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Integrated photonics has profoundly affected a wide range of technologies
underpinning modern society'™. The ability to fabricate a complete optical systemon
a chip offers unrivalled scalability, weight, cost and power efficiency>®. Over the last
decade, the progression from pure IlI-V materials platforms to silicon photonics has
significantly broadened the scope of integrated photonics, by combining integrated
lasers with the high-volume, advanced fabrication capabilities of the commercial
electronicsindustry”, Yet, despite remarkable manufacturing advantages, reliance
onsilicon-based waveguides currently limits the spectral window available to
photonicintegrated circuits (PICs). Here, we present a new generation of integrated

photonics by directly uniting IlI-V materials with silicon nitride waveguides on Si
wafers. Using this technology, we present a fully integrated PIC at photon energies
greater than the bandgap of silicon, demonstrating essential photonic building
blocks, including lasers, amplifiers, photodetectors, modulators and passives,

all operating at submicrometre wavelengths. Using this platform, we achieve
unprecedented coherence and tunability in anintegrated laser at short wavelength.
Furthermore, by making use of this higher photon energy, we demonstrate superb
high-temperature performance and kHz-level fundamental linewidths at elevated
temperatures. Given the many potential applications at short wavelengths, the
success of this integration strategy unlocks abroad range of new integrated photonics

applications.

Integrated photonics has made rapid progressin the last two decades,
and the most crucial steps in its advance have been the emergence of
novelintegration platforms (Fig.1a). The earliest photonicintegration
was based purely on IlI-V materials on native substrates’, in which
active and passive photonic components were combined on a chip
to form optical systems. This approach led to the first generation of
commercially viable photonic technologies. Since then, integrated
photonics has benefited from the expansion of the electronicsindustry,
resulting in high-volume adoption of silicon photonics (SiPh). Whereas
III-V manufacturing has not grown apace with silicon, it is possible
to manufacture photonic integrated circuits (PICs) on large-scale
silicon-on-insulator (SOI) wafers by heterogeneously bonding I1I-V
epitaxy in a variety of different ways'. Leveraging mature comple-
mentary metal-oxide-semiconductor foundry infrastructures, the
SOl integrated photonics platform significantly reduces the cost of
photonic chips at scale.

Another key factor driving the evolution of integrated photonics is
low propagation loss. As SOl waveguides exhibit propagation losses an
order of magnitude lower than I1I-V waveguides®, SiPh PICs can accom-
modate more individual components and thus support more com-
plex photonic systems. Moreover, lower loss boosts the performance

of passive structures and coherent light sources. These advantages
have driven explosive growth in SiPh, opening up a plethora of new
applications, from data centres®, to neural networks", to Lidar*? and
to quantum photonics®.

With this broadening of the application scope, however, the limita-
tions of the SOl platform are beginning to surface. One comes from
the bandgap wavelength of silicon, of around 1.1 pm (Fig. 1b). Below
this wavelength SOlwaveguides become highly absorptive. Therefore,
ultraviolet (UV), visible and a substantial portion of the near-infrared
(near-IR) are currently inaccessible to state-of-the-artintegrated pho-
tonics. This restriction prohibits on-chip solutionsinimportant fields,
such as atomic physics, augmented reality/virtual reality, biosensing
and quantum communications™2°, as shown in Fig. 1b.

One promising path towards addressing this problem is to
implement passive structures using silicon nitride (SiN)*, whose
waveguides exhibit extremely low losses of less than 0.1 dB m™ at tele-
communication wavelengths??>* and remain scattering-limited down
to below 460 nm (ref. ?*), making them attractive for ultra-high-Q
microcavities, narrow linewidth lasers and non-linear devices, such
as microcomb sources and on-chip frequency converters. Fur-
thermore, because SiN wafers are produced by direct deposition
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Fig.1|Fully integrated photonic platforms. a, The evolution of fully
integrated photonic platforms: pureIll-V platform relies on multiple epitaxial
regrowths to combine active and passives structures; heterogeneous Il1-Von
SOlrequires two bonding procedures, the ‘smart-cut’method to produce an
integrated Sifilmand I1I-V bonding to transfer IlI-V epitaxy layers from native
substrate onto SOI; the heterogeneous I1I-V on SiN platform needs only SiN
direct deposition tointegrate SiN film, and only one wafer bonding process to
addthelll-Vlayer.b, The spectral coverage of fully integrated PICs: boxes
represent the transparency window of passive platforms on the basis of

on a Si substrate, they do not require any expensive smart-cut
process, suggesting an opportunity to further reduce the cost of
foundry-manufactured PICs.

However, until recently, the integration of active components onto
SiN PICs has been impeded by the large index mismatch between SiN
(approximately 2) and I1I-V materials (>3). SiN and IlI-V structures
have been integrated on the same substrate to form highly coherent
lasers and microcombs at telecommunication wavelengths, but only
with anintermediary Silayer for passive-active transitions, which still
prohibits short-wavelength operation®?*.

This work presents a new generation of integrated photonics with
active and passive elements united in a heterogeneously integrated
III-V/SiN platform. This integration scheme offers a fully integrated
submicrometre photonics platform with versatile building blocks,
including lasers, semiconductor optical amplifiers (SOAs), modula-
tors, photodetectors and various passive elements. The combination
of alll-V gain section with SiN external cavities yields a heterogene-
ously integrated, narrow linewidth, widely tunable laser operating
beyond the bandgap energy of Si, a device with tremendous implica-
tions for atomic physics, sensing and precise metrology. Moreover, the
short-wavelength platform exhibits superior high-temperature perfor-
mance among coherent light sources, which can be used to improve
power efficiency in data centres and other hot environments. These
results herald the mass production of PICs covering a much broader
spectrum and open doors to many new applications.

Heterogeneously integrated III-V on SiN photonics
platform

Heterogeneous I1I-V/SiN photonic devices consist of lll-V-based epi-
taxial layer structures bonded on top of SiN waveguides. A simplified
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different materials (InP%?, GaAs*?, Si**5, SiN**?+%¢) that can be used for fully
integrated PICs, points represent the current state-of-the-artloss on these
passive waveguides and wafer marker sizes represent the current maximum
waferscalein foundries. Theicons onthe upperside representapplications of
fully integrated PICs over the spectrum map. Purple icons indicate applications
accessible to both existing fully integrated PICs and the I11-V/SiN platform of
thisarticle; blueicons correspond to applications made possible by the
heterogeneousI11-V/SiN platform.

fabrication process flow for the IlI-V/SiN heterogeneous photonic
devicesisillustrated in Fig. 2a, with a detailed description provided in
the Methods. Figure 2b shows a photograph of acompleted wafer with
hundreds of lasers fabricated on a 4 inch silicon substrate. Scanning
electron microscope images (Fig. 2c (I-1V)) show a single SiN wave-
guide, a coupler, alll-V waveguide with I1I-V/SiN coupler on one side
and anarray of lasers connecting with an array of photodiodes via SiN
waveguides, respectively.

Anessential feature of the platformis efficient light coupling between
I1I-V and SiN waveguides. The large refractive index of Ill-V material
compared to SiN leads to a highly localized optical mode in the llI-V
layer for a llI-V/SiN heterogeneous waveguide. This is a fundamental
distinction from a typical llI-V/Si heterogeneous waveguide, in which
the similar refractive indices of Si and IlI-V make it possible for the
optical mode to hybridize in both materials?. As a result, the usual
adiabatic coupling scheme based on evanescent fields, although well
suited to I1I-V/Si photonics, does not serve well for I1I-V/SiN. Butt cou-
pling, a non-adiabatic method widely used in conventional optics, is
advantageous in this case. However, efficient butt coupling requires
maximal spatial overlap between the waveguides being coupled, which
is unobtainable in a wafer-scale heterogeneous integration platform
because the bonded layers cannot be vertically aligned. The following
III-V/SiN coupler structure addresses this challenge by combining
both aforementioned coupling schemes: anintermediary waveguide
is patternedin the dielectric cladding between the IlI-V and SiN wave-
guides; at the IlI-V end, the geometry of the intermediary waveguide
is optimized for butt coupling; and on the SiN end, it is optimized for
adiabatic evanescent coupling to the SiN waveguide. A coupling effi-
ciency of up to 70% was demonstrated in the first generation, and 90%
efficiency is achievable with optimal design®. Additional details are
described in the Supplementary Information.
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Fig.2|Siliconnitride heterogeneous photonics platform with afull set of
passive and active buildingblock components supporting submicrometre
wavelengths. a, Simplified wafer-scale process flow. Steps shown: (1) SiN
depositiononathermally oxidized Sisubstrate; (2) SiN waveguide patterning;
(3) bonding of multiple IlI-V epitaxial structures; (4) substrate removal of the
II-V epitaxy; (5) I1I-V processing, including multiple dry/wet etches to form
the p-njunctions for active devices; (6) dielectric cladding deposition, via
etchesand metallization that complete the device fabrication. b, Aphotograph
ofafully processed 4 inch wafer that contains thousands of devices. c,
Scanningelectron microscope images of (I) a SiN waveguide, (1) awaveguide
coupler, (1ll) alll-V waveguide and electrical contacts for active components
and (IV) anarray of lasers and photodiodes connected by SiN waveguides. d,
Envisioned schematic of afully integrated atomic clock system fabricated ona

Figure 2d, showing a proposed integrated PIC for an integrated
atomic clock system, illustrates the potential of a fully integrated,
short-wavelength PIC ecosystem with direct I1I-V/SiN coupling. The
essential components have been implemented and characterized
around 980 nm, as shown in Fig. 2e. Fabry-Perot (FP) lasers, formed
withnear-100% loop mirrors on the back side and 10% mirrors on the
frontside, provide alight source. An 800 pm long FP laser exhibits a
low threshold current of 122 mA, whereas the output power and slope
efficiency exceed 25 mW and 0.38 W A™, respectively. Integrated
SOAs are fabricated with more than 22 dB optical gainand 20 nm 3 dB
bandwidth. For detection, IlI-V photodiodes (PDs) exhibit nA-level
dark currentand more than 0.6 A W responsivity and 80% quantum
efficiency at 980 nm. We also demonstrate a2 mm long phase shifter
using the same GaAs epitaxial material with a V; of only 2.4 V and
Mach-Zehnder modulators with more than 22 dB extinction ratio,
measured at a wavelength of 1,060 nm. Complementing the I1I-V
activeelementsare SiN passive waveguides, with loss reaching below
0.5 dB cm™ measured near 980 nm, which corresponds to a quality
factor (Q) above 1.5 x 10°.

single chip. e, Active and passive functionalities supported on the platform,
with characteristic performance. Left toright: FP laser, aFabry-Perot laser with
integrated broadband mirrors that has less than12 mA current threshold and
more than25 mW output power to a SiN waveguide; SOA, asemiconductor
optical amplifier with maximum gain of22 dB at 980 nm with 100 mA bias
current (the 3 dBbandwidth of the gainat 100 mA spans over 20 nm);

passive waveguide, SiN waveguides with sub-dB cm™ propagation lossin the
900-980 nmwavelengthrange (greenshadingindicates the standard error
from cutback losslinear fit after averaging device loss over identical test
structures from asingle wafer); modulator,aMach-Zehnder interferometer
with phase modulators showing V,,=2.4 Vand agreater than 20 dB extinction
ratio (ER); PD, aphotodiode with agreater than 0.6 AW responsivity at

980 nmand nA-level dark current.

It is also worth noting that recently developed ultra-low-loss SiN
waveguides®*? can further reduce waveguide loss by two orders of
magnitude. This thin SiN platform will have a greater effective index
mismatch between passive and active waveguides, but efficient cou-
pling canstill be achieved with the same coupling strategy.

Integrated coherent laser beyond silicon bandgap

One key application of heterogeneous photonicsis coherent lasing. At
the telecommunicationband, for example, low-loss silicon waveguides
have been paired with InP-based optical gain material to produceinte-
grated narrow linewidth lasers®. By uniting high-quality SiN passives
with short-wavelengthIlI-V gain, our platform offers a similar capability
beyond the silicon bandgap limit.

Anintegrated laser operating at 980 nm, which consists of a GaAs
gainregionand aSiN external cavity, is presented as a proof of concept.
Figure 3a,b shows the principle of Vernier rings and the schematic
design of the laser, whose details are provided in the Methods. The
output power fromthelaser is greater than 10 mW near the gain peak,
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Fig.3|Integrated coherent, widely tunablelasers onsiliconnitride.a, The
wavelengthresponse of individual ring resonators and the resulting measured
Vernier spectrum with tworings of different free spectral range. b, Schematic
ofadual-ring tunable laser with aback mirror formed by two ring resonatorsin
a100%loop mirror, a50%reflectivity frontloop mirrorand a GaAs-based SOA
sectioninbetween. Thermal microheaters are fabricated ontheringsanda
partofthelaser cavity to aligntherings, select the wavelength and tune the
round-trip phase accumulation. The photograph shows a tunable laser chip
withaformfactor oflessthan 3 x 0.3 mm? ¢, Ll characteristic of thelaserata
fixed wavelength, showing 30.3 mA threshold current and more than10 mW
output power. Inset: single-mode lasing spectrum. d, Improved linewidth with
low-loss SiN external cavity. e, Frequency noise spectrum, simulated
thermorefractive noise and awhite noise floor of 450 Hz?/Hz, corresponding

as shownin the LI (light-current) curve in Fig. 3c, where the power is
measured while wavelength is maintained around 976.5 nm. For afixed
gain current of 75 mA, the power output is measured to be higher than
6 mW across the whole wavelength range.

A compact laser, with a footprint of less than 1 mm?, as shown in
Fig. 3b, is valuable for a wide range of applications at short wave-
lengths®. One important example is in atomic physics. The HI-V/SiN
heterogeneouslaser described here offers a performance comparable
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toa2.8 kHzLorentzianlinewidth (2 times the white noise floor). Inset:
Lorentzian linewidthat 25°Cacrossthelaser tuning range. f, Relative intensity
noise (RIN), less than-155 dB Hz ' outside the relaxation oscillation resonance.
g, Wide tuning range enables access to many atomic resonances. h, Vernier
wavelength tuning of more than 20 nm wavelength with high SMSRs across the
wholerange.i, A‘UCSB’logo created by stepping the wavelength of the laser
over time. The colour of each dotindicates the measured SMSR at that time
step.j, Mechanism of locking aresonance with asingle continuous tuning
parameter, crucial for locking to atomic transitions. k, Mode-hop-free,
continuous tuning of the I1I-V/SiN laser frequency obtained over more than

8 GHz by sweeping the phase-tuning sectionalone.l, A‘Nexus’logo created by
tuningthelaser frequency without mode hop, showing great stability and
precise control over time.

to a bulky external cavity-diode laser®*3, but with the form factor of
afully integrated device. Figure 3e shows the two-sided power spec-
tral density of the laser noise at 980 nm wavelength, measured with a
delayed self-heterodyne setup and cross-correlation technique (Meth-
ods). The spectrum is dominated by 1/f noise at low-offset frequency
(f) range, as commonly observed in semiconductor lasers. Between
100 kHz to 30 MHz the laser noise is mainly dominated by thermore-
fractive noise (Methods). At around 30 MHz offset frequency, awhite
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duetotheincreased energy bandgap and quantum well depth. The allowed
working temperature is represented by the length of the solid bar, and a cooling
processisnecessary ifthe free-running temperature of the device goes beyond
theworkingtemperaturerange.c, LIcharacteristics of SiN heterogeneous FP

noise floor of 450 Hz*/Hz is reached, corresponding to a Lorentzian
linewidth of 2.8 kHz, with a 10 kHz-level linewidth across the whole
tuning range (Fig. 3e). Unlike previous integrated pure IlI-V lasers,
whose fundamental linewidths (typically above 100 kHz (ref. ©)) are
broader than many atomic transition lines***, the I11-V/SiN heteroge-
neous laser presented here derives significant noise reduction from
its low-loss SiN ring-resonator-based mirror, opening access to those
narrow-line atomic transitions. The IlI-V/SiN heterogeneous laser also
shows good amplitude noise performance, with relative intensity noise
lower than -155 dB Hz (noise floor of the measurement tool) outside
the relaxation oscillation resonance near the 2 GHz offset frequency,
asshowninFig. 3f.

Another key feature of the Vernier laser design is its wide tunability.
With only narrow tuning capability, producing specific wavelengths
(for example, targeting atomic transitions) demands tight fabrication
tolerances. Using microheaters placed on top of the ring resonators,
one can make use of the thermo-optic effect to tune each ring comb,
shifting the Vernier location to the desired wavelengths. This simple
Vernier comb principle provides amechanismto obtain areconfigur-
able optical filter on-chip, which is key to a widely tunable laser. Fig-
ure 3h shows the lasing spectra measured by coarsely stepping the
wavelength in 1 nmincrements, characterized at 25 °C. The tuning
range is about 20 nm (equivalent to approximately 6 THz), primarily
limited by the gain bandwidth from the 980 quantum wells. The lasing

Wavelength (nm)

1,020 1,040 104 10° 108

Offset frequency (Hz)

lasersfrom25°Ct0185°C.d, Threshold current of the laser versus
temperature, extracted fromthe LI curves. Characteristic temperature

T, =148 Kwithin20 °C-90°C; T,=110Kin therange from 90 °Ct0150 °C, the
highest lasing temperature reported inacommercial heterogeneously
integrated laser',and T, = 61 Kabove 150 °C. Inset: characteristic temperatures,
To, inthefirsttworanges (20 °C-90 °Cand 90 °C-150 °C) of FP lasers with
various cavity length. e, FP lasing wavelength versus temperature, illustrating
linear gain red shift of 0.33 nm K. f, FP lasing spectraat select temperatures.
g, Selectfrequency noise spectraofthe single-mode tunable laser measured at
elevated temperatures, showingless than 10 kHz Lorentzian linewidth even at
145°C.Inset: fundamental linewidth versus temperature from 35 °Cto 145 °C.

side-mode-suppression ratio (SMSR) is greater than 35 dB across the
entire tuningrange, and approaches 50 dBwhen the lasing wavelength
is located near the gain peak, as shown in the figure inset. The wave-
length of the laser can be stepped repeatably over a wide range without
sacrificing SMSR, as shown in Fig. 3i, in which the y axis shows the las-
ing wavelength as a function of time and the dot colour indicates the
SMSR of the lasing mode.

In addition to broad tuning, when locking a laser to a high-Q cavity
or atomic transitions, continuous fine tuning is often required over
asmaller range. As shown in Fig. 3k, by simply sweeping the phase
tuner, our laser supports amode-hop-free tuning range of 8 GHz. Note
that a much larger mode-hop-free tuning range can be achieved by
simultaneously tuning the rings and the phase section®. As shown
in Fig. 31, frequency can also be repeatably and precisely controlled
over several GHz.

High-temperature advantage of short-wavelength PICs

Amajor challenge forintegrated photonics is the requirement of active
cooling. Asthe performance of diode lasers degrades at elevated tem-
peratures, it is necessary to cool the PICs to maintain performance.
Thermal degradation of lasers is caused by gain reduction due to the
wider spreading of the Fermi distribution of carriers atincreased tem-
perature® and by the loss of radiative carriers via various mechanisms,
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notably including carrier leakage over hetero-barriers®, Auger recom-
bination®®* and intervalence band absorption*>* (Fig. 4a), all of which
exponentially increase with temperature. Of these three carrier-loss
mechanisms, Auger recombination and intervalence band recom-
bination both decrease exponentially with material bandgap®*.
Hence, shorter wavelength lasers are inherently more resilient to
these non-radiative loss processes. In addition, the material systems
grown on GaAs substrates used for near-IR-to visible-wavelength lasers
have a favourably larger conduction band offset than that of the InP
system of longer wavelengths, and thus higher quantum well barriers
and better carrier confinement at elevated temperature®, Together,
the above effects give the short-wavelength GaAs platform superior
high-temperature performance (Fig. 4b), which could significantly
reduce power consumption by operating with only passive cooling.

To study thermal performance, our heterogeneous IlI-V/SiN FP lasers
were characterized by LI measurements at stage temperatures from
25°Cupto185°C, as shown in Fig. 4c. Continuous-wave lasing was
achieved up to 185 °C, which is the highest operation temperature
among all lasers integrated on a silicon chip so far, and significantly
higher than the previous record (150 °C)". Threshold currents up to
90 °Care well described by an exponential model with a characteristic
T,0f148 K (Fig.4d), whichis onapar with the best thermal performance
among diode lasers on native substrate*?. Additionally, spectral meas-
urements indicate red-shifting of the lasing wavelength window at a
rate of 0.33 nm K, with a maximum lasing wavelength of 1,044.5 nm
at185 °C, whichis more than 50 nm redder than atroom temperature,
asshowninFig. 4e,f.

Beyond simply lasing, the IlI-V/SiN heterogeneous platform also
demonstratesintegrated narrow linewidth lasers at elevated tempera-
ture, showing great promise for applications, including coherent com-
munications in data centres, remote sensing or metrology in harsh
environments. Ring-resonator-based tunable lasers (similar tothosein
the previous section) were characterized. Phase noise measurements
were carried out at temperatures from 35 °C up to 145 °C (Methods). The
best overall fundamental linewidth measured was lower than 7 kHz, and
alinewidth oflower than10 kHz was measured at 145 °C. Only minimal
linewidth degradation was observed (Fig. 4e). Note that integrating
both IlI-V and SiN on the same substrate ensures a robust coupling
between the gain and the external cavity over a broad temperature
range, whereas other linewidth-narrowing methods, such as hybrid
integration with chip-to-chip butt coupling®?**, face positional mis-
alignment challenges due to thermal expansion mismatch between
different elements.

Discussion

Using the integration strategy demonstrated in this work, the wave-
length range of silicon photonics can be extended down to green
wavelengths with GaAs-based material (GaP, InGaP, AlGaAs), and down
into blue, violet and UV ranges by incorporating GaN-based material.
With the ultra-low-loss SiN waveguide recently characterized at blue
and violet wavelengths?, it will be possible to produce scalable PICs
throughout the entire visible wavelength range. By using high-Q SiN
cavities, fully integrated non-linear systems may also be realized on this
platform, such as microcombs***¢, stimulated Brillouin lasers* and
strong frequency conversionsystems*®. The same integrationstrategy is
well suited to different thicknesses of SiN waveguide, including thinner
ones (<100 nm) for ultra-high-Q or thick SiN (>700 nm) for microcomb
generation in theanomalous dispersion regime. Other materials, such
as LiNbO,, AIN, SiC, AlGaAs and chalcogenide glass, can also be used
intermittently as the media for passive waveguides, further enriching
thetoolbox ofintegrated photonics and extending the spectrum of PICs
towards longer wavelengths (>10 pm) not supported by current PICs.

Short-wavelength PICs have the potential to rewrite the map of
photonics applications. Inatomic physics, short-wavelength PICs will
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supporton-chip atomic clocks and quantum computing with trapped
ion qubits™. With a platform spanning the vast wavelength range from
visible to telecommunication, coherent links can be designed to sup-
port octave-spanning self-reference systems for time-frequency
metrology*’ and visible-telecommunication entanglement in quantum
communication®. Inthe consumer market, improved high-temperature
performance will relax the cooling requirements of photonic devices,
providing an energy-efficient solution for data centres and photonic
computation. By combining highly coherent light sources at visible
ranges with low-loss optical phase arrays®, the IlI-V/SiN heterogene-
ous photonics platform can potentially remove bulky lens imaging
systems from augmented reality/virtual reality equipment, making it
lighter and more power efficient.

Finally, because the fabrication of this platform is compatible with
existing photonic foundries producing heterogeneous I11-V/Si photon-
ics, we expect that this technology will soon be adopted for larger scale
high-volume production. As the material cost of SiN-on-insulator is
lower than that of SOI, this development will make I1I-V/SiN economi-
cally preferable to the now-ubiquitous I1I-V/Si, reducing costs through-
out the industry and truly revolutionizing integrated photonics.
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Methods

Device fabrication

A ssilicon substrate was thermally oxidized to form a suitable SiO,
base layer for waveguide cladding. Next, a 350 nm thick SiN film was
deposited by low-pressure chemical vapour deposition, which was
then patterned with a photolithographic stepper system and dry
etched to form passive waveguide structures. The IlI-V epitaxy was
directly bonded onto the nitride wafers in an optimized molecular
bonding process. As the IlI-V is not patterned beforehand, no pre-
cise alignment was needed for the bonding, enabling wafer-scale,
high-volume production, whichis one key advantage of heterogene-
ousintegration over otherintegration strategies, such as chip-to-chip
packaging or transfer printing. In this work, the IlI-V epitaxy was a
GaAs/AlGaAs-based layered structure with InGaAs/GaAsP quantum
wells. Although GaAs/AlGaAs materials with quantum dots have been
heterogeneously integrated onto SOlwaveguides previously”, GaAs/
AlGaAs quantum wells are heterogeneously integrated here for the
first time. The detailed layer structure can be found in the Supple-
mentary Information. To enhance the bonding strength between
GaAs/AlGaAs and SiN, we deposited a 7 nm Al,O; layer on the epi
surface as an adhesion layer before bonding. Also, to manage the
large thermal expansion coefficient difference between GaAs and Si,
the post-bond anneal was performed at low temperature (150 °C) but
with along duration (up to 12 h) to enhance the bonding strength.
The llI-V substrates were then removed by mechanical polishing
and aselective wet etch before continuing the llI-V process to form
active components. A blanket dielectric was deposited to form the
top cladding for both SiN and Il1I-V waveguides, as well as the insu-
lator between metal sections. Finally, vias were opened and metal
pads deposited to form electrical contacts to the devices. A more
detailed description of the fabrication process can be found in the
Supplementary Information.

Tunable laser design

Figure 3b shows the schematic design of the laser, whose back mirror
consists of two ring resonators cascaded withinaloop inan add-drop con-
figuration. Eachring resonator formsacombin the wavelengthdomain,
withadjacent comblines separated by one free spectral range. As shown
inFig.3a, by choosing radii for the rings so that the free spectral ranges
of the two combs are slightly different, the dual-ring mirrors reflective
spectrum, whichisthe product of these two combs, is a Vernier comb that
has only asingle dominant comb line at which the two individual comb
lines align. In addition to the Vernier tunable ring mirror, the laser also
features a phase-tuning element and an on-chip monitor photodiode.

Noise characterization

The delayed self-heterodyne phase noise measurements were
performed using a1km delay line and a Brimrose acousto-optic
modulator (TEM-110-10-55-980-2FP) on opposing arms of a Mach-
Zehnder interferometer. The two output signals were sent to New-
port low noise photoreceivers (model 1801) and recorded with a
Tektronix 5 Series mixed signal oscilloscope for cross-correlation
analysis as in ref. %%, During the measurement, all laser inputs and
the thermo-electric cooler of the measurement stage (see below)
were controlled by Lightwave ILX LDX-3620B ultra-low-noise bat-
tery current sources.

Thermorefractive noise simulation

Here, we derive the thermorefractive noise of the integrated laser
resonator based on the fluctuation-dissipation theorem* and simulate
the thermorefractive noise of the dual-ring tunable laser in Fig. 3 with
a COMSOL multiphysics finite element method solver. For a single
optical mode within the resonator, by solving the Helmholtz equation,
the optical resonance angular frequency w,,, can be expressed as

LJIVXEPdr
JnIEPdPr

2 _
opt —
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where Eis the modal electricfield, ris the spatial coordinate vector,
cis the vacuum speed of light and n, is the refractive index of the
material.

Under thermal shifts, the refractiveindex change Ancanbe expressed
asAn=n,B,6T, where §,is the thermo-optic coefficient. The resonant
frequency shift, Sw,,,, can be solved as

1
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where Nis the normalization for optical mode intensity, N = [n,n, |E*d’r.

The resonator exists in a heat reservoir with temperature 7, and
the temperature deviation from thermal equilibrium follows the heat
equationin the frequency domain:

iwpc,6T=KV?6T - iwQ,,, 3)

where pis the material density, ¢, is the heat capacity, k is the thermal
conductivity and Q. is the fictitious external heat source, given by
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Heref, is a conversion unit to energy.
The resulting dissipated power W, can be calculated as:
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According to the fluctuation-dissipation theorem, the two-sided
power spectral density (SD) of resonant frequency w canbe expressed as

— 4'kBT l4/diss

02 |f0|2 (6)
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Critical parameters used in the simulation of thermal properties
are:p(Si;N,) = 2.2 x 10* kg m(ref. ©°), p(Si0,) = 2.2 x 10> kg m>, C(Si;N,) =
600] kg K™ (ref.*°), C(Si0,) =740 kg K™, k(Si;N,) =2.23 W m K™ (ref. ),
k(Si0,) =14 Wm™ K™, B,(Si;N,) = 2.4 x 105 K™, 8,(Si0,) =1.0 x 105 K™
and ambient temperature of 293.15K.

High-temperature measurement

The high-temperature measurement stage consisted of four levels:
aheater, aheatspreader, athermo-electric cooler and the measure-
ment stage. Additionally, polyimide tape was applied to reduce heat
flow to the air, and a hood-like structure of aluminium was added
to shield the device under test from air currents. Temperature was
monitored using a Vescent SLICE-QTC controller with EPCOS-TDK
thermistors (B57540G1103F005) in the stage and the heat spreader.
Output power was measured with a calibrated Newport integrat-
ing sphere (819C-UV-5.3-CAL). Lasing wavelength was determined
by measuring spectra with a Yokogawa Optical Spectrum Analyzer
(AQ6374).

Data availability

The data presented in this paper’s figures are available on https://
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