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The use of silicon nitride in integrated photonics has rapidly progressed in recent decades. Ultra-low-loss wave-
guides based on silicon nitride are a favorable platform for the research of nonlinear and microwave photonics and
their application to a wide variety of fields, including precision metrology, communications, sensing, imaging,
navigation, computation, and quantum physics. In recent years, the integration of Si and III-V materials has
enabled new large-scale, advanced silicon nitride-based photonic integrated circuits with versatile functionality.
In this perspective article, we review current trends and the state-of-the-art in silicon nitride-based photonic
devices and circuits. We highlight the hybrid and heterogeneous integration of III-V with silicon nitride for
electrically pumped soliton microcomb generation and ultra-low-noise lasers with fundamental linewidths in
the tens of mHz range. We also discuss several ultimate limits and challenges of silicon nitride-based photonic

device performance and provide routes and prospects for future development.
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1. INTRODUCTION

In CMOS electronic integrated circuit technology, silicon ni-
tride (SiN) has been used for diffusion barriers or passivation
layers [1]. Due to its wide availability, silicon nitride has also
been deployed for photonics applications mostly focusing on its
broadband transparency and low index-contrast with silicon di-
oxide for low-loss, low-phase-error waveguides [2—5]. Over the
past two decades, silicon nitride has played a leading role in the
tremendous advances in ultra-low-loss (ULL) waveguides [6],
chip-scale nonlinear photonics [7], and related applications
such as telecommunications, sensing, and metrology [8]. The
importance of silicon nitride photonics as a supplement or
replacement for silicon-on-insulator (SOI) in silicon photonics
relies on its superior passive performance, including low loss,
broadband transparency, and high power-handling capability
[9]. The restriction of silicon nitride to passive-only photonic
circuits has recently been lifted by its integration with silicon or
[I-V materials through hybrid integration using fabricated
photonic chips coupling at close proximity [10,11] or through
heterogeneous integration using wafer bonding technology for
device processing on a monolithic substrate [12,13].
Integration with silicon nitride offers benefits that signifi-
cantly expand the existing portfolio of silicon photonic technol-
ogies by demonstrating novel devices with unprecedented
performance. Compelling examples are the recently demon-
strated electrically pumped optical frequency comb generation
[14-17] and ultra-low-noise lasers with frequency noise perfor-
mance approaching or exceeding fiber lasers [18,19]. These
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achievements mark important milestones in the development
of integrated photonics. With the advantages of reduced size,
weight, and power consumption, such chip-based SiN pho-
tonic circuits enable a whole new class of fully integrated de-
vices that are presently not integrated, including atomic clocks
[20], optical gyroscopes [21], and Brillouin sensors [22].

Silicon photonic foundries are incorporating silicon nitride
components in advanced processes and are starting to offer pilot-
line fabrication runs [23,24]. The ecosystem built for the silicon
photonics industry, which includes process-design kits (PDKs),
packaging, and assembly, is fully compatible with silicon nitride.
The existing ecosystem is now advancing silicon nitride photonics
at a rate comparable to the rate at which silicon photonics based
on silicon-on-insulator wafers was initially advanced. Silicon pho-
tonics wafers are shipping in large volumes and have proved suc-
cessful in the data center interconnect market [25,26], and a
similar outcome is envisioned for silicon nitride photonics.

This paper will begin with an introduction to state-of-the-
art SiN-based photonic devices. Advances in SiN-based photo
integrated circuits (PICs) in several application fields will also
be covered. While the recent progress is significant, certain ap-
plications will require more flexible tuning capabilities and a
higher level of laser integration than what are possible today.
We will discuss these challenges and provide theoretical limits
on the ultra-low waveguide loss and the ultra-low laser noise
enabled by SiN. The outlook section includes prospects on ac-
tive-device integration, emerging applications, and SiN ecosys-
tems developments in CMOS photonics foundries.
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2. STATE-OF-THE ART SILICON NITRIDE
DEVICES

Though basic SIN waveguide structures with silica cladding
were demonstrated as early as the 1970s [27], integrated SiN
photonic devices were first demonstrated in the 1990s [28]. In
the last two decades, the development of SiN photonics has
achieved a synergy of low waveguide loss (compared to III-V
or Si waveguides) and compactness (compared to SiO, planar
lightwave circuits) that is attractive for a wide variety of appli-
cations. Several key demonstrations of SiN photonic integra-
tion are summarized in Fig. 1, highlighting the evolution of
three different integration schemes, i.e., monolithic passive in-
tegration, hybrid active integration, and heterogeneous active
integration.

A. Ultra-Low-Loss Waveguides and Ultra-High-Q
Resonators

In optical devices, low loss is often accompanied by large device
volume, whereas compact, low-volume devices typically exhibit
high loss. Silicon nitride ultra-low-loss waveguides and ultra-
high-Q resonators represent a state-of-the-art on-chip platform
that balances loss and device footprint [6,18,29,32,34—40].
SiN waveguides are normally formed with SiO, cladding with
a freedom in the choice of SiN core geometry that allows en-
gineering the optical mode for different applications. For in-
stance, the TriPleX double-core and BOX-shaped structures
confine the fundamental transverse electric (TEO) optical mode
in a sandwiched SiO, region with a bend radius below 10 pm
and an optical loss as low as 0.1 dB/cm [29,41,42]. While such
structures already exhibit relatively low optical confinement
within the SiN material, high-aspect-ratio, single-core wave-
guides employ a thin SiN layer to further reduce SiN modal
confinement and minimize the sidewall-roughness-induced
scattering loss [43]. SiN thicknesses as low as 40 nm in the
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TEO mode [38] and 80 nm for the fundamental transverse mag-
netic (TMO0) mode [44] have been used at telecom wavelengths.
These core geometries result in a minimum bend radius around
10 mm, three orders of magnitude larger than that of the
TriPleX waveguides. Despite the sacrifice in device footprint,
the benefit is that the optical loss can be as low as 0.060 dB/m
for the 40-nm-thick TEO waveguide and 0.034 dB/m for the
80-nm-thick TMO waveguide, corresponding to Q-factors over
400 million and 700 million, respectively [38,44].

Increasing SiN core thickness reduces the bending loss, such
that the critical bending radius is reduced to 1 mm (100 pm) at
a thickness of around 100 nm (250 nm) for the TEO mode
[Fig. 2(a)]. For such types of thin-core SIN waveguides, the
optical mode mostly resides in the top- and bottom-SiO, clad-
ding, resulting in a low effective mode index around 1.5. As
such, the quality of the cladding material is of critical impor-
tance in lowering the waveguide loss. The most significant con-
tribution of the optical loss is from hydrogen impurities in the
SiO, cladding. To solve this problem, early approaches used
bonded thermal SiO, cladding, which is free of hydrogen
impurities [6]. Recent results show that high-density SiO, clad-
ding with a high-temperature annealing process can effectively
drive off the hydrogen impurities [18,38]. In addition, high-Q
SiN ring resonators can also be integrated with SOI waveguides
in an end-of-the-line process [45].

With further increasing SiN layer thickness, the tensile stress
of the SiN film accumulates and tends to crack the film when
it exceeds a certain thickness. For low pressure chemical vapor
deposition (LPCVD) SiN films, the critical thickness is nor-
mally around 400 nm. To avoid cracking, trenches can be
etched into the bottom thermal-SiO, cladding to release the
stress that would otherwise accumulate in a large-area film
[46,47]. Subtractive processing requires multilayer deposition/
annealing cycles [40,48], while additive (photonic Damascene)
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Fig. 1.

Progress of silicon nitride-based photonic integration with key demonstrations labeled with the release year. The included demonstrations

include SiN waveguides [27], TriPleX waveguides [29], frequency comb generation [30], ULL waveguides (<0.1 dB/m) [6], Si-SiN integration
[31], ultra-high-Q ring resonators (Q > 80 million) [32], hybrid integrated lasers [10], soliton generation [33], waveguides using the photonic
Damascene process [34], electrically pumped comb generation [14], heterogeneously integrated lasers [12], Hz-level linewidth lasers [18], and

heterogeneous laser soliton [17].
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Fig. 2. (a) SiN waveguide bending loss versus bending radius of the
TEO optical mode for four different SiN core thicknesses. Insets show
the mode profiles for each waveguide geometry with negligible
bending loss at 20 pm, 50 pm, 1 mm, and 10 mm respectively.
(b) Waveguide dispersion for waveguides with SiN core thickness
and width selected from (a).

processing, which limits the SiN waveguide area within the
etched SiO, trenches, normally requires one round of SiN dep-
osition and annealing [34,39,49]. However, additional chemi-
cal mechanical polishing is required in the photonic Damascene
process to remove the top SiN topology and attain a smooth
SiN waveguide top surface. One reason for using such thick
SiN layers is to achieve anomalous waveguide dispersion for
bright, dissipative Kerr soliton (DKS) generation, as shown
in Fig. 2(b) [8,50,51]. For such thick SiN layers, the photo-
resist reflow process and SiN or SiO, etching process have
to be optimized to minimize the waveguide sidewall roughness
as well as the waveguide scattering loss. State-of-the-art, thick
SiN waveguides exhibit a loss of <1 dB/m measured at over
200 pm bending radius. The bending radius can also be re-
duced to support a ring radius of <20 pm for optical frequency
comb generation with >1 THz line spacing while maintaining
ultra-low waveguide loss [39].

B. Lasers

Integrated lasers were absent from SiN photonics until the re-
cent development of hybrid integration and heterogeneous in-
tegration with III-V gain materials. Laser integration not only
provides long-awaited optical gain for SiN photonic circuits to
make advanced devices but also benefits the laser performance,
as low-loss waveguides are critical to lowering the laser noise
through increased photon lifetime [52-54].

The designs of current, state-of-the-art SiN laser cavities rely
significantly on prior work involving silicon-on-insulator wave-
guides. For example, laser cavities featuring two ring resonators
exploit the Vernier effect to extend the free-spectral range and
to enable a wide wavelength tuning range [55-57]. To further

suppress the close-in side modes, additional high-Q ring reso-
nators may be included in three-ring or four-ring configura-
tions, such that a wide tunability and a high side-mode
suppression ratio can be achieved simultaneously [58]. Such
configurations extend the effective cavity length, resulting in
dramatic laser linewidth reduction. However, the nonlinear loss
in high-Q Si ring resonators can dominate the overall loss with
just a few milliwatts power present in the Si bus waveguide and
degrade Si ring-based tunable laser performance [59].

Meanwhile, SiN does not suffer from the nonlinear loss that
is present in tightly confined, compact, high-Q Si ring resona-
tors. Furthermore, due to a higher Q factor, SiN ring resonators
can potentially provide superior wavelength filtering, making
them highly desirable as cavity elements for single-frequency
lasers. Based on silicon nitride waveguide cavities, high-
performance narrow-linewidth lasers are performing in key
metrics approaching or exceeding those of bulky external cavity
diode lasers (ECDLs) and fiber lasers. The hybrid integration
and heterogeneous integration techniques are summarized in
the following sections.

1. Hybrid Integration

Hybrid integration describes technologies in which a device is
assembled from multiple substrates using packaging techniques
such as die-attach and soldering in order to unite components
with various capabilities in a single device. In such devices, op-
tical waveguides from different substrates must be aligned at the
respective interfaces to facilitate efficient optical coupling be-
tween chips. For example, a hybrid-integrated, external cavity
laser based on an InP reflective semiconductor optical amplifier
(RSOA) and SiN multi-ring-resonator-cavity has been demon-
strated. This device achieved a 40-Hz fundamental linewidth
and over 23 mW fiber-coupled output power with an equiv-
alent 0.5 m-long external on-chip cavity length [60]. The laser
tuning range was over 70 nm. Similar architectures have also
been demonstrated with variations in the SiN cavity designs
and RSOA gain chips [61,62].

In addition to widely tunable Vernier ring lasers, single-
frequency lasers have been implemented using low-loss SiN
Bragg gratings to achieve low 320-Hz fundamental linewidth
lasers with simpler operation than multi-resonator-based
cavities [63]. Such types of configurations are attractive in en-
abling distributed Bragg reflector (DBR) laser arrays with
additional SiN-based athermal wavelength (de)multiplexing
elements [64]. However, the effective cavity length of a grating-
based laser is limited by the physical length, which is around
20 mm in current demonstrations.

Resonant structures can significantly enhance this linewidth
reduction effect. Self-injection locking of diode lasers to ultra-
high-Q resonators was notably demonstrated using crystalline
whispering-gallery-mode (WGM) resonators, producing ultra-
narrow-linewidth lasing [65—67]. This technique has now been
demonstrated using on-chip ultra-high-Q SiN  resonators
[18,19,68]. A major advance came in the form of SiN resona-
tors with a Q factor of over 200 million, fabricated on 200 mm
watfers in a CMOS foundry [18]. Figure 3(a) shows a ULL SiN
waveguide schematic and pictures of a 200-mm SiN/SiO, on
Si wafer and SiN ultra-high-Q resonators. The measured Q
factors are summarized in Fig. 3(b). Using an ultra-high-Q
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Fig. 3.

Selected SiN-based device schematics, pictures, and results. The left column shows active devices, and the right column shows passive

devices. (a) Schematics and picture of ULL SiN waveguides, 200-mm-diameter wafers, and resonators with 5 GHz and 30 GHz FSR. (b) The
measured Q factors versus wavelength for the resonators shown in (a) [18]. (c) Schematics of a heterogeneous multilayer III-V/Si/SIN laser cross
section [69]. (d) Device picture of heterogeneous laser soliton microcomb devices on a wafer and the optical spectrum of the generated single soliton
state with 100-GHz repetition rate [17]. (e) Device picture of spiral-shaped ultra-high-Q SiN resonators with 135 MHz FSR and the measured
frequency noise spectrum comparison of the self-injection locked hybrid-integrated InP/SiN laser and a fiber laser [19].

resonator with 5 GHz free spectral range (FSR), Hertz-
linewidth lasers were demonstrated in a hybrid integrated
InP distributed feedback (DFB) and SiN ultra-high-Q resona-
tor ensemble [18]. With over 50 dB frequency noise reduction
through self-injection locking, the laser frequency noise was
limited by the thermo-refractive noise (TRN) of the SiN res-
onator. To further reduce the frequency noise, recent work ex-
plores using a spiral-shaped resonator with 135 MHz FSR. The
increase in mode volume significantly reduces the thermo-
refractive noise floor, which results in around a 70 dB laser
frequency noise reduction and a 40 mHz laser fundamental
linewidth [19]. The resultant frequency noise was lower than
that of a fiber laser, as shown in Fig. 3(e).

2. Heterogeneous Integration

Heterogeneous integration describes technologies by which dis-
parate materials are united on a single substrate via wafer bond-
ing techniques [13]. One of the difficulties in heterogeneously
integrating I1I-V on SiN results from the large index mismatch
between the InP or GaAs-based gain material and low-index
SiN waveguides. Multilayer heterogeneous integration utilizes
an intermediate Si layer to bridge the modal refractive index
and uses multiple mode transitions to seamlessly integrate the
SiN external cavity with the III-V gain [12]. To prevent the
device from lasing within parasitic cavities formed by the mode
transitions, high coupling efficiency and low reflection are re-
quired at each transition. The first generation of heterogeneous

lasers on SiN employed a III-V/Si/SiN multilayer structure,
which was formed by bonding an SOI wafer and an InP epi-
taxial wafer onto a SiN wafer in sequence [12]. A 20-mm-long
spiral-shaped SiN grating was used for the laser wavelength fil-
tering and linewidth reduction. The schematic of the device
cross section is shown in Fig. 3(c). With a low thermo-optic
coefficient, the integrated SiN grating resulted in a record-
low 10 pm/°C temperature dependence, much lower than
that of other III-V cavity- (~100 pm/°C) or Si cavity-
(~70 pm/°C) based single-wavelength lasers. Recent results
of SiN-grating based lasers show over 20 mW SiN waveguide
laser output and down to ~400 Hz laser fundamental line-
width [69]. The high power and narrow linewidth could enable
direct optical frequency comb generation and Hertz-level line-
width laser in such a III-V/Si/SiN platform. An alternative
method to achieve the multilayer structure for heterogeneous
semiconductor optical amplifier (SOA) and laser integration
is using the deposition of amorphous Si (x-Si) on SiN instead
of wafer bonding crystalline Si (c-Si) [70]. However, the loss of
a-Si is significantly higher than that of ¢-Si.

Other than narrow-linewidth SiN grating-based lasers, a
long external-cavity also results in ultra-dense spacing for mode
locked-lasers (MLLs). A 755-MHz mode-spacing MLL has
been achieved using an external SiN cavity with a length of
20 cm in total [71]. Other works on heterogeneous lasers
on SiN include GaAs-on-SiN lasers working at 980 nm, which
could be extended to enable heterogeneous GaN-on-SiN lasers
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working in the visible spectrum [72] and vertical cavity surface
emitting lasers (VCSELs) on SiN using micro-transfer-printing
technology for energy-efficient short-wavelength light sources
[73]. A multi-wavelength narrow-linewidth laser source capable
of generating single solitons was also enabled by heterogeneous
integration [Fig. 3(d)]. The details of this demonstration are
covered in Section 3.D.

C. Modulators

As a dielectric material, there is no Pockels effect or carrier-
plasma dispersion effect in SiN, which prevents efficient optical
modulation based on these effects that are commonly used in
lithium niobate (LiNbOj3)-based or Si-based modulators [74].
In order to enable efficient and high-speed modulation, the sol-
ution is to integrate Si or other thin-film electro-optic materials,
including lead zirconate titanate (PZT) [75,76] or LINbO;
[77]. Over 30 GHz electro-optic bandwidth is achieved for
both demonstrations.

In these devices, the general idea is to use mode transitions
to transit the SIN mode into hybrid waveguide modes or other
waveguide modes that are capable of implementing modulators
based on different mechanisms. A multilayer Si photonics plat-
form incorporating several SiN layers could be employed to use
mature Si-based modulators for SiN photonic circuits [78,79].
Si-SiN layer transition loss as low as 0.1 dB ensures that this
scheme could provide low insertion loss of the Si modulators in
a SiN platform. A Si-photonics foundry-standard device such as
a Mach—Zehnder modulator (MZM) or microring modulator
(MRM) can thus be introduced to SiN photonic circuits. In
addition, as the heterogeneous integration with III-V for lasers
has been successfully demonstrated, heterogeneous integration
with III-V is another approach to enable effective modulation
for SiN photonic circuits.

D. Photodetectors

Similar to the situation with modulators, photodetectors can be
integrated on the same platform for SiN using integration with
Si or other materials. For instance, multilayer SiN integration
with III-V/Si enables InP- or GaAs-based photodetectors for
detection of optical signals in SiN arrayed waveguide gratings
(AWGs) [80]. Direct heterogeneous integration with III-V PDs
is also demonstrated, enabling over 20 GHz operation and over
0.8 A/W responsibility [81]. Si/Ge modulators can also be used
in a Si/SiN integration platform. Due to the wide deployment
of low loss SiN in microwave photonics, the integration of pho-
todetectors is of critical importance toward direct microwave
signal generation and processing on SiN PICs. Moreover,
due to the Si bandgap, the integration with Si/SiN offers
the capability of photodetection directly in Si photodetectors
at wavelengths <1100 nm [82,83].

E. Nonlinear Devices

Due to the exceptional high power handling capability and
availability of ultra-high-Q cavities, SiN is playing an important
role in chip-scale nonlinear photonics. The study of on-chip
parametric oscillation in microresonators originated from SiN
high-Q ring resonators, and optical frequency combs in micro-
resonators are normally termed as ‘microcombs’ [30,84].
On-chip SiN-based soliton microcombs explore a low-noise
regime of microcomb generation and unlock a series of field

applications with additional benefits of small-footprint and
low-cost production [8,51,85]. The improvements in the SiN
cavity Q-factor lowered the parametric oscillation threshold
from 50 mW to sub-mW, enabling direct integration with
diode-lasers for soliton microcomb generation [35,36]. Among
different types of solitons generated in SiN microresonators,
dissipative Kerr solitons (bright soliton) [33,86] and dark
pulses [87] have different requirements on the SiN waveguide
dispersion. As a result, the SiN waveguide thickness is a critical
deciding factor for the type of frequency comb generation. SiN
waveguide dispersion engineering is important for controlling
the frequency comb spectral properties [88]. Other demonstra-
tions on SiN include photonic molecules and interferometric
back-coupled microresonators that are featured with high
pump-comb conversion efficiency [89-91].

Supercontinuum generation as another type of coherent
broadband source is also being widely explored in SiN wave-
guides and resonators to enable ultra-wideband spectrum
[51,92-94]. Other nonlinear SiN devices include stimulated
Brillouin scattering devices [95,96], photoinduced second-
harmonic generation [97,98], travelling-wave continuous-wave
pumped parametric amplifiers [99,100], and so on. The wide
transparency of SiN offers additional advantages in nonlinear
applications where a broadband working wavelength is required
[101-104]. Nonlinear SiN photonics thus offers tremendous
advantages in providing several types of low-noise, highly co-
herent optical sources suitable for a wide variety of applications.

F. Other Passive Devices

The relatively low index contrast of SiN with SiO, not only
reduces the sidewall-roughness-induced scattering loss but also
relaxes the strict requirements on device dimensions for a vari-
ety of passive devices [105]. For instance, interferometers based
on SiN suffer less than half the phase error, compared to Si-
based interferometers. As a result, fabrication errors have less
impact on the accuracy of SiN-based interferometer devices.
SiN arrayed-waveguide gratings benefit from the wide core
area, which allows around a 1-pm-wide gap filling to reduce
the transition loss between the free-propagation region
(FPR) and the arrayed waveguides [106]. The result is low-loss
and low-crosstalk AWGs with 16 channels at 200 GHz spacing.
The wavelength dependence on temperature variation is also
low (0.011 nm/°C), thanks to the low thermo-optic coefficient
of SiN and SiO,, which is important in practical applications
where the operation temperature is variable, but tuning is un-
favorable. In addition, SiN devices are extending into visible
wavelengths to meet emerging applications in display, quan-
tum, and biosensing. Low-loss SiN waveguides spanning blue,
violet, and red wavelengths are also being explored [107,108].

3. ADVANCED SILICON NITRIDE PICs

Figure 4 showcases a few pictures of demonstrated SiN pho-
tonic devices and integrated circuits for ranging from visible
to near-IR wavelength applications. It has to be noted that most
SiN PICs still use passive-only devices due to the existing
difficulties of integrating active materials. However, recent
progress shows the advantages to leverage the ultra-low loss
of SiN for complex PICs, and SiN has started to be used



m _ Vol. 10, No. 6 / June 2022 / Photonics Research A87
L

Neural probe BIOPIX300 passive SiN
% . v S

&

SiISiN lasers Hybrid turnkey microcomb

WG and delay
=

Fig. 4. Dictures of a few SiN-based photonic integrated circuits and devices: (a) neural probe [109], (b) multi-color engines [110], (c) biosensor
with sensing window, integrated light source, and electrical interfaces [111], (d) IMEC BIOPIX 300 passive SiN chip [112], (e) SiN soliton micro-
comb chip [113], (f) III-V/Si/SiN laser chip [69], (g) SIN AWG and delay line chip [24], (h) hybrid-integrated turnkey soliton module [16],

(i) hybrid-integrated photonic microwave beamformer module [114], and (j) quantum photonic processor chip [115].

together with active components for highly compact, ease-of-
operation miniaturized systems. This section discusses a few
representative SiN PIC demonstrations.

A. Time Delay and Radio Frequency Beamforming

True time delay lines require low loss, and in microwave pho-
tonics, low loss is critical in maintaining the signal fidelity
during the signal processing stages. Radio frequency (RF)
beamforming networks require a series of delay lines or tunable
delay lines where low-loss SiN provides a compelling solution
[116,117]. Indeed, the application of SiN in microwave pho-
tonics has been investigated extensively with the development
of ULL SiN waveguides [118]. A comprehensive discussion of
delay lines in different forms and other building blocks for mi-
crowave beamforming networks based on TriPleX SiN wave-
guides are reviewed [42,119]. SiN-based delay lines could be
built on cascaded waveguides with switches [120], side-coupled
integrated spaced sequence of resonators (SCISSORs) [121],
coupled resonator optical waveguides (CROWs) [122], and
so on. Continuously tunable optical true time delay over 1 ns
with 0.89 dB/ns is demonstrated in a SiN ring resonator system
[121]. Further loss reduction with <0.1 dB/m on this plat-
form could result in over a 50 ns optical true time delay with
below 1 dB loss, significantly expanding the RF beamforming
network spatial range and resolution. Besides tunable delay
lines, a wide-bandwidth large group delay spiral Bragg grating
is also demonstrated on the same platform, featuring a reflec-
tion bandwidth of 9.2 nm and a total of 1440 ps group delay
[123]. This type of device could find potential use in on-chip
pulse shaping. For the next stage of SiN-based microwave
photonics, the recent progress of heterogeneous and hybrid

integration will also be beneficial towards on-chip systems with
complete functions [13].

B. Beam Combiners and Interposers

The potential of realizing ultra-broadband signals from UV to
mid-IR on SiN imposed new requirements on the combining,
routing, and splitting of signals at disparate wavelengths across
a wide range. A beam combiner working from UV to mid-IR
spanning 4.2 octaves was demonstrated with greater than 90%
efficiency in near-infrared and mid-infrared bands, based on a
combination of Si and SiN waveguides [124]. To process op-
tical frequency combs states at separate working bands, octave-
wide dichroics, multimode interferometers, and tunable ring
filters are used in a SiN platform [125]. These devices could
be further directly integrated with SiN-based comb generators,
leading to a complete on-chip comb signal processing system.

C. Optical Phased Array

For optical phased arrays (OPAs) used for light detection and
ranging (LIDAR) applications, a high-power handling capabil-
ity is beneficial since higher input power enables longer sensing
distance and more sensing channels for higher resolution [126].
SiN is ideal for very large scale OPAs [127]. In a SiN-based
OPA [128], a large aperture size of 4 mm x 4 mm was dem-
onstrated, resulting in a near diffraction-limited spot size of
0.021° x 0.021° with a side lobe suppression of 10 dB and a
main lobe power of 400 mW. In addition, visible-light OPAs
at 635 nm were demonstrated with an aperture size of
0.5 mm x 0.5 mm and a spot size of 0.064° x 0.074°. In an-
other work, 128-channel OPAs fabricated on a multilayered
SiN-on-SOI platform achieved wide-steering-angle (140°) and
high-resolution (0.029°) [129]. At blue wavelengths (488 nm),



= / -
A88 Vol. 10, No. 6 / June 2022 / Photonics Research O _ , | o Review

SiN-based OPAs also enabled wide-angle beam steering over a
50° field of view, which holds potential for displays, biosensing,
and so on [130].

D. Electrically Pumped Comb Generator

Integration of resonators with lasers for electrically pumped op-
tical frequency comb generators is a prime example of how
higher integration levels benefit the wide application of SiN-
based PICs. Traditionally, narrow linewidth table-top lasers
and amplifiers are required for optical frequency comb gener-
ation to fulfill the requirements on laser power and linewidth
[131]. Semiconductor lasers, when isolated from the high-Q
SiN microresonators, are normally too noisy to access the nar-
row cavity resonances [52]. As a result, for diode lasers with a
compact form factor, only high-power, narrow-linewidth hy-
brid integrated diode lasers (with fiber Bragg grating) were suc-
cessfully deployed for soliton microcomb generation without
the need for external amplifiers [132—134].

In contrast to using an isolated laser and microresonator for
comb generation, laser self-injection locking is found to be
helpful in relieving the requirements on the pump laser line-
width. The reason is that the diode laser linewidth (MHz range)
reduction is achieved by the injection locking process together
with frequency comb generation from the high-Q cavity [135].
This phenomenon lays the underlying foundation of electri-
cally pumped laser-microresonator devices. A battery-operated
device uses an RSOA gain chip and a SiN-based ring filter for
simultaneous linewidth narrowing and optical frequency comb
generation [14]. Using self-injection locking, the types of pump
lasers can vary. Low-cost Fabry—Perot (FP) lasers can be used as
the pump laser despite being multimode and having high phase
noise [15]. Self-injection locking collapses the laser wavelength
into a single wavelength when locked and reduces the laser line-
width. As an alternative, DFB lasers with a single wavelength
output offer ease-of-operation as the lasing wavelength can be
easily tuned by adjusting the laser gain current [16]. Once the
laser wavelength coincides with the SiN ring resonance,
Rayleigh backscattering within the high-Q laser cavity results
in feedback to the laser cavity. At certain phase conditions, self-
injection locking and optical frequency comb generation can be
initiated if the laser power exceeds the parametric oscillation
threshold. Rich dynamics can be found in such a self-injection
locking process [136]. SiN-based high-Q resonators are used in
all the recent demonstrations of such laser directly pumping
configurations. The generated optical frequency comb states
have a comb spacing ranging from around 5 GHz [18] to
THz (for octaves spanning comb width) [137] with different
SiN ring FSRs. Depending on the waveguide dispersion, bright
dissipative Kerr soliton [16] or mode-locked dark pulses [18]
can be generated on demand.

In the aforementioned demonstrations, hybrid integration
was used. Two chips, including an individual InP-based gain
(or laser) chip and a SiN high-Q microresonator chip, are re-
quired. The relative phase between the laser output and the
resonator feedback is controlled by adjusting the coupling
gap between the two chips. Active alignment and packaging
are required to determine the desired gap separation for certain
soliton states, and thus it does not allow phase control once the
gain/laser chip and SiN chip are attached on a carrier substrate,

unless there is a phase tuner on the chip. Recent progress of
heterogeneous integration of lasers and high-Q SiN microreso-
nators on a monolithic substrate replaces the gap-controlled
phase with a current-controlled thermo-optic phase tuner,
allowing fine tuning of the phase conditions and thus dynami-
cally accessing different soliton states [17]. The heterogeneous
laser soliton microcomb devices are built on a Si substrate, and
the wafer-scale process permits thousands of devices to be
processed together. The seamless integration of high-power
lasers with high-Q SiN microresonators provides possibilities
to enable various types of optical frequency combs that hold
great potential in enabling low-cost, high-volume devices for
optical interconnects, spectroscopy, microwave generations,
and so on [138].

4. FUNDAMENTAL LIMITS

This section discusses the fundamental limits and challenges of
SiN-based photonics device performance. Recent progress and
solutions are also presented.

A. Waveguide Loss Limit

Similar to other types of optical waveguides, SiN waveguide loss
mainly includes absorption loss, radiation loss, and scattering
loss. While radiation loss can be largely mediated by SiN wave-
guide bending radius control, the reduction of scattering loss
relies on the improvements in the micro-fabrication process.
The sidewall roughness influence is minimized in the thin-core
SiN waveguides while resulting in more mode overlap with the
top/bottom SiO, cladding and imposing a higher requirement
on the cladding material quality. Wafer bonding of thermal ox-
ide can result in minimized hydrogen impurity in the device
upper cladding layer and has enabled the first demonstration
of <0.1 dB/m ultra-low-loss waveguides [6]. Improvements
on the amorphous SiO, deposition, blanket SiN layer deposi-
tion, and annealing process result in waveguides with similar
ultra-low-loss in CMOS-ready SiN resonators [18,38]. The
ultimate loss limit of such low-confinement SiO, waveguides
may thus approach the absorption-limited loss of SiO,
material, around 0.0065 dB/m [139]. For thick-core SiN wave-
guides, the optical mode field mostly resides in the SiN. While
the reduction in sidewall roughness results in reduced wave-
guide loss, the absorption-limited loss is determined as around
0.12 dB/m using cavity-enhanced photothermal spectroscopy
[139]. However, the necessary high-temperature annealing
process of both types of ultra-low-loss SiN waveguides might
not be permitted in certain cases. In order to avoid high-
temperature annealing in the fabrication process, which im-
poses a limited thermal budget, low-temperature deuterated
SiO, and SiN can be used to shift the N-H bond absorption
peak to around 2 pm [140,141]. As a result, low-temperature
SiN core and SiO, cladding permit around 3 dB/m waveguide
loss [141].

B. Laser Noise Limit

As described above, the ultra-low-loss of SiN is of critical im-
portance in lowering the laser linewidth. Figure 5(a) compares
two important laser metrics, including the size and cost, as
well as fundamental linewidth, across several types of lasers.
The progress of integrating low-loss SIN with gain material
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lasers and self-injection locked lasers on the SiN waveguide loss. External-cavity lasers are based on Vernier SiN ring resonators with 600 pm and
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disrupted the situation such that the semiconductor integrated
lasers normally suffered from a high phase noise and MHz-level
linewidth in the form of monolithic III-V integration. By driv-
ing the laser linewidth to the same level as the fiber lasers, gas
lasers, and external cavity lasers, the integrated lasers have clear
benefits in terms of device scalability, size, and cost. ULL SiN-
based integrated lasers dominate the best categories and lead to
new opportunities of integrated lasers in applications that pre-
viously can only rely on bulky lasers. There are several mech-
anisms that could be used to leverage ULL SiN for laser
linewidth reduction. Two methods are illustrated in Fig. 5(b),
i.e., the Vernier ring-based external cavity laser and the self-
injection locking-based lasers.

External-cavity lasers based on the Vernier ring resonators
represent one type of widely used narrow linewidth laser that
also offers excellent wavelength tunability [57]. However, as the
high-Q resonators are integrated within the laser cavity, the ex-
tension of the cavity length reduces the longitudinal mode spac-
ing and results in severe mode hops during operation if the
longitudinal mode spacing becomes too small. As a result, res-
onators with relatively small mode volumes are used with the
power coupling ratio (k%) in a reasonable range. For a 50 GHz
ring FSR, the TRN-limited laser fundamental linewidth is
above 10 Hz. Further reduced waveguide loss below 1 dB/m
scale will have minimum impact on the laser output power and
the laser linewidth as well [see Fig. 5(c)]. Meanwhile, a further
reduced x? would not further reduce the laser linewidth due
to the presence of TRN. So it is difficult to achieve Hertz-
linewidth lasers using SiN-based resonators in an external

cavity-based approach without entering the operation regimes
with severe mode-hops.

The self-injection locking of lasers with ultra-high-Q SiN
resonators pushes the on-chip laser noises down to an unprec-
edented new level where the noise reduction ratio is directly
related to the cavity Q factor, the feedback strength, and the
cavity TRN floor [18,135]. With dramatic reduction of the
waveguide loss below 1 dB/m, the laser linewidth is mostly lim-
ited by the SiN resonator TRN. This effect is summarized in
Fig. 5(c). For SiN ring resonators with different FSRs, the TRN
floor scales with the cavity mode volume. As a result, the
resonator FSRs pose a fundamental limit on the lowest funda-
mental linewidth of the self-injection-locked lasers using
such resonators. For a 1.4-m-long SiN resonator with
135 MHz FSR, the demonstrated laser fundamental linewidth
is 40 mHz. For a single-mHz-level linewidth, SiN resonators
with a length over 10 m are required. To meet this require-
ment, resonator lengths beyond the single-reticle size limit
are potentially necessary. Multi-reticle delay lines with a 23-m
length were demonstrated with a measured ultra-low-loss of

0.0004 dB per stitch [142].

C. Phase Shifter Tuning Limit

Due to the absence of the carrier-based plasma dispersion effect
and the electro-optic effect, silicon nitride-based devices nor-
mally rely on slow and inefficient thermal phase tuning for sim-
plicity. Similar to any other integrated photonics platforms, SIN
thermal-optic phase shifters work at microsecond or slower
speeds. Thermal tuning of SiN is also extremely inefficient
due to the low thermo-optic coefficient of SiN and SiO,,
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resulting in around 10x the increase in the electrical power for the
same amount of index tuning as compared to Si. In order to tune
a full FSR in SiN-based devices, the required amount of electrical
power is around 200 mW to 500 mW. Under many circumstan-
ces, the low temperature sensitivity of SiN benefits the device
stability, but in systems requiring high tunability or reconfigur-
ability, the excellent passive stability results in reduced tuning
efficiency. On the other hand, while low-loss-SiN waveguides
could potentially enable a PIC with a high level of integration,
the large amount of heat dissipation of thermo-optic phase shift-
ers and related thermal crosstalk could also limit the scale of the
integrated devices. For emerging applications where large-scale
device switching and control are required, e.g., quantum photon-
ics [143,144], programmable photonics [145,146], and photonic
neural networks [147], an effective method for efficient tuning for
SiN PICs is necessary.

In order to achieve a low-loss and low-power-consumption
tuning method, substantial progress on the piezoelectric tuning
of SiN photonic devices and circuits has been made. Leveraging
the piezoelectric effect, PZT-based or aluminum nitride (AIN)-
based piezoelectric actuators consume negligible static power
for holding a phase condition, while the switching power for
PZT is higher than AIN since the capacitance is higher
[75]. Piezoelectric tuning has been used for optical modulation,
resonance tuning, soliton microcomb initiation [148], and
Mach—Zchnder interferometer (MZI) mesh programming.
The tuning speed has been improved to over 100 MHz for
AIN-based piezoelectric tuning with a suspended SiN wave-
guide structure to boost the efficiency [149]. Such tuning
mechanisms without heat dissipation could also be adopted in
applications that require cryogenic temperature operation and
extend to visible wavelengths.

5. OUTLOOK

With the significant progress described above, high-performance
SiN photonics will transition into the next phase of advanced,
multi-functional photonic integrated circuits. Integration with
II-V, Si, and other materials is the key to fully exploiting the
superior properties of SiN. Many discrete devices, which cur-
rently rely on optical fibers, could be integrated on chip thanks
to the ultra-low loss of SiN waveguides. The continuous im-
provement of SiN-based device performance also opens up op-
portunities in several emerging fields, and another advantage is
the compatibility with CMOS fabrication, which promises scal-
able, low-cost, and high-volume production. In this section, we
discuss several trends, challenges, and prospects for the next stage
of SiN-based photonic integrated circuits.

A. Active Device Integration

Recent progress of integrating II1I-V gain with SiN photonic
circuits has significantly extended the design space of high-
performance narrow-linewidth lasers and promised fully inte-
grated SiN PICs with integrated laser sources and on-chip
amplifiers. Hybrid integration is a method that is capable of
creating fast prototyping devices, and the overall stability can
be improved by improved packaging techniques. Most recent
demonstrations of such devices still suffer from a large coupling
loss between the III-V gain chip and the SiN edge coupler.

Improvements on the mode profile co-design of both the
ITI-V gain chip and the SiN chip could reduce the coupling
loss, as well as reduce the undesired facet reflection. The im-
proved coupling efficiency will result in lasers with higher
power, narrower linewidth, and also a stronger self-injection
locking effect. Active alignment is still required for most hybrid
integrated III-V/SIN devices, but similar passive alignment
methods designed for hybrid I1I-V/Si integration could be used
[150,151]. The gap width between the gain chip and the SiN
chip also determines the relative phase of the feedback. As a
result, the stability on the relative position of two chips not
only changes the feedback strength (amplitude) but also alters
the phase conditions. A potential method to improve the sta-
bility is to package the chips in a gapless configuration and use
an on-chip phase tuner for accurate phase condition control.

Heterogeneous integration with Si and III-V enables the
highest integration level so far as the wafer-scale process allows
lithographically defined alignment accuracy between the layers.
In order to match the effective mode index of the active gain
section and the passive section, Si is used as an intermediate
index bridge layer. There are also approaches that use inter-
mediate III-V structures for the index transitioning, such that
a heterogeneous III-V/SiN platform is possible and simplifies
the full fabrication process [72]. However, Si-based circuits
provide additional functionalities and a full silicon photonic
device library. A possible integration platform with III-V gain,
ultra-low-loss SiN for ultra-narrow linewidth, wavelength
combining/filtering, optical frequency comb generation, pro-
grammable quantum processing, Si photonic modulators,
and photodetectors is shown in Fig. 6. The Si photonic devices
enable direct on-chip photodetection, microwave generation,
feedback control, interface with electronic ICs, and so on.
This type of integration offers a versatile platform equipped
with ultra-low-loss SiN for applications, including optical in-
terconnects, microwave photonics, and so on.

While the recent progress of heterogeneous integration is
providing a clear path for such a fully integrated platform, an-
other attractive possibility is to develop full monolithic integra-
tion of III-V with SiN photonic circuits. The key to this
prospect is the direct growth of quantum dot (QD)-based
III-V gain materials on a Si substrate that is less sensitive to the
anti-phase domains (APDs) and misfit dislocations [26,152].
There has been tremendous progress in the hetero-epitaxial
growth of InAs/GaAs-based QD materials on Si substrates,
leading to high-performance lasers and SOAs with long life-
times that can meet the strict reliability requirements [153].
To realize efficient laser and passive SiN integration, the generic
approach is to grow QD gain materials on the Si substrate of
a SiN/SIO,-on-Si wafer in etched trenches [154,155]. With
epitaxial thickness control, the QD gain region can be aligned
with the SiN waveguide core regions, enabling active-passive
integration. With such economically viable technology, mono-
lithic integration of lasers with advanced SiN-based photonics
devices and circuits could achieve the highest level of integra-
tion. However, substantial progress of heteroepitaxial growth
of lasers in an oxide-trench Si substrate is required to reach
the level of laser performance and reliability that heterogeneous
integration has already achieved.
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B. Emerging Applications

SiN could become ubiquitous in photonics applications. The
advantages of ultra-low loss and wide transparency put SiN
PICs in a unique position for emerging applications that re-
quire large-scale integration, such as programmable photonic
integrated circuits, quantum photonics, and photonic comput-
ing. Again, the efficient integration of III-V and Si and
an efficient tuning mechanism promise a wide deployment
of SiN beyond passive-only waveguide elements. With hetero-
geneous laser integration, lab-on-chip biosensing [156] or
spectroscopic sensing [157] on SiN would not have to rely
on external light sources, which greatly benefits the miniaturi-
zation and portable operation of such systems. Recently dem-
onstrated narrow-linewidth lasers with agile tuning capability
based on thermo-optic tuning [158] or stress-optic tuning
[68] could play an important role in frequency-modulated con-
tinuous wave (FMCW) LIDAR applications. The laser fre-
quency tuning speed can benefit from the phase tuning
progress discussed in the previous Section 4.C. Moreover, in-
tegration of InGaN-based visible light sources with SiN could
also revolutionize display and visible light LIDAR applications
[159,160].

In addition, SiN is the backbone for a variety of microcomb
applications in precision metrology, coherent communications,
microwave processing, and so on [8,51]. High-volume, dense
integration with lasers, and turnkey operation provide a route
for the next generation of production and deployment of
microcombs and potential applications on mobile platforms
[16,17]. For current advanced demonstrations of microcomb
applications, microcomb generation is still at a standalone com-
ponent level while other components are discretely integrated
or are non-integrated devices. Heterogeneous integration elim-
inates the need for mult-chip packaging by integrating ad-
vanced SiN-based devices with other functional components
on a monolithic substrate, including optical atomic clocks,

gyroscopes, and so on. The device stability and noise perfor-
mance would also benefit from such a fully integrated system.
Similar to the success of heterogeneous I1I-V/Si photonics in
optical interconnects, optical transceivers based on critical
SiN advantages, including microcomb generation capability
and low thermo-optical sensitivity, could also potentially enable
energy-efficient, high-capacity optical transceivers.

C. SiN in CMOS Foundries

SiN fabrication processing through multi-project-wafer (MPW)
shuttle runs can be accessed from several photonics foundries,
including LioniX, IMEC, Tower, AMF, Ligentec, and so on
[161]. For different applications across the visible to the NIR
range, the SiN core dimension varies and related loss, critical
bending radius, waveguide dispersion also vary. A summary on
the comparison is provided in a separate review article [112].
Thanks to the Si photonics ecosystems, PDKs for the SiN pho-
tonics process are also provided by electronic design automation
companies (EDA), including Synopsys, VPI, and Luceda. With
the development of active integration, lasers and amplifiers are
projected to be incorporated in Si photonics foundries soon,
opening new possibilities in the research and development of
SiN-based photonic integration.

6. CONCLUSION

We discussed the recent progress of SiN photonics devices, in-
tegrated circuits and related challenges, fundamental limits, and
future prospects. Because of its advantages of low cost and
ultra-low loss, SiN-based photonic integration should revolu-
tionize existing photonic applications with a new class of inte-
grated devices.
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