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The microresonator-based soliton microcomb has shown a promising future in many applications. In this work, we report
the fabrication of high quality (Q) Si3N4 microring resonators for soliton microcomb generation. By developing the fabri-
cation process with crack isolation trenches and annealing, we can deposit thick stoichiometric Si3N4 film of 800 nm with-
out cracks in the central area. The highest intrinsic Q of the Si3N4 microring obtained in our experiments is about 6 × 106,
corresponding to a propagation loss as low as 0.058 dBm/cm. With such a high Q film, we fabricate microrings with the
anomalous dispersion and demonstrate the generation of soliton microcombs with 100 mW on-chip pump power, with an
optical parametric oscillation threshold of only 13.4 mW. Our Si3N4 integrated chip provides an ideal platform for researches
and applications of nonlinear photonics and integrated photonics.
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1. Introduction

The optical frequency comb, which is a series of equidistant
coherent optical lines in the frequency domain, has been greatly
developed in the past two decades[1–3]. The conventional optical
frequency comb is produced by the mode-locked laser and has
played an important role in the precise measurement of time and
frequency[4–6]. Based on the optical field enhancement of the
microresonator, in 2007, the generation of the optical frequency
comb was realized in the microresonator by continuous-wave
(CW) laser pumping[7], which opens a new field of optical
frequency combs based on the microresonator. Due to the emer-
gence of noise in the generation process[8], the early microreso-
nator frequency combs showed low coherence, and their
application value was not expected. In recent years, with the dis-
covery of dissipative Kerr solitons[9], stable and fully coherent
soliton microcombs can be obtained in microresonators by
simultaneously balancing gain and loss, as well as dispersion
and nonlinearity[10–13].
Compared with the conventional optical frequency comb gen-

erated by the mode-locked laser, the performance of the soliton
microcomb has the advantages of low-power consumption, small
footprint, simple structure, and integrability[2,14]. Therefore, in

addition to providing an ideal platform for the study of nonlinear
physics[15–17], the soliton microcomb has shown a promising
future in many applications, such as optical frequency synthe-
sizer[18], optical atomic clock[19], light detection and ranging
(LiDAR)[20–23], low-noise microwave source[24–27], coherent opti-
cal communication[28,29], quantumkey distribution[30], dual-comb
spectroscopy[31–34], and optical coherence tomography[35,36].
In recent years, because of the possibility to achieve ultra-low

linear and nonlinear optical losses and engineer the dispersion of
waveguides and microresonators precisely[37,38], silicon nitride
(Si3N4), which is one of the most commonly used materials in
the CMOS process[39,40], has been a leading platform for fre-
quency comb generation[2]. Up to now, the highest quality (Q)
factor reported in the Si3N4-based microresonator is about
4.2 × 108[41]. However, in order to reduce the optical loss, the
thickness of such amicroresonator is as low as 45 nm, and a large
portion of the mode light fields is in the surrounding silicon
oxide medium, resulting in dispersion that does not meet the
requirements of the generation of soliton microcombs[8].
Recently, a novel fabrication process named the Damascene
reflow process has been developed, and a recorded Q in
the order of 107 has been obtained in thick (∼800 nm)
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dispersion-engineered Si3N4 microring resonators[42,43]. Differ-
ent from the conventional subtractive process[37], this additive
process can significantly reduce the scattering loss of waveguides
by smoothing the silica sidewalls through the high temperature
reflow and polishing the top surface of Si3N4 waveguides
through chemical mechanical polishing (CMP)[44].
In this work, we adopt the traditional subtractive process to

fabricate dispersion-engineered microring resonators. By intro-
ducing the crack isolation trenches and performing the annealing
process to reduce the tensile stress, we successfully deposit thick
stoichiometric Si3N4 film without cracks in the central area. With
our optimized processing technology, the intrinsic Q is demon-
strated to be as high as 6 × 106, corresponding to a propagation
loss as low as 0.058 dBm/cm. Furthermore, in our dispersion-
engineered microring resonators with a cross section of 1.8 μm ×
800 nm, we also obtain an intrinsicQ of about 3 × 106 with a free
spectral range (FSR) of about 230 GHz, and the four-wavemixing
(FWM) threshold of about 13.4 mW. In such a highQmicroring,
we have demonstrated the generation of solitonmicrocombs with
on-chip pump power of about 100 mW.

2. Device Fabrication

To generate the Kerr soliton in the microresonator, anomalous
group velocity dispersion (GVD) is required for permitting the
phase and energymatching of the nonlinear optical interactions.
The material GVD of Si3N4 is normal in the communication
band, and therefore, the geometric dispersion has to be engi-
neered by precisely tailoring the cross section of the waveguide
to make the overall waveguide GVD anomalous. Figures 1(a)
and 1(b) show the typical simulated dispersion trends with varied
waveguide cross-section dimensions. The waveguide dispersion is
computed based on COMSOL Multiphysics, and the material
dispersion is included by expressing the refractive index in the
Sellmeier equations[45]. Here, the integrated dispersion Dint is
adopted for the reason that Dint determines the spectrum width
of the solitonmicrocomb and, compared to GVD, which needs to
be anomalous at the pump resonance, a positive and relatively
small Dint is necessary for the full span of the microcomb[8].
As shown in Fig. 1(a), Dint displays a monotonic increase with
the increasing waveguide height and fixed width of 1.8 μm, and
a waveguide height around 800 nm is required to reach the pos-
itive regime. In Fig. 1(b), with the variation of the waveguide
width, zero points of the Dint can be shifted, which changes the
width and the shape of the soliton microcomb.
From the above simulation results, for microcomb generation,

the thickness of the Si3N4 device layer should be around 800 nm.
Our fabrication process starts from the preparation of high Q
Si3N4 film to match the anomalous dispersion. The original
4 in. (1 in. = 2.54 cm) substrate is made up of 500 μm silicon
and 4 μm wet oxidation silicon dioxide (SiO2). Since low losses
are very important for nonlinear optics, we use low-pressure
chemical vapor deposition (LPCVD) combined with post-
annealing to deposit stoichiometric Si3N4 film with minimal
absorption loss. However, due to the high tensile stress, the

stoichiometric Si3N4 film with thickness exceeding 400 nm easily
cracks, as shown in Figs. 1(c)–1(f). These cracks typically start
from the edge of the wafer and propagate into the central area[46].
Figure 1(h) shows the scanning electronmicroscope (SEM) image
of a crack propagating through the etchedwaveguide. Such cracks
can break the waveguides, seriously affecting the transmission of
incident light. Therefore, in order to prevent film cracking, before
Si3N4 deposition, defining crack isolation trenches is necessary
and effective[46,47]. As proposed in Ref. [48], a staircase profile
is needed to stop the cracking; here we implement two methods
to define the trenches. One method is using a diamond scribe to
create some trenches around the wafer, as shown in Fig. 1(e).
Figure 1(f) shows another method, which uses lithography to
define the patterns of trenches and then applies a buffered oxide
etch (BOE) to etch through SiO2 and thus to form 4 μm deep
trenches. Then, the 800 nm Si3N4 film is deposited by LPCVD
at 775°C in steps of approximately 400 nm thickness. Each step
is followed by post-annealing at 1100°C in nitrogen atmosphere
for 5 h to reduce the absorption loss and release the tensile stress.
As the images show in Figs. 1(e) and 1(f), trenches made in both
methods can effectively prevent the cracks. The corresponding
root-mean-square (RMS) roughness of the deposited 800 nm film
is 0.26 nm, as shown in Fig. 1(g).
The subtractive fabrication flow is illustrated in Fig. 2. The

device is patterned by e-beam lithography with hydrogen-
silsesquioxane (HSQ) resist. Following the development of the

(a) (b)

(c) (d) (g)

(e) (f) (h)

Fig. 1. (a) Simulated dispersion curves for different heights of the Si3N4 wave-
guide, with the waveguide width fixed at 1.8 μm. (b) Simulated dispersion
curves for different widths of the Si3N4 waveguide, with the waveguide height
fixed at 800 nm. (c) Using a diamond scriber on the 4 in. wafer to draw a
square area. (d) Using lithography to define the patterns of the trenches.
(e), (f) The relevant partial magnifications show that the cracks are success-
fully blocked by the trenches. (g) The surface range of 1 μm× 1 μm is scanned
by atomic force microscopy (AFM), and the corresponding root-mean-square
(RMS) roughness is 0.26 nm. (h) Scanning electron microscope (SEM) image of
a crack passing through the etched waveguide.
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pattern, the film is etched with a CHF3=O2-based gas in an
inductively coupled plasma (ICP) etcher. Figure 2(b) shows
the SEM image of the microring resonator after the etching
process. As shown in Fig. 2(c), at the bottom of each sidewall
of the waveguide, one microtrench is formed, which is also
reported in Ref. [47]. We attribute this phenomenon to the for-
mation of charged polymer SiFxOy after the increase of the oxy-
gen ratio[49], which attracts ions near the sidewall, increasing the
rate of chemical reactions near the sidewall. These micro-
trenches, although no direct comparison has been made, may
increase the scattering loss of the waveguide. After removing
the residual resist with BOE, the Si3N4 film on the backside
of the substrate is also etched to keep a balance of tensile stress
between the front side and backside of the substrate. To further
reduce the absorption loss, the substrate is again annealed at the
aforementioned condition. Finally, an upper cladding of 3 μm
SiO2 is deposited by plasma-enhanced chemical vapor deposi-
tion (PECVD) to protect the sample, as shown in Fig. 2(d).

3. Optical Characterization of Microring

To realize soliton microcombs, we fabricate the microring res-
onator with a cross section of 1.8 μm × 800 nm according to
the numerical prediction and a radius of 100 μm, as shown in
Figs. 2(c) and 2(d). The bus waveguide has the same cross
section as the microring to get a high coupling ideality[50]. To
characterize the microring, a tunable CW laser (Toptica CTL
1550) is coupled into and out of the chip through lensed fibers,
as indicated in Fig. 3(a). Figure 3(b) shows typical transmission
spectra of fundamental TE (red curve) and TM (blue curve)
modes from 1550 nm to 1630 nm with tens of microwatts pump
power to avoid the thermal effect. The envelope of the

transmission line decreasing with the increase of wavelength
is due to the power variation of the laser during wavelength
sweeping. Because of the design and fabrication of inversed taper
mode converters at facets of bus waveguides, the total insertion
losses of fundamental TE modes and TM modes are as low as
−3.6 dB and −4.5 dB, respectively.
The loaded Q of all TM and TE resonances within the mea-

surement spectrum (blue and red cross) are extracted and shown
in Fig. 4(a), and the loaded Q of the microring resonator fabri-
cated from the Si3N4 film without the annealing process at fab-
rication flow (green and purple triangle) are also illustrated for
comparison. It is clear that loaded Q is approximately doubly
increased with annealing process, which can not only release
the tensile stress inside the Si3N4 film, but also remarkably
reduce the absorption loss[46]. Figure 4(b) shows the typical
TM optical mode with a linewidth of 128 MHz, corresponding
to a loaded Q factor of 1.5 × 106. In our experiments, we found
that the linewidth of the fundamental TE mode is about twice
that of the fundamental TM mode, as illustrated in the inset
histogram of Fig. 4(a). This can be attributed to the larger scat-
tering loss of sidewalls of microrings relative to the upper and
lower surface.
To explore the narrowest linewidth available with our current

processing technology, we fabricate the microring resonator
with the same radius and height, but with a larger ring width
of 3 μm. Because of the relatively large ring width, scattering loss
from etched sidewalls is reduced. As shown in Fig. 4(c), the line-
width of the optical mode at 1552.6 nm is about 65 MHz,

(a)

(b) (c) (d)

Fig. 2. (a) Fabrication process of the Si3N4 device. (b) SEM image of the Si3N4
microring resonator and bus waveguide. (c) SEM image of the cross-section
view of the bus waveguide with photoresist, which is removed before SiO2
depositing. The microtrench is at the bottom of each sidewall of the wave-
guide. (d) SEM image of the cross-section view of the bus waveguide after
depositing the SiO2 for protection. The Si3N4 waveguide is painted with green
color.

(a)

(b)

1.8µµm

0.8µm

Fig. 3. (a) Schematic of the experimental setup. FPC, fiber polarization con-
troller; EDFA, erbium-doped fiber amplifier; FG, function generator; OSA, optical
spectrum analyzer; OSC, oscilloscope; PD, photon detector. (b) The typical
transmission of fundamental TE (red curve) and TM (blue curve) modes from
1550 nm to 1630 nm. The envelope of the transmission line decreasing with the
increase of wavelength is due to the power variation of the laser itself. Total
insertion losses of fundamental TE modes and TM modes are about −3.6 dB
and −4.5 dB, respectively.
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corresponding to a loadedQload factor of 3 × 106, and the intrin-
sic Qint factor can be estimated as 6 × 106. The propagation loss
is estimated as α = ν0=�Qint · R · FSR� = 0.058 dBm=cm[47],
where ν0 and R are the resonance frequency and the radius of
the microring, respectively.
FWM is the basis of frequency comb generation, and the

threshold is inversely proportional to squared Q. Therefore,
the next step is to characterize the FWM threshold of our device,
which has a cross section of 1.8 μm × 800 nm and a radius of
100 μm for optimized dispersion engineering. To obtain the
threshold, a blue detuned laser is scanned to approach the res-
onance mode and stabilized at a blue detuning position, while
the output light of the chip is measured by an optical spectrum
analyzer (OSA). When the pump power exceeds the threshold,
FWM can occur, which plays an important role in comb gener-
ation. As shown in Fig. 5, the output power of the primary FWM
sidebands is recorded for different pump powers. The on-chip
threshold power is Pth ≈ 13.4mW for a fundamental TM mode
near 1562 nm with a loaded Q of about 1.5 × 106. The inset
of Fig. 5 shows the optical spectrum with pump power
P = 13.9mW, which is slightly above the threshold. It is obvious
that the initial spacing of this primary comb state is not single
but multiple FSRs, which is related to the mode linewidth and
the dispersion of the device.

4. Soliton Microcombs

Further increasing the pump power and tuning the frequency
of the pump laser, a series of frequency comb states and final

soliton state can be generated from our device. To investigate
the evolution of the comb states, the pump laser amplified by
the erbium-doped fiber amplifier (EDFA) with an input power
∼200mW is launched to the chip. The on-chip pump power is
about 100 mW. The microring resonator used in this experiment
is the same as the above threshold measurement, and the pumped
resonancemode is the fundamental TMmode around 1562.7 nm.
For soliton comb generation, the pump laser needs to be scanned
across the resonance mode from the blue side to the red side.
However, because of the existence of the thermal effect[38,51,52],
once the laser is scanned to the red side, the resonance frequency
will experience a blue shift, making the soliton state unstable,
as shown in Fig. 6(a). The evolution of the transmission with the
primary comb state (Step 1), modulation instability oscillation
state (Step 2), and soliton state (Step 3) is also clearly observed.
More details are provided in our previous work[38].
To compensate the influence of the thermal effect in the high

Qmicroring, as shown in Fig. 3(a), another auxiliary laser (red)
is coupled to another optical mode in the opposite direction of
pump laser[51,53]. Firstly, the pump and auxiliary lasers are set-
tled at the blue detuning side of the cavity mode. When the aux-
iliary laser drops out of the cavity mode, the cavity cools down
rapidly, and the resonance mode blue shifts, effectively scanning
the pump to reach the dissipative Kerr soliton (DKS) state, as
shown in Fig. 6(b). Then, the pump laser can easily stop at
the soliton state and stably generate the soliton microcombs.
Figures 6(c) and 6(d) show the optical spectra of multi-soliton
and single soliton states when the pump laser stopped at differ-
ent stages, corresponding to the different detunings. The single
soliton state can be repeatedly reached by manually sweeping
the laser to the soliton stage, and the smooth envelope of the sin-
gle soliton state can be fitted by sech2 function [red curve in
Fig. 6(d)]. Several obvious distortions on the envelope are caused
by avoided mode crossings[54,55].

5. Conclusion

In conclusion, we have presented the fabrication process of
crack-free stoichiometric LPCVD Si3N4 film and ultra-low-loss

Fig. 5. Relationship between the output power of the primary FWM sidebands
and the on-chip pump power of the microring resonator with a cross section
of 1.8 μm × 800 nm and a radius of 100 μm, showing the FWM threshold of
about 13.4 mW. Inset: optical spectrum with on-chip pump power of 13.9 mW.

(a)

(b) (c)

Fig. 4. (a) Loaded Q of the resonances in the microring with and without the
annealing process of the Si3N4 film. The diameter of the microring is 200 μm
with the cross section of 1.8 μm × 800 nm. The inset shows the histogram of
the linewidth of fundamental TM (blue) and TE (red) modes. (b) The typical TM
optical mode with the Lorentz fitting linewidth of about 128 MHz. (c) The typical
transmission spectrum of the optical mode with the linewidth of 65 MHz in
another microring with the cross section of 3 μm × 800 nm.
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Si3N4 waveguides and microring resonators. With the crack iso-
lation trenches and the annealing process, cracks can be blocked
out of the central area of the wafer. Based on the homemade
LPCVD Si3N4 film, the highest intrinsic Q of about 6 × 106

has been observed in our fabricated microring resonator.
Moreover, by designing the proper waveguide shape to engineer
the dispersion, we have also demonstrated the FWM threshold
of our device with Pth ≈ 13.4mW and the soliton microcomb
generation with 100 mW on-chip pump power in the same
device. Here, the Q factor could be further optimized, for exam-
ple, by annealing the LPCVD Si3N4 film with a higher temper-
ature to 1200°C[46,47] and reducing the surface roughness with
CMP[44,56,57] or repetitive deposition after the etching[41]. On
the other hand, the protected SiO2 cladding can be deposited
by the LPCVD, which owns the smaller absorption loss[46,47].
These processing technologies can further produce high Q and
low insertion loss on-chip Si3N4 optical circuits, which are an
ideal platform not only for the soliton microcomb, but also
for nonlinear optics and integrated photonics.
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