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Low-Temperature Sputtered Ultralow-Loss Silicon Nitride
for Hybrid Photonic Integration

Shuangyou Zhang, Toby Bi, Irina Harder, Olga Ohletz, Florentina Gannott,
Alexander Gumann, Eduard Butzen, Yaojing Zhang, and Pascal Del’Haye*

Silicon-nitride-on-insulator (Si;N,) photonic circuits have seen tremendous
advances in many applications, such as on-chip frequency combs, Lidar,
telecommunications, and spectroscopy. So far, the best film quality has been
achieved with low pressure chemical vapor deposition (LPCVD) and
high-temperature annealing (1200°C). However, high processing
temperatures pose challenges to the cointegration of Si;N, with
pre-processed silicon electronic and photonic devices, lithium niobate on
insulator (LNOI), and Ge-on-Si photodiodes. This limits LPCVD as a
front-end-of-line process. Here, ultralow-loss Si;N, photonics based on
room-temperature reactive sputtering is demonstrated. Propagation losses as
low as 5.4 dB m~" after 400°C annealing and 3.5 dB m~"' after 800°C
annealing are achieved, enabling ring resonators with highest optical quality
factors of > 10 million and an average quality factor of 7.5 million. To the best
of the knowledge, these are the lowest propagation losses achieved with low
temperature Si;N,. This ultralow loss enables the generation of
microresonator soliton frequency combs with threshold powers of 1.1 mW.
The introduced sputtering process offers full complementary metal oxide
semiconductor (CMOS) compatibility with front-end silicon electronics and

driven by the microelectronics indus-
try, silicon integrated photonics has
enabled significant advances in tele-
com applications,['?! Lidar,®] integrated
photonic  sensors,[*  and quantum
computing!®®! over the past decade. To-
day, silicon photonic integrated circuits
have been demonstrated with a wide
diversity of optical functions via hybrid
integration with different materials, such
as ITI-V-on-Si integrated lasers, Ge-on-Si
photodiodes, high-speed modulators,
and (de)multiplexers. However, some in-
trinsic material properties of silicon pose
challenges to the performance of silicon
optical devices”] in certain operation
regimes. In particular, two-photon ab-
sorption of silicon at 1550 nm limits the
ability of high-power handling and a high
thermo-optic coefficient makes devices
sensitive to temperature variations.
Silicon nitride (Si;N,) on insulator

photonics. This could enable hybrid 3D integration of low loss waveguides

with integrated lasers and lithium niobate on insulator.

1. Introduction

Benefiting from the maturity, low cost, and scalability of com-
plementary metal-oxide semicondutor (CMOS) manufacturing
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has attracted intensive interest as a di-
electric material platform with ultralow
propagation loss for photonic integrated
circuits.®] It has a wide transparency
window covering visible to mid-IR, a
relatively high nonlinearity (ten times higher than that of
silica), and a low thermo-optical coefficient, as well as a
CMOS-compatible manufacturing process. With its remarkable
progress, it has enabled a wide range of applications in chip-scale
frequency combs,®) Lidar!'% optical telecommunications,!]
spectroscopy, ! on-chip delay lines,3] sensing,['*] just to name
a few. Among these applications—in addition to the require-
ment for low propagation loss—dispersion engineering and high
confinement of optical modes is critical, which typically calls
for film thicknesses of > 600 nm at telecom wavelengths. High
Si;N, thickness results in tight mode confinement in the waveg-
uide core and offers various advantages, including negligible
bending losses (small footprint), dispersion engineering capa-
bilities and high effective Kerr nonlinearity. These character-
istics are of great importance in nonlinear photonic applica-
tions. There are several methods to fabricate thick Si;N, films,
such as LPCVD,!’>1¢ plasma enhanced chemical vapor depo-
sition (PECVD),!""*! inductively coupled plasma chemical va-
por deposition (ICP-CVD),!? reactive sputtering!?*??! and atomic
layer deposition (ALD).[2%] So far, the best optical quality of Si;N,
films are deposited by high temperature (~800°C) LPCVD.[®]
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However, high film stress resulting from the LPCVD process
leads to fatal cracks and prevents thick films (>400 nm) with
high optical quality.'>] As a result, several clever and sophisti-
cated processes have been developed, such as patterning crack
barriers, >l multi-step deposition,[*>?#%] and a photonic Dama-
scene process.[?®] In particular, prolonged high-temperature an-
nealing (1200°C for >3 h) is indispensable to reduce the material
loss and to achieve ultralow propagation loss (%1 dB m™1). This
ultralow loss enables on-chip Si;N, resonators with optical qual-
ity factors of >10 million.[?*?7-28] However, the high-temperature
deposition and annealing processes can cause dopant diffusion
and damages prefabricated temperature sensitive devices.[21:2%3]
Hence, LPCVD Si;N, is very challenging to use for applications
in back-end-of-line (BEOL) fabrication processes, co-integration
with front-end-of-the-line (FEOL) silicon optoelectronic circuits,
and foundry compatible processes.

Inrecentyears, low-temperature deposited Si; N, films have at-
tracted increasing interest in 3D hybrid integration of Si;N, with
other materials.'#21:29-32] Among different low-temperature de-
position methods, PECVD and ICP-CVD are widely used as low-
temperature (<400°C), and CMOS compatible processes, provid-
ing high-thickness Si;N, films (>1 um) without cracks. How-
ever, the optical loss within the deposited films at telecommuni-
cation wavelengths is usually high (typically 200 dB m~") due to
the absorption of Si—H and N—H bonds,!*3] which poses a chal-
lenge for optical applications. To address this issue, deuterated
silane (SiD,) has been used as the deposition precursor, rather
than conventional SiH,,[2%303+3] showing a 10-dB m™" propaga-
tion loss. However, SiD, precursors are not commonly available
in foundries and expensive, which could make this deposition
method less attractive for large scale low-loss waveguide fabri-
cation. The state-of-the-art propagation loss with a PECVD pro-
cess without post thermal annealing is 42 dB m™!, which was
achieved recently by including a chemical mechanical planariza-
tion step.®] Another potential BEOL method is low-temperature
reactive sputtering of low-loss Si;N, film with low stress.[2:3237]
Waveguide losses of 80 dB m~' at 1550 nm and microring
resonators with an intrinsic quality factor of 6x10° have been
achieved with thermal annealing at 400°C in ambient atmo-
sphere.

Here, we report the realization of ultralow-loss Si;N, photonic
devices with high film thickness by reactive sputtering at room
temperature. The optical propagation loss of the sputtered Si;N,
film is investigated at O-, C-, and L-band wavelength ranges and at
different annealing temperatures. After room-temperature sput-
tering and waveguide fabrication, the Si;N, film loss is 32 dB m™!
without thermal annealing and the intrinsic optical quality factor
(Q) of the fabricated microresonators is 1.1 million at 1580 nm.
After a CMOS-compatible annealing step at a temperature of
400°C, the propagation loss is significantly reduced to 5.4 dB m~!
and the resonator Q is improved to 6.2 million at 1580 nm. By ad-
ditional annealing at 800°C the film quality is further improved,
enabling losses of 3.5 dB m™!, with the highest Q-factors beyond
10 million and an average Q-factor of 7.5 million. To demonstrate
the viability of the resonators for photonic applications, we show
parametric oscillations at threshold powers down to 1.1 mW at
1310 nm. As a further verification of the optical properties of the
silicon nitride films, we demonstrate the generation of dissipative
Kerr soliton combs centered at both 1.3 ym and 1.5 pm wave-
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lengths. We believe the low-temperature sputtered Si;N, with
ultralow optical loss will have a significant impact on scalable
foundry photonics and hybrid integration of 3D photonic circuits.

2. Film Deposition and Waveguide Fabrication

Figure 1a shows the fabrication flow starting with a 4-inch silicon
wafer with a 3 um thick thermally oxidized silicon dioxide (SiO,)
layer. The Si;N, film is sputtered at room temperature by a com-
mercial reactive magnetron sputtering system equipped with an
asymmetric bipolar pulsed DC source. A P-doped silicon target
with a diameter of 2 inch is used as the sputtering source. Pulse
power (100-W DC) is used for the Si;N, deposition with a pulse
frequency of 50 kHz and a duty cycle of 75%. The sputtering pro-
cess takes place within a plasma environment containing a mix-
ture of Argon (Ar) and nitrogen (N,). Argon, with a constant flow
rate of 15 sccm serves as the sputtering gas, facilitating the ejec-
tion of silicon atoms into the environment through high-energy
collisions with the target surface. Throughout the sputtering pro-
cess, the chamber pressure is controlled at 3 mTorr and the tem-
perature of the sample wafer is not stabilized and remains at ~
22°C (see Section S1, Supporting Information, for details). Note
that the process is intrinsically hydrogen free, which avoids optical
losses through N—H or Si—H bonds (see Section S2, Supporting
Information, for details). Figure 1b shows the refractive index of
the sputtered SiNx film at 636.4 nm as a function of Ar/N, ra-
tio, together with a dashed line indicating the refractive index of
stoichiometric Si;N,."*] Depending on the targeted refractive in-
dex, the Ar/N, ratio can be widely tuned, resulting in a variation
of the SiNx refractive index from 2.07 (silicon rich) to 2.01 (ni-
tride rich). The refractive index is measured at 636.4 nm with a
prism coupler (Metricon 2010 m). For the fabricated samples pre-
sented here, the gas ratio is set to & 2.7 for stoichiometric Si;N,,
and the resulting refractive index is ~ 2.04 at 636.4 nm with a
deposition rate of 130 nm h~'. Figure 1c shows the top surface
roughness of the sputtered Si; N, film with a thickness of 750 nm,
measured by an atomic-force microscope. The root mean square
roughness is 0.26 nm, which is on the same level as that of the
substrate. The sputtered Si;N, film is used to fabricate micror-
ing resonators to investigate the waveguide propagation loss by
measuring the optical quality factor of the resonances and to ex-
plore potential applications in nonlinear photonics. A negative-
tone photoresist (ma-N 2405) is used to pattern optical waveg-
uides and microrings by electron beam lithography. After devel-
oping, the patterned samples are fully etched by inductive cou-
pled plasma reactive ion etching with an etchant mixture of CHF,
(50 sccm) and O, (5 scem) at a pressure of 15 mTorr and DC bias
of 240 V. Figure 1d shows a scanning electron microscope (SEM)
image of a 100-um-radius microring resonator with a waveguide
cross-section of 750 nm X 1.8 um. Figure le shows a zoomed-in
SEM image of the ring waveguide with no visible sidewall rough-
ness. The gap between the bus waveguide and ring is varied for
different coupling conditions at different wavelength ranges. Af-
ter the Si;N, etching process, piranha solution is used to remove
residual photoresist. Following this step, a 3-um-thickness SiO,
layer is deposited to encapsulate the samples via two steps. To
fill the gap between the bus waveguides and microrings without
air voids (see Section S3, Supporting Information, for SEM im-
ages of the gap region), a layer of SiO, with 400 nm thickness
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Figure 1. Sputtered Si; N4 photonic devices. a) Fabrication flow diagram for sputtered Si; N, photonic devices. b) Refractive index of the sputtered SiNx
films as a function of Ar/N, ratio measured at 636.4 nm. c) Roughness measurement of the top surface of sputtered Si; N, with 750-nm thickness. d)
Scanning electron microscope (SEM) image of a 100-um-radius microring resonator. ) Zoomed-in (black box in (d)) SEM image of the ring waveguide.

is deposited by ALD at a temperature of 45°C, followed by a 2.5-
um-thickness SiO, layer deposited by PECVD at a temperature
of 300°C. Due to the tight mode confinement within the Si;N,
core, the PECVD SiO, layer does not interact significantly with
the optical mode, resulting in negligible losses while offering the
advantages of cost-effectiveness and a high deposition rate. The
samples are diced for end-fire coupling to characterize their opti-
cal properties, such as optical Q, propagation loss, and dispersion
of microresonators.

3. Characterization of the Sputtered Silicon Nitride
Films and Microresonators

As shown in Figure 2a, two tunable continuous wave (CW) exter-
nal cavity diode lasers in the O-band and the C-/L-bands are used
to characterize the optical transmission of the sputtered Si;N,
microresonators and generate dissipative Kerr soliton micro-
combs. The polarization of the CW light is aligned by a fiber po-
larization controller to probe the quasi-transverse electric (TE) or
quasi-transverse magnetic (TM) modes of the Si;N, resonators.
Light is coupled into and out of the resonators via two lensed
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fibers. For low coupling loss from fiber to the waveguide, the
width of the Si;N, waveguide is tapered down to %200 nm (see
Section S4, Supporting Information, for details). A coupling loss
of < 2 dB per facet is achieved in our experiments. For charac-
terization of the resonators, both CW lasers are set to low opti-
cal power to avoid resonance shifts induced by thermal effects
and the Kerr effect. The frequency of both CW lasers is widely
scanned across a range of 10 THz at a speed of ~ 1 THz s,
To determine the laser frequency while scanning, we employ a
high-precision calibrated fiber loop cavity for providing frequency
markers.[* The transmission spectra of the Si; N, resonators and
reference fiber cavity are simultaneously recorded by an oscillo-
scope. Further data analysis is used to extract the optical quality
factors, propagation loss, and dispersion of the resonators.

3.1. Devices without Thermal Annealing
Figure 2b shows a resonance spectrum of a 200-um-radius Si;N,

resonator at a resonant wavelength of 1318.7 nm, and Figure 2c
shows a resonance spectrum of another 200-um-radius Si;N,
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Figure 2. Characterization of sputtered Si;N, resonators without post thermal annealing. a) Experimental setup for characterization of Si; N4 resonator
transmission spectra, resonator linewidth, optical quality factors, and dispersion. Normalized transmission spectra of Si;N, ring resonators without
thermal annealing at 1318 nm b) and 1578 nm c). d) Intrinsic Q measurement of all resonances within the laser wavelength ranges.

resonator at a wavelength of 1578.6 nm. Both resonators are
directly fabricated from a room-temperature sputtered film and
with silica cladding layers but without post-thermal annealing.
The dashed black lines in Figure 2b,c are fitted resonance
profiles using extended coupled-mode theory,**“°l showing that
the resonance linewidths at 1319 and 1579 nm are =~ 300 and
200 MHz, respectively, which correspond to loaded quality fac-
tors (Q,) of 0.75 million at 1319 nm and 0.94 million at 1579 nm.
Considering that both resonances are undercoupled, the cal-
culated intrinsic quality factors (Q;) are 1 million at 1319 nm
and 1.1 million at 1579 nm, respectively. The propagation loss
a can be estimated from Q, using a = f/(Q,XRxFSR),[*!] where
f, is the resonance frequency, R is the radius of the ring res-
onator, and FSR is the free spectral range of the microresonator.
Without post-thermal annealing, the fabricated sputtered Si;N,
can already achieve a propagation loss of 42 dB m™! in the
O-band and 32 dB m™! in the L-band. This propagation loss is
already lower than that of annealing-free LPCVD Si;N, films
deposited at 780°C.I*!] Figure 2d shows the distribution of Q, of
the resonances within the measured wavelength range, with an
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average Q; of 0.79 + 0.11 million in the O-band and 0.94 + 0.13
million across the C- and L-band.

3.2. Devices after 400°C Thermal Annealing

To reduce the material loss, the Si;N, devices after SiO, encap-
sulation are post-processed with thermal annealing. First, we an-
neal the devices in an ambient atmosphere at 400°C for 8 h.
400°C processing temperature is chosen because it is CMOS
compatible and BEOL process compatible, and can be used for
the integration of Si;N, with pre-processed CMOS electronics,
III-V materials, and prefabricated photonic circuitry, such as
lithium niobate on insulator, Ge-on-Si photodiodes, and active
silicon modulators. Figure 3a,b shows the normalized resonance
transmissions of two fundamental TE modes at resonant wave-
lengths of 1328 and 1610 nm of a 200-um-radius Si,N, resonator
together with fitted line shapes (dashed lines). The loaded res-
onance linewidth has been dramatically narrowed to ~ 55 MHz
after 400°C annealing, compared to Figure 2b,c. Considering that
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Figure 3. Q measurement of a 200-um-radius Si;N, ring resonator after 400°C thermal annealing. Normalized transmission spectra of a fundamental
TE mode at 1328 nm a) and a fundamental TE mode at 1610 nm b) in a 200-um-radius ring resonator. c) Intrinsic Q measurement of fundamental TE

modes within the laser wavelength ranges in the O- and C/L-band.

the device is designed for undercoupling across the measure-
ment range, the calculated intrinsic Qs at 1328 and 1610 nm
are 4.6 and 6.2 million, respectively, corresponding to a propa-
gation loss 0of 9.0 dB m~" at 1328 nm and 5.4 dB m~! at 1610 nm.
This is approximately a fivefold improvement compared to the
propagation loss without thermal annealing. Figure 3c shows the
distribution of the intrinsic Qs of the fundamental TE mode of
the resonator under test covering the O- and C+L-band wave-
length ranges. The intrinsic propagation loss in the O-band stays
roughly constant with an average Q, of 3.8 + 0.7 million. We ob-
serve some low Q modes, which are a result of mode crossings
(see Section S5, Supporting Information, for details). In compar-
ison, the intrinsic loss in the C-band is slightly higher than in the
L-band, which we speculate is due to residual losses in the ma-
terial (see Section S2, Supporting Information, for details). An
average Q; of 3.6 = 1.3 million is measured across the C- and
L-band. To the best of our knowledge, this is the lowest Si;N,
propagation loss reported with a peak processing temperature of
400°C.

3.3. Devices after 800°C Thermal Annealing

To further reduce the material loss of the sputtered Si; N, film, we
anneal the devices at a higher temperature of 800°C. This pro-
cessing temperature can enable future integration of sputtered
Si;N, with silicon integrated photonics, such as Si modulators!**]
and Ge-on-Si photodiodes.[**] After encapsulation, the devices are
post-annealed at 800°C for 8 h. Figure 4a shows a normalized

Laser Photonics Rev. 2023, 2300642 2300642 (5 of 9)

resonance transmission of a 200-um-radius Si;N, resonator at a
resonance wavelength of 1319 nm where the resonance is close
to critically coupled but still undercoupled, together with a fit-
ted line shape (dashed line). The loaded resonance linewidth is ~
37.5 MHz. The calculated loaded and intrinsic Qs are 6.1 mil-
lion and 9.2 million, respectively, corresponding to a propaga-
tion loss of 4.5 dB m~'. The losses at 1319 nm are approximately
halved compared with the losses after 400°C thermal annealing.
Figure 4b shows the distribution of the intrinsic Qs of the funda-
mental TE mode of the resonator in different wavelength ranges.
From Figure 4b, we note that the intrinsic Q of some modes in the
L-band is beyond 10 million, and the corresponding propagation
loss is < 3.5 dB m~!. See Section S6 (Supporting Information)
for the normalized resonance transmission in L-band. Similar
to Figure 2c, the intrinsic propagation loss in the O-band stays
nearly constant with an average intrinsic Q of 7.0 + 1.8 million,
except for a few low-Q modes resulting from mode crossings. The
intrinsic Q distribution in the C- and L-bands is significantly dif-
ferent from the Q distribution in Figure 3c. After 800°C thermal
annealing, the intrinsic losses in the C- and L-bands are roughly
constant as shown in Figure 4b. This shows that the material loss
in the C-band has been effectively reduced by 800°C annealing.
The average intrinsic Q crossing the C- and L-bands is 7.5 + 2.2
million. In Figure 5, we compare our results with other state-
of-the-art low-temperature Si;N, deposition methods with high
film thickness (> 600 nm). To the best of our knowledge, this is
the lowest Si; N, propagation loss reported at a peak processing
temperature of 800°C. To further verify the ultrahigh optical Q of
our Si;N, ring resonators, we test the threshold optical power for
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Figure 4. Q measurement of devices after 800°C thermal annealing. a) Normalized transmission spectrum of a fundamental TE mode at 1319 nm in
a 200-um-radius ring resonator. b) Intrinsic Q measurement of the fundamental TE modes in the O-, C-, and L-bands. c) Optical parametric oscillation

threshold power measurement for a 130-um-radius ring resonator.

Kerr-nonlinear optical parametric oscillations (OPO). The thresh-
old power is determined by measuring the optical power in one
of the two generated optical sidebands when varying the on-chip
optical power. Figure 4c shows experimental results when pump-
ing an optical mode at 1312 nm in a 130-um-radius ring resonator
with a loaded Q of 5.5 million and an intrinsic Q of 9 million,
showing a threshold power of ~1.1 mW. With an effective area
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Figure 5. Propagation loss comparison with other state-of-the-art re-
search based on low-temperature silicon nitride deposition techniques
with high film thickness (>600 nm), including annealing-free LPCVD,
PECVD, sputtering, and deuterated silicon nitride based on ICP-CVD. Our
structures have been annealed in ambient atmosphere for 8 h.
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of the pump mode A ; = 0.99 pm? (obtained from a COMSOL
Multiphysics simulation) and the Kerr nonlinear coefficient n, =
2.4x107" m? W1 ,[27] the calculated threshold power is 1.06 mW,
agreeing well with the observed threshold power of 1.1 mW.

In addition to the OPO threshold power measurement, we em-
ploy a recently developed method!*] to explore the material-loss-
limited Q factors in the sputtered microresonators after 800°C
annealing. We conduct measurements to investigate the reso-
nance shift in response to changes in the intracavity circulating
optical power and microresonator temperature change. More-
over, we measure the resonance shift ratio between Kerr effect
and photothermal effects. Based on results using finite-element
method simulations (COMSOL Multiphysics), we have deter-
mined the material-loss-limited Q factors of our resonators to be
~ 20.5 + 1.9 million after 800°C annealing at a wavelength of
1550 nm. See Section S7, Supporting Information, for detailed
experiments and simulations. This value exceeds the presented
intrinsic optical quality factor. Thus, we expect that a reduction of
surface roughness can further reduce optical losses in our Si;N,
structures. This aligns with findings from existing literature.!?#]
Our measurements reveal that scattering losses impose a limita-
tion of ~10 million on the optical quality factor. Given that the
annealing process at lower temperatures does not effectively mit-
igate scattering losses, especially considering the relatively mild
thermal treatment (<400°C) employed in our study, which is sig-
nificantly lower than the Si;N, softening temperature (1900°C),
we assume that the quality factors at temperatures < 400°C are
primarily limited by material loss.
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Figure 6. Soliton frequency comb generation in sputtered Si; N, resonators. a) Measured integrated dispersion profile (blue circles) at a pump wave-
length of 1310 nm together with a second-order polynomial fit (blue trace). b) Measured transmission traces when scanning the 1.3-um pump laser
frequency from the blue-detuned to the red-detuned side of the resonance. c) Optical spectrum of a soliton frequency comb generated in the sputtered
Si3N, resonator pumped at 1310 nm and a sech? envelope fit (black dashed trace). d) Optical spectrum of a soliton frequency comb pumped at 1574 nm.

4. Soliton Frequency Comb Generation in
Sputtered Si;N,

In this section, we use the fabricated Si;N, microresonators for
soliton frequency comb generation. We first measure the disper-
sion of a 100-um-radius resonator with a cross-section of 750 nm
% 1.8 pm. The resonance frequencies of a mode family in a res-
onator can be described with a Taylor series as(26-401

— D b, 2
W, =, + 1/4+?/4 + e

1)

= wy+ Dyp + Dyy(p)

where u is the mode number offset from the center mode at y =
0 and w, are the resonance frequencies. D, /27 is the FSR of the
resonator at the center mode (4 = 0), and D, is the coefficient of
second-order dispersion. D, , is the integrated dispersion, depict-
ing the deviation of resonance frequencies from the equidistant
grid spaced by D,. Figure 6a shows the measured integrated dis-
persion profile (blue circles) at a center mode of 1310 nm together
with a second-order polynomial fitted curve (blue curve). The dis-
persion profile shows anomalous dispersion with mode cross-
ings at 1280 and 1326 nm and is suitable for bright soliton gener-
ation. We test this Si; N, resonator for the generation of a bright
soliton frequency comb by pumping a mode at 1310 nm. The
experimental setup is shown in Figure 2a. Previously, for char-
acterizing the resonators, both lasers were operated at very low
optical power. During soliton generation, we increase the power
of both lasers to ~100 mW. To overcome the thermal effect of
the microresonator, the 1.55-um laser is simultaneously coupled
into a resonance to thermally stabilize the intracavity power.[*’]
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Figure 6b shows the transmission traces when scanning the 1.3-
pum pump laser across the resonance from the blue- to the red-
detuned side. Different soliton steps, corresponding to different
soliton numbers, are observed in the red-detuned regime (green
shaded area).*’*8] Using the passive temperature stabilization
with the auxiliary laser at 1.55 um, bright solitons at 1.31 ym can
be accessed by manually tuning the laser frequency into the red-
detuned soliton regime. Pumping with 80 mW on-chip power
at 1.3 pm wavelength leads to the generation of a bright soliton,
shown in Figure 6¢ together with a fitted sech? envelope (black
dashed). Note that the mode crossing at 1326 nm (c.f. dispersion
profile in Figure 6a) induces a dispersive wave (marked with an
arrow) at 1326 nm in Figure 6¢. In addition, we also demonstrate
a bright soliton frequency comb at 1.55 um. Figure 6d shows
an optical spectrum of a bright single soliton when pumping a
mode at 1574 nm. See Section S8 (Supporting Information) for
the measured integrated dispersion profile at 1574 nm. In this
case, the 1.3-um laser is used as the auxiliary laser to thermally
stabilize the resonator.

5. Conclusion

In summary, we report the fabrication of ultralow-loss Si;N,
photonics with high film thickness using room-temperature
reactive sputtering. The measured propagation loss is 32 dB m™!
without post-thermal annealing. After thermal annealing at a
CMOS-compatible processing temperature (400°C), the film loss
is dramatically reduced to 5.4 dB m~!, enabling the fabrication
of Si;N, ring resonators with an intrinsic Q of 6.2 million in the
L-band. The deposition process is intrinsically hydrogen free,
which prevents the formation of optically lossy hydrogen bonds.
Ultralow loss integrated Si;N, devices with low temperature
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annealing enable fully monolithic back end of line integra-
tion with pre-processed CMOS electronics, silicon integrated
photonics,I’l and LNOL“ After further thermal annealing at
800°C, the film losses are further reduced to 3.5 dB m™! corre-
sponding to attainable optical quality factors of microresonators
beyond 10 million. This performance is also the lowest Si;N,
propagation loss reported at a peak processing temperature of
800°C. We believe that our low-temperature sputtered Si;N, is
a significant step toward the hybrid monolithic integration of
silicon nitride with silicon photonics for applications in telecom
systems, nonlinear optics, frequency comb generation and
scaling of quantum computing systems.*"]
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