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Early works'and recent advances in thin-film lithium niobate (LiNbO,) on insulator
have enabled low-loss photonic integrated circuits??, modulators with improved
half-wave voltage*®, electro-optic frequency combs® and on-chip electro-optic devices,
with applications ranging from microwave photonics to microwave-to-optical quantum
interfaces’. Although recent advances have demonstrated tunable integrated lasers
based on LiNbO; (refs. ), the full potential of this platform to demonstrate frequency-
agile, narrow-linewidth integrated lasers has not been achieved. Here we report such a
laser with a fast tuning rate based on a hybrid silicon nitride (Si;N,)-LiNbO, photonic
platformand demonstrate its use for coherent laser ranging. Our platformis based on
heterogeneous integration of ultralow-loss Si;N, photonic integrated circuits with
thin-film LiNbO, through direct bonding at the wafer level, in contrast to previously
demonstrated chiplet-level integration', featuring low propagation loss of 8.5 decibels
per metre, enabling narrow-linewidth lasing (intrinsic linewidth of 3 kilohertz) by self-
injection locking to alaser diode. The hybrid mode of the resonator allows electro-
opticlaser frequency tuning at a speed of 12 x 10" hertz per second with high linearity
and low hysteresis while retaining the narrow linewidth. Using a hybrid integrated
laser, we perform a proof-of-concept coherent optical ranging (FMCW LiDAR)
experiment. Endowing Si;N, photonicintegrated circuits with LiNbO; creates a platform
that combines the individual advantages of thin-film LiNbO; with those of Si;N,, which

show precise lithographic control, mature manufacturing and ultralow loss™".

Lithium niobate (LiNbO;) is an attractive material for electro-optic
devices and has been widely used for many decades. It exhibits a wide
transparency window from ultraviolet to mid-infrared wavelengths
and has a large Pockels coefficient of 32 pm V7, enabling efficient,
low-voltage and high-speed modulation. Integrated photonics based
onmaterials exhibiting the Pockels effect—such as aluminium nitride"*—
have been demonstrated before, but only recently for LiNbO, (ref. ).
Following the commercial availability of LINbO; on insulator via wafer
bonding and smart-cut, there has also been substantial progress in the
etching of low-loss LiNbO, waveguides, culminating in ring resonators
withan intrinsic Q-factor of 10 x 10 (ref. ?). The majority of these achieve-
ments have utilized argonion beam etching to manufacture partially
etched ridge waveguide structures, which enabled modulators operat-
ing at complementary metal-oxide-semiconductor (CMOS) voltages®,
quadrature-phase-shift-keying modulators® and electro-optic fre-
quency combs®. Furthermore, the platform has provided a route to
creating interfaces using cavity electro-optics that efficiently couple
microwave-to-optical fields’. Inaddition to direct etching, heterogene-
ousintegration of LINbO, chiplets ontosilicon nitride (Si;N,)*° or silicon™
photonicintegrated circuits (PICs) has recently been demonstrated.

Beyond applications for electro-optic modulators, a LiNbO; inte-
grated photonics platform with a large Pockels coefficient and low
propagation loss fulfils all the requirements for realizing integrated
narrow-linewidth and frequency-agile laser sources, which feature
ultrafast, linear and mode-hop-free tuning. Although integrated
lasers have made major advances recently, culminating in hybrid
self-injection locked lasers based on high-Q Si;N, integrated micro-
resonators that reach fibre laser coherence, that is, subhertz Lor-
entzianlinewidth, these lasers lack fast frequency actuation. Although
integrated narrow-linewidth lasers with similar performance have
recently been demonstrated using monolithically integrated piezoelec-
trical stress-optical actuation thatis flat and with megahertzactuation
bandwidth'®?, lasers based on LiNbO, integrated photonic circuits
have the potential for vastly faster tuning, with flat frequency response,
at substantially lower drive voltages, and do not exhibit excitations
of parasitic vibrational modes of the photonic chip, as in the case of
piezoelectrical actuation. Anelectrically pumped hybrid LINbO5/III-V
laser has been demonstrated using a Vernier-filter-based scheme®’,
but has not yet achieved this capability. Lasers based on LiNbO, pho-
tonicintegrated circuits have the potential to realize a host of laser
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Fig.1|Heterogeneous, low-loss, Si;N,-LiNbO; photonicintegrated platform
for fast tunable self-injection-locked lasers. a, Schematicillustration of the
heterogeneous Si;N,-LiNbO, platformrealized by heterogeneous integration
ofa4” (100 mm) thin-film LiINbO, wafer onto a4” Si;N, wafer, with cross-sections
of both wafers. b, False-colour SEMimage of a heterogeneous Si;N,~-LiNbO,
waveguide cross-section. The original SEM image data are shownin Extended
DataFig.1.Inset: afinite-difference time-domain simulation of the spatial
distribution of the hybrid transverse electric mode’s electric-fieldamplitude
with12% participationin LiNbO,, electric-field maximumis coloured inred and

structures, such as widely tunable Vernier lasers or mode-hop-free
lasers foramultitude of applications, including frequency-modulated
continuous-wave (FMCW) light detection and ranging (LiDAR)?, optical
coherence tomography, frequency metrology or trace-gas spectros-
copy?, which utilize both frequency agility and narrow linewidth. Here
we demonstrate LiNbO,-based integrated lasers that achieve narrow
linewidth (kilohertzlevel) while exhibiting extreme frequency agility,
allowing a petahertz-per-second tuning rate. This is achieved on a
heterogeneously integrated platform combining ultralow-loss Si;N,
photonic waveguides® with thin-film LiNbO, by wafer-scale bonding®.
Our hybrid platform uses a Si;N,-LiNbO, chip that is butt-coupled to
an indium phosphide (InP) distributed feedback (DFB) diode laser.
The Si;N, photonicintegrated circuits are manufactured using the
photonic Damascene process? and feature tight optical confinement,
ultralow propagationloss (<2 dB m™), low thermal absorption heating
and high-power handling. They canbe manufactured at the wafer scale
with high yield and are already available from a commercial foundry.
Additional advantages of the Si;N, platforminclude low gain from the
Raman and Brillouin nonlinearities and radiation hardness. This hetero-
geneous Si;N,-LiNbO; platform enables high-Q microresonators with
amedian intrinsic cavity linewidth of 44 MHz, provides a near-unity
yield of bonded devices, and exhibits low, compared with LINbO, ridge
waveguides, insertionloss of 3.9 dB per facet*. Inaddition, the hetero-
geneous Si;N,-LiNbO; platform does not exhibit bend-induced mode
mixing owingtothebirefrigence, asis typically the case for LiNbO, ridge
waveguides. Combining the unique properties of both materialsintoa
single heterogeneous integrated platform enables laser self-injection
locking with two orders of magnitude of laser frequency noise reduc-
tion and a petahertz-per-second frequency tuning rate.

Heterogeneousintegration of LINbO; on Si;N, PIC

Our fabrication method combines the processes of photonic Dama-
scene Si;N, waveguide fabrication with wafer-scale bonding®
to enable electro-optic modulation on passive, ultralow-loss Si;N,,
as schematically depicted in Fig. 1a. Our process starts with the fabri-
cation of a patterned and planarized Si;N, substrate using the photonic
Damascene process (see details in Methods). A silicon dioxide (SiO,)
interlayer is deposited on the substrate, followed by densification.
The interlayer is then polished to reduce the remaining topography
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minimuminblue. ¢, Schematicillustration of the self-injection locking principle.
Theoptical pathis marked with the dashed red line. The red arrow shows the
forward optical wave and the blue arrow shows the reflected optical wave from
amicroresonator. Laser wavelength tuningisachieved by applying a voltage
signal (forexample, alinear ramp) on the tungstenelectrodes. The structuresin
yellow are the tungsten electrodes. d, Photo of the set-up witha DFB laser butt-
coupledtoaheterogeneous Si;N,-LiNbO; chip (sample D67_01b C16 WG 4.2).
Apairof probes touch the electrodes for electro-optic modulation,and a
lensed fibre collects the output radiation.

and set the desired thickness. A root-mean-square roughness of less
than 0.4 nmover an area of afew square micrometres and of only a few
nanometres over anarea of several hundred micrometres are necessary
forbonding®. Next, afew-nanometre-thick aluminalayer is deposited
by atomic layer deposition on both the donor (LiNbO; on insulator)
andtheacceptor (planarized Si;N, photonic circuit containing100-mm
wafer) wafers before contact bonding and donor-wafer removal. Tung-
sten electrodes are then manufactured by sputtering and reactiveion
etching. At this point, the areas of the coupling facets and the tapered
sections of the Si;N, waveguides are cleared from LiNbO, by physical
etching withargonions, sothatthelaser light canfirst coupleinto the
chip using inverse tapers® before entering the transitioning to the
LiNbO;-covered area. Finally, chip release is performed by chip-facet
definition by deep SiO, and silicon etching, followed by chip separation
throughbackside silicon lapping. Figure 1b depicts ascanningelectron
microscope (SEM) cross-section of the heterogeneously integrated
LiNbO;-on-Si;N, waveguide with the following layer thicknesses: bot-
tom silica cladding, 4 pm; Si;N,, 950 nm; silica top cladding, 150 nm;
LiNbO;, 300 nm; metal electrodes, 200 nm (the original SEM image is
shownin Extended DataFig.1). The inset of Fig.1b shows asimulation
of the spatial distribution of the electric-field amplitude in the hybrid
mode of our device with 12% participation ratio in LiNbO. Statistical
analysis of the resonator transmission spectrareveals a44-MHz median
intrinsic cavity linewidth corresponding to a Q-factor of 4.8 x 10°and
linear propagation loss of 8.5 dB m™ (Extended Data Fig. 8c).

Laser self-injection locking
Laser self-injection locking is initiated by butt-coupling of an InP DFB
diodelaserto the heterogeneous Si;N,-LiNbO; chip (Fig.1c,d), and tun-
ing the laser current to match the output frequency to the resonance
frequency of the heterogeneous Si;N,-LiNbO, microresonator. The opti-
calbackreflection onsurface or volumetricinhomogeneitiesinside the
microresonator provides spectrally narrowband feedback to the laser
diode by coupling clockwise and anticlockwise propagating modes.
Lightinthe clockwise mode radiates back to the laser bearing the power
fraction given by the reflection coefficient R, which depends on the
interaction strength of the modes and the resonator coupling efficiency.
Thelaser diode is forced to oscillate at the frequency of the cavity
resonance in the self-injection-locked regime. Assuming that the
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Fig.2|Characterizing theintegrated hybrid heterogeneous Si;N,-LiNbO;
platform. a, Transmission (T, blue) and reflection (R, orange) spectraof a
heterogeneous Si;N,-LiNbO,102-GHz-FSR microresonator (see Extended Data
Fig.2for the full dataset). b, The histogram shows the distribution of linewidths
of532resonances for the fundamental transverse electric mode TE,, of the
102-GHz-FSR device withamedian linewidth of about 100 MHz, corresponding
toaquality factor of 1.9 x 10° (k, is the intrinsic cavity decay rate). ¢, Optical
spectrum ofthe free-running DFB laser diode with 50 dB side mode suppression
ratio (SMSR). d, Experimental set-up for linewidth measurements with the
hybridintegrated laser using the heterodyne beatnote method. AFG, arbitrary
functiongenerator; DSO, digital storage oscilloscope. The forward pump wave
a‘ismarked by asolidred line, and thereflected backward wave a“by adashed
redline.e, Comparisonofthelaser linewidth for the free-running DFB case and

frequency noise of the laser is white, the frequency noise suppres-
sion ratio? is:

bw NQSFB 1
60iee Q% 16R(1+ap)’

)]

where 6wy,../21 is the linewidth of the free-running DFB laser; §w/2m
isthe linewidth of self-injection-locked DFB laser; Qs and Q = w/k are
the quality factors of the laser diode cavity and of the microresonator
mode, respectively (with k = k., + ko, where k, and k., are the intrinsic
cavity decay rate and bus-waveguide coupling rate, respectively);
and a, is the phase-amplitude coupling factor. Self-injection locking
occurswithinafinite frequencyinterval around the cavity resonance.

the case where the DFB s self-injection-locked to a heterogeneous Si;N,-
LiNbO; microresonator. f, Time-frequency map of the beatnote showing the
laser frequency change onlinear modulation of the diode current. The white
dashed lines mark the boundaries of the self-injection locking bandwidth,
where almost no laser frequency changeis observed. g, Time-frequency map
ofthe beatnote showing the laser frequency change upon linear tuning of the
cavity resonance by applying voltage to the electrodes. The DFB current
remained fixedin theself-injectionlocking range. h, Frequency noise spectra
ofthe free-running DFB (blue) and the DFB self-injection-locked to the 102-GHz-
FSR heterogeneous Si;N,-LiNbO; microresonator (orange). The evaluated
thermo-refractive noise (TRN) limitand the beta-line are given for reference
(orange dash-dotted and red dashed lines, respectively).

Thelocking bandwidth Aw,, is given, assuming large intermodal inter-
action strength and high coupling efficiency, by*

(0]
A("’Iock = *,R(l + (Xé) Qi
DFB

To strongly reduce the laser linewidth and increase the frequency
locking range, a high-Qresonance and strongreflection are desirable.
The device used in our experiments features a102-GHz free spec-
tral range (FSR) and a resonance total linewidth of k/21t =100 MHz
(Fig.2a,b) operated close to critical coupling. The intrinsic loss of the
microresonator k,/2m = 50 MHz indicates awaveguide linear propaga-
tion loss of 8.5 dB m™. The power reflection of the device reaches 3%

©)]
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Fig.3|Electro-opticfrequency tuning of the self-injection-locked DFBlaser.
a,Measured response of the electro-optic modulation for the heterogeneous
Si;N,-LiNbO; device utilizing tungsten electrodes. b, Frequency excursion
(blue) and the absolute root mean square (RMS) deviation of the measured
tuning profile froma perfect triangular ramp (orange). The deviation was
calculated asthe difference between the experimental dataand the least-squares
fitting. c, Top: time-frequency spectrograms of heterodyne beatnote for

(see Fig. 2a and Extended Data Fig. 2 for full spectrum) and features
both the narrowband reflection (R) of the microresonator and the
wideband sinusoidal modulation by spurious reflections from the
chip facet, as well as the transitions between the inverse tapers and
the heterogeneous Si;N,-LiNbO; waveguide, which can be mitigated
usingtapered transitions. Tapered transitionin LiNbO; also decreases
insertionlossesto 2.5 dB per facet?. The reflection from the chip facets
canbereducedby using angled output tapers. Despite the weak back-
reflection contrast (see the characterization of other devices from the
waferin Extended DataFig. 8), injectionlockingis observed duetothe
narrow linewidth of the optical resonance. Laser stabilization for any
level ofintrinsic backscattering can be furtherimproved by introducing
anon-chip drop-port-coupledloop mirror. Adjusting optical feedback
by tuning the drop-port mirror coupling and feedback phase allows
improvement of the locking range and frequency noise suppression®,
The self-injection-locked DFB emission spectrum (Fig. 2c) indicates a
lasing wavelength of 1,555.4 nm with a side-mode-suppression ratio
of 50 dB. To characterize laser self-injection locking, a heterodyne
beatnote of the unlocked or the locked DFB laser with areference laser
is generated on a fast photodiode and processed using an electrical
spectrum analyser (Fig. 2d). We observe beatnote narrowing upon
locking of the DFB laser (Fig. 2e). When varying the laser current of the
DFB, we found theregions where thereis almost no laser frequency tun-
ingbecause of the self-injection locking (Fig. 2f). To reveal the locking
bandwidth, we set the DFB currentinside the locked state and scanned
the cavity resonance by applying a triangular voltage chirp to the elec-
trodes (Fig. 2g). The self-injectionlocking is achieved within a frequency
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Time (ms)

modulation frequencies from1kHz to10 MHz. Bottom: the deviation of the
experimental tuning data from the least-squares fit for the same modulation
frequencies. d, Voltage profile applied to the electrodes from an arbitrary
waveform generator, resembling the EPFL logo. e, Measured laser heterodyne
beatnote showing laser frequency evolutionin the form of the EPFLlogo ata
tuningrate of 450 Hzs™.

span of around 1 GHz; however, linear tuning is observed only within
a600-MHz band due to the low backreflection of the heterogeneous
Si;N,-LiNbO, microresonator.

Next, we measured the (single sided) frequency noise spectral density
Sp(f) of the DFB diode laser in the free-running and self-injection-locked
regimes (see Methods for details and Fig. 2h for results). The laser
self-injectionlocking suppresses the frequency noise by at least 20 dB
across all frequency offsets. We find the intersection point of the fre-
quency noise curve and the beta-line” at 30 kHz (Fig. 2h). The full-width
at half-maximum (FWHM) linewidth, whichis calculated by integration
of the frequency noise from the beta-line to the inverse integration
time, is 56 kHzat 0.1 msintegration time, 262 kHzat1 msand 1.1 MHz at
100 ms. Thelaser frequency noise reaches a horizontal plateau (white
noise floor) of 10 Hz? Hz ' at a 3-MHz offset, which corresponds to an
intrinsic laser linewidth of 3.14 kHz.

Petahertz-per-second frequency-agile laser tuning

To measure the voltage-to-frequency response of the heterogeneous
Si;N,-LiNbO; microresonator, the signal from anetwork analyser was
appliedtotheelectrodes, and the laser frequency was fixed on the slope
ofthe cavity resonance. This measurement reveals a key advantage of
the heterogeneous Si;N,-LiNbO, platform—the modulation response
function for the 102-GHz-FSR microresonator is flat up to the cavity
linewidth of100 MHz (Fig. 3a). To demonstrate the frequency agility of
thelaser and the response of the laser frequency to a large-amplitude
voltage modulation, the DFB laser was self-injection-locked to the
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Fig.4|Coherent FMCW LiDAR demonstration using hybridintegrated
lasers. a, Schematics of the experimental set-up for coherent optical ranging
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signal of the tunable laser source with alinear frequency chirpis splitinto two
channels for delayed homodyne detection. The signalin the first channel is
amplified and, by means of mechanicalbeam-steering, scans the target. The
signalinthe second channel is mixed with the fraction of the power of the first
channel that was scattered by the target. The beatnote power evolution is
recorded by anoscilloscope. AFG, arbitrary function generator; DSO, digital
storage oscilloscope; EDFA, erbium-doped fibre amplifier; CIRC, optical

microresonator resonance and a triangular voltage signal of 25 Vpp
withmodulation frequencies ranging from1kHz to10 MHz was applied.
Neither signal pre-distortion nor active feedback was applied to the
driving signal. The applied voltage modulates the refractive index of
LiNbO, viathe Pockels effect and shifts the cavity resonance, forcing the
laser tofollow the resonance as long as it remains within the overall lock-
ing range. Toreveal the time-varying frequency-tuning characteristics
for large signal modulation in the self-injection-locked state, the het-
erodynebeatnote of the hybrid integrated laser with the reference laser
was recorded on a fast photodiode. Frequency excursions remained
onthelevel of 500 MHz, independently of the modulation frequency,
whereas the nonlinearity tended toincrease withincreased modulation
frequency. The minimum nonlinearity of 1% of the frequency excur-
sionis observed at a tuning rate of 100 kHz with a tuning efficiency of

2.0 2.5

Distance (m)

3.0 3.5

X (m)

circulator; BPD, balanced photodiode; COL, collimator; FPC, fibre polarization
controller. b, Examples of the delayed homodyne beatnote corresponding to
signals from the collimator (blue shaded regioninall 3 traces), the doughnut
(orangeshadedregioninorangetrace) and the wall (green shaded regionin
greentrace) with therespective SNRvalues. ¢, Histogram showing the
distribution of the calculated values of distance to the target. The two peaks
correspond to thereflections from the doughnut and the wall. Both peaks

are fitted with adouble-Gaussian function with fitting parameters, the
meandistance (d) and standard deviation (0), indicated.d,e, Point-cloud
representation of the measured target scene from different viewing angles.

28 MHz V'. The top row in Fig. 3c shows the processed laser frequency
spectrograms, which are calculated by time-segmented Fourier trans-
formation, and the bottom row shows the corresponding residuals
after a perfect triangular modulationisfit to the data. Figure 3b shows
the laser frequency excursion and the root-mean-squared deviation
ofthe measured profiles from a perfect triangular frequency modula-
tiondetermined by curve fitting. Additional data on tuning efficiency
and hysteresis are shown in Extended Data Figs. 3 and 4. The demon-
strated frequency excursion of 600 MHz in 50 ns equates to an ultrafast
frequency agility of 12 PHz s,

Although highly linear ramp frequency modulation is essential for
FMCW LiDAR application, the frequency canbe modulated in an arbi-
trary manner while preserving a high tuning rate. To illustrate this, we
programmed an arbitrary waveform generator to reproduce the logo of
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EPFL (Fig.3d) and applied the signal to the heterogeneous Si;N,~-LiNbO,
device. Thelaser frequency was again determined by heterodyne beat-
note with the reference laser, and the result of the time-frequency
analysisis depictedinFig. 3e, showinga tuning rate of 450 THz s "and
adwell time between points of 200 ns.

Optical coherent ranging demonstration

To demonstrate the application potential of our laser, we perform a
proof-of-concept optical ranging experiment in a lab environment.
The FMCW LiDAR method consists of triangular-shaped frequency
modulation of the laser source and delayed homodyne detection
with the optical signal reflected from the target. Laser phase noise
limits the maximum operating distance and ranging precision in this
method. However, a key requirement for FMCW LiDAR at long range
is frequency agility, that is, to achieve fast, linear and hysteresis-free
tuning®. The experimental set-up is depicted in Fig. 4a (see Methods
for detailed description). The laser beam is scanned across the target
scene by means of two galvo-mirrors with triangular driving signals.
We used a polystyrene doughnut-like object and a metal sidewall of a
rackenclosure as the target. Both objects were located approximately
3 m away from the collimator. A photograph of the target scene and
the beam-scanning pattern are depicted in Extended Data Fig. 5. The
beatnote between the signal reflected from the target and the local
oscillator is detected with abalanced photodiode and recorded by an
oscilloscope. We adjust optical polarization with a fibre polarization
controller in the reference arm of the delayed self-homodyne set-up
to maximize the signal-to-noise ratio (SNR) of the beatnote signal.
Zero-paddedshort-time Fourier transformationis then applied to the
collected oscillogram data to retrieve the beatnote spectrumevolution
over 128,000 timeslices. The time-frequency spectrograms obtained
for both the target and the reference Mach-Zehnder interferometer
(MZI) are shownin Extended DataFig. 6. The MZIwas used for distance
calibrationonly (we retrieved aresolution of 15 cm), and neither signal
pre-distortion nor active feedback was applied. Figure 4b shows three
different time frames with beatnotes of the local oscillator with the
reflections from the wall, the doughnut and the collimator, and their
respective SNR values. Last, the centre frequencies of the beatnote
spectra were identified and mapped into the distance domain using
theMZllength as areference. The resulting distribution of the distance
valuesis plotted as a histogramin Fig. 4c, showing two peaks represent-
ingthe doughnutat2.1 mandthewallat2.8 m. The double-Gaussian fit
reveals the statistical distribution of distance values for both objects
(Fig. 4c). The point cloud of the three-dimensional optical ranging is
inferred from the distance data and the voltage-to-angle conversion
of'the galvo-mirror controller; itisshownin Fig. 4d,e, where the point
colour encodes the distance from the collimator.

In summary, we have demonstrated a heterogeneous wafer-scale
platform for electro-optic photonicintegrated circuits that integrates
ultralow-loss Si;N, waveguides and thin-film LiNbO,. We show optical
microresonators with44-MHz medianintrinsic cavity linewidth, corre-
spondingto linear propagation losses of 8.5 dB m™, wideband uniform
bus-waveguide coupling, and flat electro-optical frequency actuation
response up to 100 MHz. Endowing ultralow-loss Si;N, photonic inte-
grated circuits with on-chip LiINbO; electro-optic modulation enables a
hybrid self-injection-locked laser with simultaneously narrow linewidth
and fast tuning of 12 PHz s™.. This laser allows FMCW optical ranging
without the need for signal pre-distortion or active feedback and with
aresolution of around 15 cm. Detailed comparison with other photonic
integrated tunable lasers based onInP chipsis givenin Extended Data
Table1and with other integrated LiNbO, platforms in Extended Data
Table 2. With futureimprovementsin photonic circuit design and fab-
rication, such as reducing the interlayer SiO, thickness and optimizing
electrode positions, we believe that our platform will form the basis
of fast tunable lasers with 10-ns-level switching time, mode-hop-free
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tuning over tens of gigahertz, and fundamental linewidths below
100 Hz and kilometre-level coherence length. By fully leveraging the
high electro-optic coefficient of LiINbO,, with further improvements
in photonicintegrated circuit design, these devices can operate with
complementary metal-oxide-semiconductor-compatible voltages, or
achieve millimetre-scale distance resolution. Beyond integrated lasers,
the hybrid platform can also be used to realize other functions, such
as photonic microwave and millimetre-wave tracking generators®,
switching networks for photonic computing®, boson sampling® and
integrated transceivers. Moreover, the wide transparency window of
both LiNbO; and Si;N, allows such frequency agility to be extended
to other wavelength ranges, such as the mid-infrared or the visible,
providing a platform for fast tunable lasers for applications in trace-
gas sensing®*.
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Methods

Device fabrication

Our process starts with the fabrication of a patterned and planar-
ized Si;N, substrate using the photonic Damascene process*>.
Deep-ultraviolet stepper lithography is used to pattern waveguides
and microresonators on a silicon substrate with 4-pm-thick thermal
wet Si0,. The pattern is then dry-etched into the SiO, layer to form
the waveguide preform, followed by a high-temperature reflow of the
waveguide preform*® to reduce surface roughness. Stoichiometric
Si;N, is deposited by low-pressure chemical vapour deposition on
the patterned substrate, filling the preform and forming the wave-
guide cores. Chemical mechanical polishing is used to remove excess
Si;N, and to planarize the wafer top surface. Subsequently, the entire
substrate is thermally annealed at 1,200 °C to drive out the residual
hydrogen containedin the Si;N,. The SiO, interlayer is deposited on the
Si;N, substrate, densified and subsequently polished using chemical
mechanical polishing. Before bonding, afew-nanometre-thick alumina
layer is deposited on the donor (LiNbO; on insulator) and the accep-
tor (Si;N,) wafers. After that, both wafers are brought in contact and
annealed for several hours at 250 °C. The silicon on the backside of
the donor wafer is ground, and the residual silicon after grinding is
removed with tetramethylammonium hydroxide wet etching. The
thermal SiO, is wet-etched with buffered hydrofluoricacid. The wafer
bonding yield is 100% and we successfully bonded 5 out of 5 wafers
during 3 different fabrication runs. A layer of tungsten is sputtered
on the LiNbO, surface and the electrode pattern is transferred in this
layer via fluoride-based reactive ion etching. Finally, LINbO, is etched
toopenthechip facetareas toimprove theinput coupling of the device
onthe chips by means of argonion beam etching. The subsequent chip
release is performed in three steps: dry etching of chip boundaries in
Si0, with fluorine-based chemistry, further etching of silicon carrier
by the Bosch process and backside wafer grinding.

Laser frequency noise measurements

The free-running DFB performance characterization is shown in
Extended Data Fig. 7. We performed heterodyne beatnote spectros-
copy” beating the reference external-cavity diode laser (Toptica CTL
1550) with the hybrid integrated laser to reveal the frequency noise
of the latter. The beatnote of the two signals was detected on a pho-
todiode and its electrical output was then sent to an electrical spec-
trum analyser (Rohde & Schwarz FSW43). The recorded data for the
in-phase and quadrature components of the beatnote were processed
by Welch’s method* to retrieve the single-sided phase noise power
spectral density S,,, which was converted to frequency noise Syusing:
Sy=f?xS,, Tocalculate the laser linewidth, we integrate the frequency
noise spectrafromtheintersection of the power spectral density with
the beta-line S4(f) =8In2 x f/m* down to the integration time of meas-
urement®. The areaunder the curve Ais then recalculated to provide
the FWHM measure of the linewidth using: FWHM = /81In2 x A.Because
arigorous definition of the optical linewidth does depend on the inte-
gration time of the measurement, we evaluate the FWHM linewidth
as 56 kHz at 0.1 ms integration time, 262 kHz at 1 ms and 1.1 MHz
at 100 ms. The phase noise of the reference laser is determined by
another beatnote measurement with a commercial ultrastable laser
(Menlo ORS).

Thermo-refractive noise simulations

The frequency stability of the 102-GHz-FSR heterogeneous Si;N,—
LiNbO, device is primarily limited by the material refractive index
fluctuations due to the relatively large material temperature fluctua-
tions at the microresonator scale, that is, thermo-refractive noise. To
quantify the noise level in our system, we follow the approach based
on the fluctuation-dissipation theorem (FDT), described in refs. ¥4,
that was originally given by Levin and successfully applied to the

thermal noise analysis of LIGO’s mirrors. As FDT relates fluctuations
ofasystemto how the system dissipates energy, we simulate the noise
levels with the finite-element method by testing how the system dis-
sipatesinresponse toaprobeforce. As the fractional thermo-refractive
noise %’” =Idrq(r)6T(r) of our device is a weighted average of the
temperature fluctuations 6 7(r) determined by the optical field distri-
bution e(r) with radius vectorr, to find out its magnitude at a particu-
lar Fourier frequency f, we apply a sinusoidal entropy oscillation
(energy-conjugated with temperature) at this frequency, with the same
weight q(r) mimicking the field distribution, to our system in the
simulation. The corresponding power dissipated W, in the systemis
retrieved from the simulation and is used to calculate the thermo-
refractive noise power spectral density Ss. (f) at this particular

frequency using FDT. The device field distribution and the heat prop-
agation simulated in the described steps are performed on COMSOL
Multiphysics.

Coherent ranging experiment

The laser diode is edge-coupled to the heterogeneous Si;N,~LiNbO,
chipwith200-nm-thick tungsten electrodes deposited along the Si;N,
waveguide on LiNbO;. Thelaser frequency tuningis achieved by lock-
ing the laser to a cavity resonance, fixing the DFB current, and tun-
ing the cavity resonance via Pockels effect by a voltage applied to the
electrodes. The triangular ramp signal from the arbitrary waveform
generator with 0.5 Vpp amplitude and 100-kHz frequency is further
amplified up to 25 Vpp by a high-voltage amplifier (Falco Systems)
with 5-MHz bandwidth. No additional pre- or post-processing (lin-
earization) was utilized for the laser frequency ramp for the coherent
ranging experiment. We used the cavity resonance corresponding
to 179-mA DFB current. To calibrate the frequency excursion, the 5%
fraction of the optical signal was sent to a reference MZI fibre inter-
ferometer. The MZI optical length of 13.18 m was found by an inde-
pendent measurementinvolvingatunable diode laser scan calibrated
by a frequency comb. Taking the measured MZI optical length and
beatnote frequency values, a distance resolution of 15 cmis inferred.
Ninety-five per cent of light is split into two paths: the local oscillator
path (10%) and the target path (90%). The signal in the target path is
amplified by an erbium-doped fibre amplifier (Calmar) from 150 pW
upto4 mW and directed to the collimator with the 8-mm aperture set
to match the target distance range of 3 m. We use the galvo scanner
(Thorlabs GVS112) for the beam-steering. Two mirrors were controlled
by linear ramp signals of 3 Hzand 60 Hz rates with the amplitude and
offset values chosen to ensure that the scanning pattern fully covers
the target scene. The data for the point cloud were collected within
the total timeinterval of 1.3 s. The frame rate was limited by the galvo
scanning speed and the Doppler broadening that is imparted by the
rapidly tilting mirrors.

Scenereconstruction and signal data processing

The data collected in the FMCW LiDAR experiment were subject to
digital signal processing steps to locate the scene elements in space.
First, the zero-padded short-time Fourier transforms of the beatnote
oscillograms from the target and the reference MZI were evaluated.
The Blackman-Harris window function was used with the window
size set to one period of the frequency-modulated signal. Second,
the obtained time-frequency maps were used to search at any given
time frame the frequency values corresponding to the beatnote peak.
This set was filtered so that only the data points with beatnote ampli-
tudes above some threshold were considered for further analysis.
We then subtract the distance from the laser to the collimator so that
the point-cloud distanceis givenwith respectto the collimator aperture
position. Finally, the frequency data were converted to the distance
domain, usingMZllength as areference, and the Cartesian components
of each point were computed from the voltage profile applied to the
galvo-mirrors.



Electro-opticS,, response measurement

A continuous-wave (CW) laser at 1,550 nm of 300 pW power from an
external-cavity diode laser (Toptica CTL1550)is coupledinto the device
using alensed fibre*. The input laser is biased at the slope of the opti-
cal resonance. A radiofrequency electrical signal of -5 dBm power is
applied from port 1 of the network analyser to the electrodes of the
device, and thelightintensity modulationis detected by a12-GHz pho-
todiode (New Focus 1544), which is sent back to port 2 of the network
analyser.

Performance comparison

Performance comparison of tunable laser systems ispresented
in Extended Data Table 1. The table compares different tunable laser
systemsin terms of the frequency tuning range, tuning rate, linearity,
optical output power and white frequency noise floor. Performance
comparison of different integrated LiNbO;-based platforms>* % is
presented in Extended Data Table 2.
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Extended DataFig.1|Scanningelectron microscopy image of an heterogeneous Si;N,-LiNbO; waveguide. Original, unprocessed SEM data used to prepare
Fig.1b of the main text.
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response. (b) Time-frequency map for the reference Mach-Zehnder interferometer.
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Extended DataFig.7|Free-running DFB characterization. (a) Laser diode optical power in free-space vs. diode current. (b) Free-running DFB optical spectraat
differentdriving currents.
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Extended DataFig. 8| Heterogeneous Si;N,-LiNbO; wafer characterization.
(a,d,g,j) Transmission of bus-waveguide coupled to heterogeneous Si;N,-
LiNbO; microresonator with free spectral range (FSR) 102 GHz (C11) from
3fields of the wafer and different microresonatorsona chip (F7WG3.3,F1

WG3.3,F7WG4.2,F5WG4.1); (b,e,h,k) Frequency-dependentintrinsic
microresonator loss k/2m (green) and bus-waveguide coupling x.,/2m (blue).
(c,f,i,1) Histogram of intrinsic microresonator loss rate of wafer D67 _01b.
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Extended Data Table 1| Performance comparison of tunable laser systems

Ref.  Active Passive White noise Modulation Tuning Tuning rate Linearity = Optical FMCW Li-
(Gain) element floor frequency range (B) (fmoa * B) output DAR demo
element (fmod ) [Hz/s] power

(mW)
42 InP RSOA SiszN4chip 40 Hz n/a 8.7 THz n/a n/a 23 No
(heaters)
43 InP die SOl chip 220 Hz n/a 30 GHz n/a Low 3.5 No
(heaters)  (continuous)
44 GaAs die SOl chip 5.3 kHz n/a 6.02 THz n/a Low 1.5 No
(heaters)  (total)
45 GaAs die SOl chip n/a n/a 3.1 THz n/a Low 2.7 No
(heaters)
46  DFB SOl chip  n/a 100 Hz 64 GHz 6.4x10'?  High 1 Yes
Hz/s
47 DFB SCL nl/a 1 MHz 1 kHz 100 GHz 10" Hz/s High (opto- 40 Yes
electronic
feedback
loop)
48 VCSEL n/a n/a 5 kHz 155 GHz ~ 7.75 x10"™  High n/a Yes
Hz/s (ILC  pre-
distortion)
49 VCSEL n/a 1 MHz 10 kHz 11 THz 1.1 x10"7 High (k- 1 Yes
Hz/s point
sampling)

50 12 stitched n/a 3 MHz 330 Hz 556 THz 1.8x10" High (after 12.7 Yes
DFBs Hz/s linearization)

51 InP RSOA LNOI chip n/a n/a 6.4 THz n/a n/a 25 No

(heaters)
9 InP die LNOI chip < 1.5MHz n/a 2.8 THz n/a n/a 0.77 No

52 InP DFB  LNOIchip < 1MHz n/a n/a n/a n/a 19.8 No

53 ECDL LN WGM 1 MHz n/a 28 GHz n/a n/a n/a No

resonator

54 DFB, LN WGM n/a 40 MHz 5 GHz 40 x 10" n/a n/a No
Ti:Sa, E- resonator Hz/s
DBR

20 DFB SizN4 chip 25 Hz 800 kHz 2.1 GHz 1.7%10"®  High 1.5 Yes

with Hz/s
AIN/PZT
17 DFB Low con- 1.2 Hz n/a n/a n/a n/a no data No
finement
SizNy4
This work InP DFB~ LNOD chip 3 kHz 10 MHz 1.2 GHz 12 x10" High 0.15 Yes
Hz/s

Frequency tuning range, tuning rate, linearity, optical output power and frequency white noise floor are presented.



Extended Data Table 2 | Performance comparison of integrated lithium-niobate-based platforms

Ref. Intrinsic Q-factors Linear optical loss Statistical analysis VrL product, EO efficiency PDK Wafer-level fabrication
This work 4 x 10° 8 dB/m yes 30 MHz V™" (= 30 V-cm) yes yes
63 ~ 10 2.7 dB/m no not shown no yes
55 no resonators no data no 6.7 \cm no no
56 25x 10° no data no 500 MHz-V ™! no yes
10 no resonators (20+ 40 dB/m) no not shown no no
58 1.8x 10° 27 dB/m yes not shown yes yes
59 7.68x 10° 20 dB/m no 51V -cm no yes
60 no resonators no data no 3.1 V\cm no yes
61 no resonators 70 dB/m no 3V-cm no yes
62 819x 10° 44 dB/m yes not shown no no

Intrinsic quality factor, linear optical loss, presence of statistical analysis, V,L product, PDK availability, wafer-level fabrication are presented.
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