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The monolithic integration of soliton microcomb devices with active photonic components and high-frequency
electronics is highly desirable for practical applications. Among many materials, silicon nitride (SiNx ) waveguide
layers prepared by low-pressure chemical vapor deposition (LPCVD) have been the main platform for on-chip
optical frequency comb generation. However, the high temperatures involved in LPCVD render it incompatible
as a back-end process with complementary metal oxide semiconductor (CMOS) or active III-V compound semiconductor fabrication flows. We report the generation of coherent soliton frequency combs in micro-ring resonators
fabricated in deuterated silicon nitride (SiNx :D) waveguides with a loss of 0.09 dB/cm. Deposited at 270°C by an
inductance-coupled plasma chemical vapor deposition (ICP-CVD) process, the material preparation and fabrication
flow are fully CMOS-compatible. These results enable the integration of silicon-nitride-based optical combs and
photonic integrated circuits (PICs) on prefabricated CMOS and/or III-V substrates, therefore marking a major step
forward in SiNx photonic technologies. © 2022 Chinese Laser Press
https://doi.org/10.1364/PRJ.454816

1. INTRODUCTION
On-chip optical frequency combs could revolutionize a vast
range of applications such as optical atomic clocks [1],
astronomy [2,3], coherent optical communication [4,5], ultrafast distance measurements by means of LIDAR [6–9], spectroscopy [10], and integrated microwave photonics [11,12].
It could also be applied in optical neural computing [13,14]
and quantum optics [15,16]. Silicon nitride (SiNx ) has been
the main platform for optical comb generation by way of
Kerr nonlinearity as the material combines the lowest linear loss
with a relatively high refractive index and strong Kerr effect
among many material platforms [17]. SiNx is widely used in
microelectronic and photonic fabrication flows, making it a
readily acceptable candidate for monolithic integration with active photonic components and high-frequency electronics,
which would be key to the practical applications of optical
comb sources.
A summary of progress in SiNx waveguide loss and Kerr
nonlinear optical combs is provided in Fig. 1. The majority
of the reported SiNx photonic devices, and all of those used
for soliton comb generation, have been fabricated in SiNx materials prepared via low-pressure chemical vapor deposition
(LPCVD) at around 700°C–800°C and annealed at
>1000°C. LPCVD SiNx has excellent qualities including
2327-9125/22/051290-07 Journal © 2022 Chinese Laser Press

low optical loss and high density that make it very well suited
for Kerr optical comb generation. However, the high deposition
and annealing temperatures will destroy any front-end-of-theline (FEOL) silicon or III-V compound semiconductor components that need to be integrated with the SiNx photonic circuits. Therefore, LPCVD SiNx as a back-end process is
incompatible with complementary metal oxide semiconductor
(CMOS) or III-V electronic and/or photonic circuitry prefabricated on the same wafer. Although heterogeneously integrated
laser soliton microcombs have been demonstrated recently
[24], it could only be achieved through post-process methods
such as chemical-mechanical polishing (CMP) and wafer
bonding.
As an alternative, low-temperature (<400°C) SiNx deposition processes including plasma enhanced chemical vapor deposition (PECVD) [22,25], sputtering [26], or other annealingfree processes [27] have been investigated. These processes have
the potential of integrating SiNx photonic layers on top of prefabricated electronic or active optoelectronic layers. Additional
advantages include easier strain management, which is crucial
for depositing thick waveguide layers often required by nonlinear devices due to waveguide dispersion tailoring.
Several groups invested much effort in reducing the propagation loss of low-temperature SiNx platforms so that high
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quality (Q) factor micro-cavities necessary for efficient soliton
formation can be fabricated, as summarized in Fig. 1. In the
absence of high-temperature annealing that expels remnant hydrogen (H) ions from conventional silane (SiH4 ) source gas, an
important approach is to use deuterated silane (SiD4 ) as the Si
source gas [22,25,28]. This removes the absorption peak at
∼1520 nm caused by the remnant Si–H bonds, resulting in
deuterated silicon nitride (SiNx :D) materials that enable low
loss waveguides to be fabricated across the entire telecommunications wavelength window [29]. As reported waveguide loss
steadily reduced, the resulting increase in micro-cavity Q values
enabled nonlinear processes to emerge. Noisy modulation instability (MI) combs have been reported in the PECVD
SiNx :D micro-ring cavity featuring a waveguide loss of 0.3–
0.5 dB/cm [22,30]. The low loss SiNx :D material platform also
exhibited its potential of direct hybrid integration in integrated
photonic circuits including arrayed-waveguide gratings [28],
microwave photonic filters [31], modulators [32], and division-multiplexing transmitters [33].
In addition to the removal of the hydrogen bond, a key factor in improving the quality of the SiNx :D films is to increase
its density as well as to reduce granularity and formation of
clusters. While the widely used capacitance-coupled PECVD
technique tends to produce SiNx films of relatively low density,
high density plasma processes offer advantages in these aspects
of material characteristics. By means of an inductance-coupled
plasma chemical vapor deposition (ICP-CVD) process, our
group has been able to steadily refine the quality of the SiNx :D
material [25,34,35], culminating in the generation of low-noise
soliton crystal frequency combs in SiNx :D micro-ring resonators (MRRs) with waveguide loss as low as 0.17 dB/cm [23].
But the single soliton state that simultaneously possesses low

Fig. 1. Overview of the propagation loss in low-temperature SiNx
waveguides (upper panel) where the gray dashed line indicates the
value of 0.1 dB/cm, while states of Kerr combs based on both
LPCVD and other SiNx platforms are shown in the lower panel where
the gray dashed line separates the effective blue/red-detuning regions
corresponding to the noisy/coherent Kerr combs. MI, modulation instability; SC, soliton crystal; PSC, perfect soliton crystal. All used images are taken from Refs. [18–23].
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noise, high coherence, and single free spectral region (FSR)
spectrum with a smooth envelope has so far been elusive in devices fabricated in low-temperature SiNx waveguides due to
strong thermal nonlinear effects associated with relatively higher
absorption loss and lower density compared to LPCVD SiNx .
In this paper, we report the first-known experimental
generation of such soliton frequency combs in a high-Q MRR
fabricated in a low-temperature SiNx platform. Fabricated in
ICP-CVD deposited SiNx :D with a waveguide loss of
0.09 dB/cm, various soliton microcomb devices with repetition
rates of 50–240 GHz are manufactured on a single substrate
and successfully demonstrate low noise and coherent soliton
frequency comb generation, verifying the viability of the
low-temperature ICP-CVD SiNx :D platform for integrated
nonlinear photonics.
2. CHARACTERISTICS OF THE LOWTEMPERATURE ICP-CVD SiNx WAVEGUIDE
All SiNx :D MRR devices are fabricated as described in
Section 4.A. A device with a radius of 480 μm and a waveguide
cross section of 2.2 μm × 0.85 μm (width × height) is used to
characterize the waveguide quality. This relatively large device is
used in order to characterize waveguide loss with minimal contribution from bending loss. The height of 0.85 μm is designed
for dispersion management purposes as described later. The
width of the bus waveguide is designed to be 1.5 μm for efficient excitation of the fundamental transverse mode in the
MRR waveguide. A fixed gap of 275 nm between the MRR
and the bus waveguide makes the MRR slightly undercoupled
with a coupling rate κ ex ∕2π of 3.15 × 107 s−1 . These parameters allow the derivation of waveguide loss from the measured
intrinsic Q-factor (Q i ) of the MRR. As shown in Fig. 2(a), this
device exhibits measured Q i of up to 5.3 million at
1561.864 nm, corresponding to a derived propagation loss
value of 0.06 dB/cm.
The dependence of propagation loss on the wavelength
shown in Fig. 2(b) is obtained by fitting 454 fundamental
transverse electric (TE0 ) resonances respectively [as plotted
in Fig. 2(a)] throughout the 1465–1645 nm wavelength range.
In the 1545–1625 nm wavelength range [outside the spectral
range where cladding hydrogen absorption is visible as shown
in Fig. 2(b)], the most probable value of waveguide loss is
0.09 dB/cm, as seen in the histogram of Fig. 2(c). This is
the first reported waveguide loss of <0.1 dB∕cm in low-temperature SiNx , with almost all other ultralow loss (<0.1 dB∕cm
at 1550 nm) results achieved in LPCVD SiNx with high-temperature thermal annealing (above 1200°C) [17,36–44]. The
propagation loss in the entire 1465–1645 nm wavelength range
in Fig. 2(d) has a higher most probable value of 0.12 dB/cm,
mainly because at around 1515 nm (the N–H bond absorption
peak) the loss value is ∼0.07 dB above the mean value (the
dashed line), which is attributed to the H-content in the silica
upper-cladding, which is deposited using silane source
(SiOx :H) [23]. The loss of the platform could, therefore, be
further reduced by utilizing hydrogen-free deuterated silica
(SiOx :D) material [45]. Combined with minimized scattering
loss by means of the optimized fabrication process including
CMP and photoresist reflow [42,46], low temperature deposited
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Fig. 2. (a) Measured and fitted TE0 resonance at 1561.864 nm
from the 480 μm radius SiNx :D MRR. (b) Measured Q i and propagation loss of the MRR. Mean values (dashed line) are shown for reference. The gray area indicates the wavelength range of N–H bond
absorption due to the SiOx :H cladding. (c) Histogram and burr fitting
of propagation loss in the 1545–1625 nm wavelength range over
194 TE0 resonances. (d) Histogram and burr fitting of propagation
loss in the 1465–1645 nm wavelength range over 454 TE0
resonances.

SiNx :D waveguides with ultralow loss of <0.1 dB∕cm across
the entire telecommunications band should be achievable.
3. GENERATION OF SOLITON FREQUENCY
COMBS
A 160-μm-radius MRR shown in Fig. 3(a) with the same waveguide cross section and bus waveguide coupling as the previous
device is selected to conduct the Kerr frequency comb experiment. The measured FSR is around 150 GHz, and fiber-chip
coupling loss is 2.35 dB per facet with the use of inverse taper
mode expanders at either end of the bus waveguide. As shown
in Fig. 3(b), resonances of the TE0 mode within the 1500–
1600 nm wavelength range have high extinction ratio and negligible higher-order modes. With the mean loaded Q (Q L )
being 1.3 × 106 , the extracted mean Q i is 2 × 106 . The resonance at ∼1560.39 nm with a higher Q L of 1.5 × 106 shown
in Fig. 3(c) is used as the pump mode because threshold power
for parametric oscillation is inversely proportional to Q 2L . Finite
element (FE) simulation shows that the MRR waveguide has
anomalous dispersion with the group velocity dispersion given
by D2 ∕2π  0.89 MHz at 192.3 THz, meeting the phasematching requirement of parametric conversion in four-wave
mixing.
In order to readily access and study dissipative Kerr solitons
(DKSs) in the SiNx :D MRRs via slow pump laser tuning, heating with an auxiliary laser is used to mitigate the thermo-optical
effects [47]. The auxiliary mode intentionally uses a TM0 resonance at 1546.047 nm with relatively low Q L of 0.50 × 106
and Q i of 0.65 × 106 to avoid the noise resulting from the incoherent heterodyne beating between the backscattered auxiliary laser and the comb line in the same resonance [48] or
the superposition of the backscattered noisy comb generated

Research Article
by the auxiliary mode on the output soliton combs. For our
devices, TM0 modes with lower Q i naturally become a more
suitable choice as the auxiliary modes, providing sufficient thermal compensation due to larger absorption loss compared with
TE0 resonances while preventing the entry of the MI state.
The high Q and low loss SiNx :D MRR offers a threshold
power of 23.7 mW (all power values are on-chip) to observe
optical parametric oscillation with the first pairs of sidebands.
With the pump laser power increased to 130 mW, a noisy MI
comb emerges, providing a prerequisite for the formation of
soliton states. Then the power and wavelength λAux of the auxiliary laser are tuned carefully to mitigate the thermal effect according to the nonlinear response of comb power in the cavity
with the sweeping speed of pump laser at 1 nm/s, while the
auxiliary laser always remains in the blue-detuned region.
When auxiliary laser power reaches 190 mW, by tuning λAux
from 1546.00 to 1546.36 nm to bring the auxiliary laser into
the resonance, the nonlinear curve of comb power that had a
typical triangle with a length of ∼100 ms due to the influence
of thermal nonlinear effects [19] is shortened significantly to
∼3 ms, making the MRR transitions be thermally stable, as
shown in Fig. 3(d). From the enlarged inset in Fig. 3(d), multiple soliton steps are clearly observed, verifying the generation
and switching between different soliton states. The pump
wavelength is tuned slowly and manually to access these comb
states in turn. Output spectra in Fig. 3(e) exhibit several transitions successively from the primary state (I), to MI states (II,
III), and soliton states (IV, V). The discrepancies between the
fitted and measured results for optical spectra are mainly attributed to the spontaneous emission noise from erbium-doped
fiber amplifiers (EDFAs).
The single soliton state with the repetition rate of 150 GHz is
further characterized because its symmetric and smooth sech2
spectral envelope is generally considered to be more valuable
in practical applications than that of multi-soliton states. The
spectrum fit shows a 3 dB bandwidth (BW) of 36 nm, corresponding to a transform-limited pulse duration of 70.7 fs. As
shown in Fig. 3(f ), the single soliton comb is redshifted globally
for about 3.6 nm compared with the pump laser due to energy
transfer of photons from high to low frequencies by Raman scattering [49]. In the MI state, the electric noise spectra in Fig. 3(g)
show obvious intensity noise above the background noise floor,
which abruptly vanishes as the Kerr comb goes into the single
soliton state. Heterodyne beat note measurement shown in
Fig. 3(h) between the selected comb line and a highly coherent
laser (with a linewidth of <100 Hz ) positioned at 1549.982 nm
exhibits a narrow RF linewidth of ∼138 kHz, highlighting the
high coherence and low noise of the soliton frequency comb.
Multiple MRR devices with different radii were fabricated
on the same SiNx :D chip, and various soliton frequency combs
with repetition rates of 50–240 GHz have been obtained
readily in these devices at pump power below 220 mW in the
same manner as in the 150 GHz MRR, as shown in Fig. 4.
Though operating with larger mode volume (larger radius) requires higher pump power to build up optical intensity in the
cavity, low-repetition-rate soliton microcomb devices possess
higher Q i (Fig. 2) due to negligible bending loss; hence, only
a slight increase in operating power is required. The 50 GHz
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Fig. 3. (a) Micrograph of a SiNx :D MRR with a radius of 160 μm. (b) Measured transmission spectrum and corresponding Q L in the wavelength
range of 1500–1600 nm. (c) Measured and fitted TE0 resonance at around 1560.39 nm. (d) Measured comb power evolutions for different wavelengths of the auxiliary laser λAux with the power of ∼190 mW, as a continuous wave (CW) pump laser with the power of ∼130 mW adiabatically
scans from the blue- to red-detuning regimes of the pump mode at the speed of 1 nm/s. The enlarged image for the wavelength of 1546.36 nm is
shown as the inset. (e) Optical spectra of the generated frequency combs referring to different pump detuning positions in (d), where fitted curves of
soliton states are also presented. (f ) Optical spectrum as well as its sech2 fitted envelop of the single soliton state. A local oscillator laser at
1549.982 nm (the yellow solid line) for heterodyne beat note measurement is shown as a reference. The enlarged inset indicates the FSR of
∼150 GHz. (g) Intensity noise spectra of the background, the MI state, and the single soliton state. (h) Beat note between the selected comb
line and the local oscillating laser for the state of the single soliton. RBW, resolution bandwidth.

soliton microcomb device, due to its large dimension, is more
susceptible to fabrication-induced surface roughness or imperfection. Several spectral spikes resulting from strong mode crossings between multiple optical mode families are observed clearly,
which can be suppressed by optimizing coupling conditions for
mode matching or utilizing a narrower ring width. Spectral BW
has been measured to be in the 32–56 nm range, corresponding
to soliton transform-limited pulse durations of 79.6–45.5 fs.
These results cover a range of typical repetition rates for a microresonator-based frequency comb (tens of GHz to several THz),
verifying the universality and maturity of our low-temperature
SiNx platform for integrated nonlinear photonics.
4. EXPERIMENTAL SECTION
A. Device Fabrication

The SiNx :D film with the thickness of 850 nm is deposited
at a temperature of 270°C on a silicon wafer with a 3 μm
thermally-grown silica (SiO2 ) layer, using deuterated silane
(SiD4 ) and pure N2 as the source gases. The layer is deposited
in one continuous run utilizing the ICP-CVD technology
without high-temperature annealing and is not polished by
CMP. The refractive index of the SiNx :D film at 1550 nm

is measured by ellipsometry as about 1.96, which is used for
the simulation of mode profiles and dispersion. The thickness
is chosen to satisfy the anomalous dispersion condition of
bright solitons.
Devices in this work are fabricated solely by subtractive
processing. The pattern of MRR devices is defined by means
of electron beam lithography (EBL) in AR-P 6200 resist with a
thickness of 800 nm and then is transferred to the SiNx :D film
by reactive ion etching (RIE) with the gases of CHF3 and O2 .
The etched waveguides, with the photoresist removed, are
cladded with an ICP-CVD silica layer of 2.8 μm, which is deposited using silane (SiH4 ) as the source gas. The width of the
MRR waveguide is designed to be 2.2 μm and supports TE00 ,
TE10 modes. This width is designed to minimize optical field
overlap with the etched waveguide sidewalls without having too
many higher-order modes. The access bus waveguide width is a
single-mode waveguide designed so that its propagation constant is synchronous with the TE00 mode in the MRR waveguide to enable selective excitation.
B. Device Characterization

The transmission spectra of MRRs are measured by wavelength
scanning using a Keysight 8164B Lightwave Measurement
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the intensity noise and coherence of the Kerr comb with an
electric spectrum analyzer (SIGLENT SSA3075X Plus), where
the beat note between the selected comb line and a local oscillating laser (NKT Koheras ADJUSTIK E15 Power) can be
analyzed.
5. CONCLUSION

Fig. 4. Optical spectra of single soliton combs with repetition rates
of 50–240 GHz generated from MRRs with different radii. The enlarged insets show the spectral details from 1519 to 1522 nm wavelength range.

System. The output from a narrow-linewidth tunable laser
(Keysight 81606A TLS) is edge-coupled through a single-mode
lensed fiber to the inverse-tapered SiNx waveguides with a tip
width of 200 nm. Loaded Q values obtained by fitting each
resonance using a Lorentzian line shape model or a resonance
doublet model [40] with excellent goodness-of-fit (GOF) statistics (>0.99) throughout the whole wavelength range are used
to extract Q i and external Q (Q ex ). The propagation loss values
of waveguides are calculated by 2πng ∕Q i λ0 , where ng is the
group index and λ0 is the resonant wavelength. Based on the
refractive index of the SiNx :D film fitted with the Sellmeier
equation, the group velocity dispersion D2 of MRRs is obtained
by FE simulation.
C. Soliton Frequency Comb Generation Setup

An auxiliary laser is used to mitigate the thermo-optical effects
to allow the robust generation of DKSs in SiNx :D MRRs via
slow laser tuning [47]. Two tunable CW lasers amplified by
EDFAs are coupled into the MRRs in opposite directions.
One (Toptica DLC CTL 1550) acts as the pump laser, and
the other acts as the auxiliary laser (Keysight 81606A). The
generated optical signal from the auxiliary end is divided into
three branches for further characterizing. One branch, with the
pump and auxiliary laser filtered out, is detected by a photodetector and fed into a digital oscilloscope (SIGLENT
SDS6204 H12 Pro) to monitor the comb power evolution
and determine whether the Kerr comb enters soliton states using the soliton steps as indicators. The second branch is connected with an optical spectrum analyzer (Anritsu MS9740A)
for recording the spectra. The last branch is used to characterize

By means of an optimized ICP-CVD process using deuterated
silane (SiD4 ) as the Si source, high density and very low loss
deuterated SiNx :D material has been deposited at 270°C with a
thickness of 0.85 μm in a single step. The propagation loss of
waveguides fabricated in this material averages 0.09 dB/cm in
the wavelength range of 1545–1625 nm, which to the best of
our knowledge is the first reported sub-0.1 dB/cm value for
low-temperature SiNx waveguides. The fabrication process is
fully compatible with substrates carrying prefabricated CMOS
or III-V semiconductor active components.
High Q-factor MRRs fabricated on this platform have been
used to experimentally generate soliton frequency combs with
repetition rates of 50–240 GHz, which to our best knowledge
is the first report of soliton states, especially coherent single soliton states, with low pump power, narrow comb lines, and
a wide range of repetition rates on CMOS-compatible lowtemperature SiNx platforms. These results demonstrate the
viability of the low-temperature ICP-CVD SiNx :D platform in
linear as well as nonlinear integrated photonics in terms of its
processing flexibility and compatibility. Such a platform is likely
to have significant potentials in monolithic heterogeneous integration of passive, active, and nonlinear photonics.
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