�pÞ

2

� �2

d2
ð3Þ

Supplementary Information Note 1 shows the derivation and
numerical plot of α as a function of d and p. Particularly, the
numerical plot of α as a function of p with a constant d shows
that, the value of α decreases monotonously with p, and its
minimum value is reached when p= 1. This may suggest that

p= 1 gives the highest adiabaticity, as the linear rate α of bending
curvature change is the smallest.

Figure 1(a) illustrates the difference between a full Euler bend
(θ= 0, p= 1), a partial Euler bend (p∈ (0, 1)), and a circular
bend (θ= π, p= 0). To illustrate adiabatic mode conversion,
finite-difference time-domain (FDTD) numerical simulations of
mode propagation54 in the three different waveguide bends are
performed (see Methods). In each case, the fundamental
transverse-electric (TE00) mode of the straight waveguide is
launched and propagates through the bend. The mode propaga-
tion profile, as well as the output waveguide mode in the other
straight waveguide, is recorded. In our simulation model, the
waveguide cross-sections is 2.2 μm width and 0.95 μm height, and
the two straight waveguides are separated by d= 60 μm to each
other. This waveguide cross-section supports ten spatial

θ/2θ/2

μ

μ

μ

Fig. 1 Schematics, designs and simulations of Euler bends for integrated Si3N4 racetrack microresonators. a Illustration of the difference between Euler
bends (blue) and circular bends (red) in Cartesian coordinate system x -- y, to connect two straight waveguides (brown) in the racetrack microresonator
within a π-bend (180∘ bend). The Euler portion factor p, which depends on the circular angle θ, denotes the ratio of Euler bends (blue) in the total π-bend.
Here, p= 1 (θ= 0), 1 > p > 0 (π > θ > 0), and p= 0 (θ= π) corresponds to Euler bend, partial Euler bend, and circular Euler bend, respectively. b Finite-
difference time-domain (FDTD) simulations of mode propagation in three different bends, showing that higher p offers better adiabatic mode conversion. In
each case, the TE00 mode of the straight waveguide is launched and propagates through the π-bend. Mode mixing during propagation is revealed by
comparing the input and output modes, as well as the overall mode propagation profiles. It is observed that the launched TE00 mode is preserved in the
Euler bend (p= 1), while it experiences distortion in the partial Euler bend (p= 0.6) and circular bend (p= 0). The color bar denotes the field intensity in
linear scale. c Optical microscope images showing fabricated Si3N4 racetrack microresonators with Euler bends (p= 1) and circular bends (p= 0). Both
racetrack microresonators have the same span of d= 60 μm for the π-bends, and length of L= 3500 μm. The device footprint is approximately 0.21 mm2.
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eigenmodes in total (see Supplementary Information, Note 4 and
7). As shown in Fig. 1(b), the launched TE00 mode is preserved in
the Euler bend (p= 1), while it experiences considerable coupling
to other waveguide modes in the partial Euler bend (p= 0.6) and
circular bend (p= 0). In the latter cases, the fundamental TE00
mode is predominantly coupled to the first-order transverse-
electric (TE10) mode. These two modes interfere during co-
propagation, causing characteristic oscillations in the mode
propagation profile in the waveguide. More details of the FDTD
simulations and results are shown in Methods.

Quantitative characterization of microresonator loss. Next, we
experimentally study and compare racetrack microresonators
with three different bends. We fabricated Si3N4 racetrack
microresonators using the photonic Damascene reflow process11

(see Methods). Three different types of racetrack microresonators
are fabricated, which have Euler bends (p= 1), partial Euler
bends (p= 0.6) and circular bends (p= 0), as shown in Fig. 1. We
emphasize that, these three racetrack microresonators are fabri-
cated on the same photonic chip of 5 × 5 mm2, and are separated
by 400 μm in a row (see design layout in Supplementary Infor-
mation, Note 3). This is to minimize fabrication impact on device
performance due to the parameter variation over the 4-inch wafer
scale. The Si3N4 waveguide has a cross-section of 2.2 μm width
and 0.90 μm height. All racetrack microresonators have the same
span of d= 60 μm for the π-bends, and length of L= 3500 μm for
the straight waveguides, to minimize the device footprint (0.21
mm2). The 60 μm span used in our Si3N4 platform is same as that
used in high-Q SOI racetrack microresonators21, despite that SOI
waveguides have higher mode confinement. Figure 1(c) shows the
microscope images and aspect ratios of racetrack microresonators
with Euler bends (p= 1) or circular bends (p= 0).

To characterize the resonance linewidths (i. e. microresonator
loss) and microresonator dispersion, we use frequency-comb-
assisted, cascaded diode laser spectroscopy, to cover the entire
telecommunication E- to L-band (1350 to 1630 nm)66. When
light is coupled into the microresonator and the laser frequency
scans continuously, the optical transmission spectrum of the
microresonator is acquired (see Supplementary Information,
Note 2). The instantaneous laser frequency of each recorded data
point is calibrated by beating the laser with a commercial, self-
referenced, fiber-laser-based optical frequency comb67. The
microresonator transmission spectrum is further referenced to a
molecular absorption spectroscopy to extract the absolute laser
frequency offset. This method allows to identify each resonance
and obtain the precise resonance frequency ω/2π. By fitting each
resonance profile68, the intrinsic loss κ0/2π, bus-waveguide-to-
microresonator external coupling strength κex/2π, and loaded
(total) linewidth κ/2π= (κ0+ κex)/2π are extracted for each
resonance.

Here we mainly focus on the TE00 mode, and investigate mode
interaction of the TE00 mode with other spatial modes. First, we
study the intrinsic loss κ0/2π and external coupling strength κex/2π
of each resonance from the three different racetrack microreso-
nators. Figure 2(a, c, e) reveal the wavelength dependence of κ0/2π
and κex/2π. Figure 2(b, d, f) plot the histogram of measured κ0/2π
values from Fig. 2(a, c, e), respectively. For the racetrack
microresonator with Euler bends (p= 1) shown in Fig. 2(a, b),
no prominent wavelength dependence of κ0/2π is observed, and
the most probable value in the histogram is κ0/2π= 15.5 MHz,
corresponding to 2.4 dB m−1 linear loss and a microresonator
intrinsic quality factor Q0 ≈ 13 × 106. However, for the racetrack
microresonator with partial Euler bends (p= 0.6) shown in
Fig. 2(c), higher κ0/2π with longer wavelength is observed, as well
as spectrally periodic, vertical striations caused by inter-modal

interference (see Supplementary Information, Note 2). The most
probable value of κ0/2π is increased to 34.5 MHz as shown in
Fig. 2(d). Both observations are due to the interaction of the TE00
mode with other spatial modes. Since the eigenmode mismatch
between the straight waveguide and the circular bend is larger for
longer wavelength, the spatial mode interaction is stronger and
causes higher loss. These two observations are further verified in
the racetrack microresonator with circular bends (p= 0) shown in
Fig. 2(e, f). Here, spatial mode interaction is so strong that many
resonances experience greatly increased κ0/2π, much higher than
κex/2π. Therefore, these resonances are strongly under-coupled69

and cannot be resolved in the transmission spectrum (see
Supplementary Information, Note 2).

Quantitative characterization of microresonator dispersion
and spatial mode interaction. To quantitatively characterize the
strength of spatial mode interaction, we further study the
microresonator dispersion profile, and investigate AMXs. Fig-
ure 3(a, e, i) show the measured integrated microresonator dis-
persion fitted with

DintðμÞ ¼ ωμ � ω0 � D1μ

¼ D2μ
2=2þ D3μ

3=6þ D4μ
4=24

ð4Þ

where ωμ/2π is the μ-th resonance frequency relative to the
reference resonance frequency ω0/2π (wavelength λ0), D1/2π
corresponds to microresonator FSR, D2/2π is GVD, and D3 and
D4 are higher-order dispersion terms. To reveal AMXs, D2 and D3

are removed from Dint. Figure 3(b, f, j) and (c, g, k) show,
respectively,

Dint � D2μ
2=2 ¼ D3μ

3=6þ D4μ
4=24

Dint � D2μ
2=2� D3μ

3=6 ¼ D4μ
4=24

ð5Þ

For the racetrack microresonator with Euler bends (p= 1),
AMXs are only revealed when D2 and D3 terms are both removed.
The histogram of resonance frequency deviations from the D4μ4/
24 curve is plotted in Fig. 3(d), with the 90% confidence interval
below 25 MHz, i.e. 90% of the total analyzed resonances have
frequency deviations below 25 MHz. This value is on par with the
total photon loss rate (i.e. (κ0+ κex)/2π) shown in Fig. 2(a). The
residual AMXs revealed in Fig. 3(c) might also originate from the
bus waveguide coupling section which has been revealed in
FDTD simulations in Ref. 54. The bus waveguide coupling section
can be optimized using asymmetric directional couplers70.

In comparison, for the racetrack microresonator with partial
Euler bends (p= 0.6), AMXs are already revealed by Dint fit in
Fig. 3(e). The enhanced AMXs lead to inaccurate fit and
extraction of D3 and D4 values. Still, following the same
procedure, Fig. 3(h) shows the histogram of resonance frequency
deviations from the D4μ4/24 curve, with the 90% interval below
930 MHz. Another two pairs of racetrack microresonators with
p= 1 and p= 0.6 (four devices in total) are shown in
Supplementary Information Note 5, and racetrack microresona-
tors with different Euler portion values p= 0.2, p= 0.4 and
p= 0.8 are shown in Supplementary Information Note 6. These
data present similar trends in microresonator dispersion profiles.

Furthermore, for the racetrack microresonator with circular
bends (p= 0), the missing resonances and exaggerated AMXs
prohibit to fit Dint in Fig. 3(i), leading to infeasibility to extract D3

and D4 values. Many resonances have frequency deviations more
than 1 GHz, as shown in Fig. 3(l). We emphasize that, such
exaggerated AMXs are caused by the circular bends of only 60 μm
diameter for 19.8 GHz FSR. The previous work71 has shown
single soliton generation in racetrack microresonators driven by
picosecond optical pulses. However, there, the diameter of the
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circular bend is 400 μm for 28 GHz FSR and 0.6 mm2 device
footprint (see design layout in Supplementary Information,
Note 3), thus the eigenmode mismatch between the straight
waveguide and the circular bend is much smaller than that in our
current case, leading to weaker mode coupling.

Single soliton generation and K-band phase noise character-
ization. Finally, we demonstrate single soliton generation of
19.8 GHz repetition rate in the racetrack microresonator with
Euler bends (p= 1). When the continuous-wave (CW) pump
laser scans across the resonance from the blue-detuned side to the
red-detuned side, a step indicating soliton formation72 in the
microresonator transmission spectrum is observed. Here we
observe a soliton step length of ~ 0.5 ms, on par with the pre-
viously reported value in a 100-GHz-FSR microresonator73. Due
to the suppressed AMXs, the soliton step is sufficiently long,
allowing for direct access to the single soliton state using simple
laser piezo frequency tuning72,74, without any other complex
tuning schemes or auxiliary lasers. An erbium-doped fiber
amplifier (EDFA) is used to increase the on-chip pump power to
approximately 55.7 mW to seed soliton formation. Figure 4(a)
shows the single soliton spectrum, which, as expected, does not
show prominent dispersive wave features caused by AMXs. The
single soliton spectrum fit shows a 3-dB bandwidth of 16.3 nm,
corresponding to a pulse duration of 156 fs.

We further characterize the single-sideband (SSB) phase noise
of the K-band microwave carrier generated by photodetection of
the soliton repetition rate, and investigate the phase noise45.
Figure 4(b) shows the soliton phase noise measurement with
different pump laser detunings. The detuning values are
measured using a vector network analyser (VNA) that probes
the resonance frequency relative to the laser74. The “quiet
point”45 is a phenomenon that the soliton phase noise reaches its
minimum at a particular detuning value. It is resulted from the
balance of dispersive-wave-induced soliton spectral recoil and
soliton-induced Raman self-frequency shift75. Different from our

previous studies where operation at the quiet point enables more
than 20 dBc/Hz phase noise reduction, here we only observe less
than 4 dBc/Hz reduction measured within 1 kHz to 100 kHz
Fourier offset frequency. To evidence the phase noise reduction at
the “quiet point”, the soliton repetition rate shift and the phase
noise value at 3.852 kHz Fourier offset frequency where the diode
laser (Toptica CTL) exhibits a characteristic phase noise feature,
are measured with different detuning values, as shown in Fig. 4(c).
It seems that the minimum phase noise is reached at 217.2 MHz
detuning. The weak quite point effect agrees with the soliton
spectrum for which dispersive wave generation is inhibited, due
to the suppressed spatial mode interaction and avoided-mode
crossings.

Previously, on integrated Si3N4 platform, single solitons of
repetition rates below 20 GHz driven by CW pump have only
been generated in microring resonators52. The microring
resonator of 19.6 GHz FSR has a footprint of 4.2 mm2, 20 times
larger than our racetrack microresonator of 19.8 GHz FSR
(0.21 mm2). Such vast difference in device footprint is highlighted
in Supplementary Information Note 3. The reduced footprint is
useful for photonic integration of other functionalities, e.g. the
monolithic integration of piezoelectric modulators76 on top of the
racetrack microresonator, for soliton actuation77 or laser
frequency tuning via self-injection locking78. Since the capaci-
tance of piezoelectric modulators is proportional to the device
area not perimeter, a small footprint allows to reduce the time
constant and increase the modulation speed. In addition, the large
aspect ratio of the racetrack microresonator, length
(L= 3500 μm) to span (d= 60 μm), facilitates the simulation
and calculation of the microresonator dispersion profile. This is
because that the Euler bending sections only occupy a small
portion of the entire racetrack, and the integrated microresonator
properties are dominated by the straight waveguide sections.
Finally, we emphasize that, such footprint reduction is enabled by
using deep-ultraviolet (DUV) stepper lithography to pattern
racetrack microresonators of high aspect ratio. In comparison,
when using electron beam lithography (EBL), the writing field
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Fig. 2 Resonance linewidth characterization of racetrack microresonators with different bends. Racetrack microresonators with Euler bends (Euler
portion p= 1) (a, b), partial Euler bends (p= 0.6) (c, d), and circular bends (p= 0) (e, f) are experimentally characterized. The data shown in (a, c, e) are
measured intrinsic linewidth κ0/2π and external coupling rate κex/2π over a broad wavelength range for each sample. The data shown in (b, d, f) are
histogram of κ0/2π from (a, c, e) for each sample.
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size limits the device shape and aspect ratio. Finger- or snail-
shaped microresonators have been developed10,79 to confine the
microresonator in one or few EBL writing fields, such that the
impact of stitching errors is minimized15,80. For example, we note
that, very recently, Ref. 79 has shown 1 mm2 device footprint for
microresonators of 14.0 and 20.5 GHz FSR, and single soliton
generation in these devices.

Conclusion
In summary, we adapt60,61, optimize, and implement Euler bends to
build compact racetrack microresonators based on ultralow-loss,
multimode, Si3N4 photonic circuits. The optimized racetrack
microresonator has a significantly reduced device footprint,
critical for high device density and integration81. It can serve as
building blocks for nonlinear photonic applications, such as
microwave-repetition-rate soliton microcombs52,82, travelling-wave
optical parametric amplifiers15,83,84, frequency conversion85, or
resonant electro-optic modulators86,87 and frequency combs55. The
adiabatic Euler bend is also useful for linear circuits based on beam
splitters and interferometers that are widely used in integrated
programmable processors88 and photonic quantum computing89,90.

The simple design rules and algorithms illustrated here can be easily
implemented in Si3N4 foundry process8.

Methods
Finite-difference time-domain simulations. In the FDTD simulations shown in
Fig. 1, the fundamental TE00 mode source at 1550 nm wavelength is launched at
the input ports of the three π− bends of d= 60 μm. The normalized transmission
at the output ports are evaluated in each case. A perfectly matched layer (PML)
boundary is used in the simulations. In addition, TE00 mode couplings to other
higher-order modes are examined by expanding the transmitted optical field using
a mode expansion monitor (a build-in function provided by Lumerical FDTD).
The normalized power transmission and power distribution in few eigenmodes are
listed in Table 1. The transmitted power in the TE00 mode features more than
99.96% power in the full Euler bend (p= 1), which is higher than the values in the
partial Euler bend (87.15% for p= 0.6) and in the circular bend (82.19% for p= 0).

Sample fabrication. The Si3N4 integrated devices are fabricated using the photonic
Damascene process11. Waveguide patterns, as well as filler patterns to release the
tensile film stress of Si3N4, are exposed with a KrF (248 nm) deep-ultraviolet
(DUV) stepper lithography. The patterns are then transferred from the photoresist
mask to the thermal wet SiO2 substrate using dry etching, to create waveguide
preforms. A thermal reflow step, where the wafer is annealed at 1250∘C, is per-
formed to reduce the sidewall roughness of waveguide preforms. A Si3N4 film of
thickness more than 1000 nm is then deposited on the patterned wafer via low-

Fig. 3 Integrated dispersion characterization of racetrack microresonators with different bends. The measured integrated microresonator dispersion
fitted with Dint(μ)=D2μ2/2+ D3μ3/6+ D4μ4/24, the resonance frequency deviations from D3μ3/6+ D4μ4/24 and D4μ4/24, and the histogram of
frequency deviations from the D4μ4/24 curve, for the racetrack microresonators with Euler bends (Euler portion factor p= 1) (a, b, c, d), partial Euler bends
(p= 0.6) (e, f, g, h), and circular bends (p= 0) (i, j, k, l). Values of each dispersion terms are marked in (a, e, i). λ0 denotes the wavelength of μ= 0 mode.
Grey-shaded areas in (d, h, l) mark the 90% intervals.
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pressure chemical vapour deposition (LPCVD), filling the trenches and forming the
waveguides. Chemical-mechanical polishing (CMP) is then used to remove the
excess Si3N4 and planarize the wafer top surface. Finally, top SiO2 cladding is
deposited on the wafer, followed by high-temperature annealing. The entire wafer
is then separated into chips for experiments.

Data availability
The data that support the plots within this manuscript and other findings of this study
are available on Zenodo (https://doi.org/10.5281/zenodo.5845121). All other data used in
this study are available from the corresponding authors upon reasonable request.
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