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Optical frequency combs are broadband sources that offer mutually
coherent, equidistant spectral lines with unprecedented precision in
frequency and timing for an array of applications'. Frequency combs
generated in microresonators through the Kerr nonlinearity require
a single-frequency pump laser and have the potential to provide
highly compact, scalable and power-efficient devices>. Here we
demonstrate a device—a laser-integrated Kerr frequency comb
generator—that fulfils this potential through use of extremely low-
loss silicon nitride waveguides that form both the microresonator
and an integrated laser cavity. Our device generates low-noise
soliton-mode-locked combs with a repetition rate of 194 gigahertz
at wavelengths near 1,550 nanometres using only 98 milliwatts of
electrical pump power. The dual-cavity configuration that we use
combines the laser and microresonator, demonstrating the flexibility
afforded by close integration of these components, and together
with the ultra low power consumption should enable production of
highly portable and robust frequency and timing references, sensors
and signal sources. This chip-based integration of microresonators
and lasers should also provide tools with which to investigate the
dynamics of comb and soliton generation.

Frequency combs based on chip-scale microresonators offer the
potential for high-precision photonic devices for time and frequency
applications using a highly compact and robust platform. By pump-
ing the microresonator with a single-frequency pump laser, additional
discrete, equidistant frequencies are generated through parametric
four-wave mixing (FWM), resulting in a Kerr frequency comb®*~7.
Under suitable conditions temporal cavity solitons can be excited,
which results in stable, low-noise combs with ultraprecise spacing®~'>.
Many applications require such tight frequency and timing stability,
including spectroscopy!'*1%, low-noise microwave generation!’, pho-
tonic frequency synthesis'®, optical clocks', distance ranging®®?! and
telecommunications®2.

Although one of the most compelling advantages for microresonator
combs is the potential for the pump source and the microresonator to
be fully integrated, previous demonstrations using integrated resona-
tors have relied on external pump lasers that are typically large, expen-
sive and power-hungry, preventing applications where size, portability
and low power consumption are critical. Power-efficient integrated
lasers have been developed using silicon laser cavities with bonded or
attached I1I-V materials to provide optical gain®*2%, but losses in these
silicon waveguides make comb generation impractical at low power. On
the other hand, silicon nitride (Si;N4) microresonators were recently
demonstrated with record low parametric oscillation thresholds?’” due
to the high quality factors (Q > 3 x 107), high nonlinear refractive
index (n, ~ 2.4 x 107" m* W~!) and small mode volume (ring radius
approximately 100 um). Additionally, owing to the high index of refrac-
tion of Si3Ny (n & 2.0) and its low loss, compact, tunable Si;N, laser
cavities with narrow linewidth have been demonstrated?®%°. Si;N,
is a common complementary metal oxide semiconductor (CMOS)-
compatible deposited material that can be fabricated at wafer scale, and
the combination of efficient comb generation and available integration

of active devices make it an ideal platform for complete integration of
optical frequency combs.

Here we demonstrate a Kerr comb source on an integrated hybrid
II-V/SizNy platform, using a compact, low-power, electrically pumped
source. In our approach (Fig. 1), a gain section based on a ITI-V reflective
semiconductor optical amplifier (RSOA) is coupled to a Si3Nj, laser
cavity, which consists of two Vernier microring filters for wavelength
tunability and a high-Q nonlinear microresonator (Fig. 1b). The
nonlinear microresonator serves two purposes. First, it generates
a narrowband back-reflection due to coupling between counter-
propagating circulating beams resulting from Rayleigh scattering®,
effectively serving as an output mirror of the pump laser cavity, as
we previously demonstrated®®. Second, the microresonator generates
a frequency comb through parametric FWM. In this way, the comb
generation and pump laser are inherently aligned, a configuration that
was previously explored using resonators in fibre laser cavities with
fibre amplifiers®*%. Integrating the comb source with the laser allows
the flexibility to use such a configuration, avoiding the typical chain
of discrete components found in all previous Kerr comb demonstra-
tions. Figure 1c shows the assembled millimetre-sized comb source,
which has only electrical inputs and an optical output (see Methods
for fabrication details).

We designed the SizNy laser cavity to ensure tunable, single-mode
lasing and provide sufficient pump output power for comb generation
in the nonlinear microresonator. The lasing wavelength is controlled
by the alignment of the two microring Vernier filters*, which are
in turn aligned with one of the modes of the larger microresona-
tor shown in Fig. 1b. The filters’ radii are 20 pm and 22 pm, corre-
sponding to free spectral ranges (FSRs) of 1.18 THz and 1.07 THz,
respectively, which result in transmission at only a single frequency
when the filters are aligned. Their resonance positions can be widely
tuned using integrated resistive microheaters, as shown in Fig. 2a.
The filters’ transmission bandwidth is designed to have a full-width
at half-maximum of 15 GHz by ensuring strong coupling to the two
adjacent waveguides with a 5 pm coupling length. The optical gain
in the laser cavity comes from electrical pumping of the III-V wave-
guide on the RSOA, which is coupled to the Si3Ny cavity at one end
and strongly reflects at the opposite end (see Methods). The output
coupler of the laser cavity is a 120-pm-radius microresonator with a
measured reflection of 40% on resonance, as shown in Fig. 2b. This
level of reflection allows for high laser output power due to the high
round-trip gain of the RSOA. The measured transmission spectrum
of the microresonator (Fig. 2b) corresponds to an intrinsic Q of
(8.0 £0.8) x 10°. Based on this Q and the anomalous group-velocity
dispersion for the 730 nmx 1,800 nm waveguide, simulations indicate
that a soliton-state frequency comb can be generated with 700 pW
of pump power in the bus waveguide just before the microresonator
(Extended Data Fig. 1).

We find lasing with up to 9.5 mW output optical power using the
integrated Si;Ny laser. In order to characterize the laser, we first operate
the microresonator slightly detuned from resonance to ensure that only
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Fig. 1 | Integrated frequency comb source. a, The concept of

an integrated Kerr comb source with an on-chip amplifier and
microresonator. b, Microscope image and diagram of the integrated comb
source, including the laser cavity and the high-Q nonlinear microresonator
for comb generation. The reflective III-V semiconductor optical amplifier
(RSOA) waveguide provides electrically pumped optical gain and includes
a reflective facet on one end (top), while the opposite side is coupled to

lasing occurs and a frequency comb is not generated. We observe las-
ing with a side-mode suppression ratio (SMSR) of more than 60 dB
(Fig. 2c). As shown in Fig. 2d, the lasing threshold is 49 mA, with
a slope efficiency of 52 mW A~!. The maximum on-chip output
power of 9.5 mW is obtained at 277 mW (220 mA) electrical pump
power consumption, Peec. This corresponds to a 3.4% wall-plug
efficiency (that is, output optical power divided by electrical power).
Additionally, we measure a narrow laser linewidth of 40 kHz using
the delayed self-heterodyne method (see Methods). The relatively
high output power and narrow linewidth are competitive with
those of many bulk pump lasers, yet the present laser is much more
compact.

Heater wires

the Si3Ny portion of the laser cavity. The microring filters and the larger
microresonator are tunable using integrated microheaters. The latter
generates a partially reflected beam to form a second effective mirror of
the laser cavity. This microresonator also has a high Q to enable FWM and
comb generation. ¢, Photograph of the integrated comb source. The RSOA
is edge-coupled to the SizNy chip and supplied with electric current via
wires, while the comb output is measured using an optical fibre.

Using our cavity design, we generate a Kerr comb spanning more
than 8 THz and achieve a mode-locked, single-soliton state with
Pejec less than 100 mW, enabling battery-operation applications. We
observe new optical frequencies beginning to appear adjacent to the
1,579 nm pump owing to FWM in the microresonator once the laser
power measured after the ring (P,p) reaches a threshold of 1.1 mW
at Pgec = 78 mW. We then increase Peje. above threshold to 130 mW
and monitor comb formation as the microresonator is tuned using its
integrated microheater (see Methods for the set-up and tuning proce-
dure). When the microresonator is first detuned slightly, we measure
Pyp = 2.5 mW for the single lasing mode (Fig. 3a). As the microreso-
nator is tuned into resonance, greater circulating power leads to comb
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Fig. 2 | Characterization of the integrated III-V/Si;N, laser. a, Measured
transmission spectra (normalized) for the Vernier filter microrings

(filter 1 and filter 2, diagram at right). By adjusting the voltage applied

to the microheaters, the filters’ relative detuning is adjusted and a single
transmission wavelength is selected. Key at right shows voltage applied

in the format ‘filter 1, filter 2’ b, Measured optical transmission and
reflection spectra (normalized) of the high-Q microresonator. The
32-MHz resonance bandwidth reveals a Q of 8 x 10°. The narrowband
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reflection is generated by coupling via Rayleigh scattering between
counter-propagating beams in the ring (arrows show beam directions,
colour code as spectra), which is apparent due to the resonance splitting
observed from these degenerate beams. ¢, Laser output spectrum at 85 mA
showing single-mode lasing with a side-mode suppression ratio (SMSR) of
more than 60 dB. d, Output optical power of laser versus pump current at
1,580 nm with a slope efficiency of 52 mW A~
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Fig. 3 | Generation of mode-locked soliton frequency combs.

a—c, Left, spectra of output from the comb source as measured by an
optical spectrum analyser at varying stages of comb generation; right,
corresponding RF spectra (resolution bandwidth 100 kHz). A current
supply provides electrical pump power of 130 mW. a, Spectrum of the
laser output before tuning fully into resonance. The RF noise is low since
there is only single-frequency lasing. b, Spectrum of the frequency comb.
Because the comb is not yet mode-locked, beating between different comb
lines produces high RF noise below 200 MHz. ¢, Single-soliton frequency
comb spectrum with the characteristic sech profile (see Extended Data
Fig. 2). Inset, the signal-to-noise ratio (SNR, grey vertical arrow) is

formation, accompanied by high radio frequency (RF) noise (Fig. 3b).
Tuning the resonance further results in stable combs with smooth
spectral envelopes characteristic of temporal cavity solitons®. We
measure a single-soliton state with a 8.6 THz (72 nm) 30-dB band-
width accompanied by a drop in RF noise (Fig. 3c). Once generated,
the soliton exhibits stable behaviour without feedback electronics or
temperature control, with no visible changes in the optical spectrum
or output power until the microresonator is intentionally detuned.
The power of the comb lines totals 0.24 mW, indicating that a higher
effective pump power may be resulting from our placement of the
microresonator in the laser cavity. Such efficient operation allows us
to also show battery-operation of the comb source by supplying the
pump current using a standard AAA battery. At Peec = 98 mW from
the battery, we measure Py = 1.3 mW and a comb matching the
single-soliton profile (Fig. 3d). These results represent unprecedented
low-power consumption for generating Kerr frequency combs and
solitons with an integrated microresonator.

In order to show the versatility of this platform, we demonstrate a
more traditional but still laser-integrated configuration in which the
comb is generated in a microresonator that is distinct from the pump

approximately 50 dB; variables plotted on the axes are the same as in
the main panel. The comb linewidth is separately measured as 40 kHz
(see Methods). The RF spectrum confirms the transition to a low-noise
state. d, Left panel, frequency comb spectrum matching soliton sech
profile generated with an AAA battery supplying pump power of 98 mW.
Left inset, diagram of battery operated device, showing filters 1 and 2
(see Fig. 2a) and the microresonator (large circle). Right inset, RF
spectrum showing low-noise state; y axis, power in dBm, x axis, RF
frequency in MHz. Right panel, photograph of integrated comb source
(shown boxed in red) with a printed circuit board and the battery
(arrowed) next to a US quarter for scale.

laser. In this second design, shown in Fig. 4a, the Vernier filters and
RSOA function in the same way as in the first design, but a Sagnac loop
mirror is now included to serve as the output coupler with approxi-
mately 20% reflection. Because this mirror has a broadband reflection,
tunable lasing can take place independent of the resonance position of
the comb microresonator. With the microresonator fully off-resonance,
we measure single-mode lasing at 1,582 nm with Py, = 4.9 mW and
over 60 dB SMSR (Fig. 4b) at Pjec = 162 mW. By tuning the microres-
onator into resonance with the laser wavelength, we can generate a
frequency comb (Fig. 4c). Through further tuning of the resonance
(see Methods), we observe a multiple-soliton-state frequency comb
spanning a 13.4 THz (105 nm) 30-dB bandwidth with the character-
istic drop in RF noise (Fig. 4d). We model a two-soliton-state comb
and obtain a profile closely matching that of the experimental comb
(Fig. 4d). Single-soliton combs should also be achievable with this con-
figuration, but in this device we only observed two or more solitons.
Multiple-soliton combs in microresonators have been used previously
to demonstrate dual-comb spectroscopy, for example!®. The measured
comb power is 80 pW, corresponding to a conversion efficiency of 1.6%.
The comb power scales with the number of solitons, as does the number
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Fig. 4 | Modular configuration of the integrated comb source.

a, Schematic of the modular comb source configuration. Here the
integrated laser (turquoise dashed box) is distinct from the nonlinear
microresonator, with a Sagnac loop mirror serving as the laser output
coupler. The arrows show the path of light travelling through the laser
cavity and reflecting back at the reflective end (left) of the RSOA and at
the Sagnac mirror, with the laser output partially transmitting through the

of pulses per round-trip. In Methods, we discuss the relative advantages
of the two designs.

This demonstration of a laser-integrated Kerr comb source presents
opportunities in many fields that rely on the precision and stability
of frequency combs and solitons, including sensing, metrology, com-
munications and waveform generation. The low power consumption
of our platform enables these applications in a battery-powered and
mobile system without the need for external lasers, moveable optics, or
laboratory set-ups. Our platform is CMOS-compatible for wafer-scale
fabrication of robust integrated photonic chips, potentially enabling
wide deployment of precision devices, such as portable spectrometers
for molecular sensing'*'> or vehicle-mounted systems for distance
ranging®>?!. In future implementations, the RSOA could be placed
directly on the silicon substrate, through passively aligned mounting®
or material bonding®, taking advantage of the infrastructure for assem-
bly and packaging of ITI-V and silicon chips that is already scaled to
mass production for silicon photonic transceivers. Additional photonic
components such as filters for wavelength-division multiplexing®* or
waveguide couplers for mixing multiple combs!*!>!8 could also be
placed on-chip to combine frequency combs with more complex inte-
grated photonic circuits.

Online content

Any methods, additional references, Nature Research reporting summaries, source
data, statements of data availability and associated accession codes are available at
https://doi.org/10.1038/541586-018-0598-9.
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latter. b-d, Optical output spectra at varying stages of comb generation
(left panel) with corresponding RF spectra (right panel; resolution
bandwidth 100 kHz). b, Spectrum of laser output. The RF noise is low
because there is only single-frequency lasing. ¢, Spectrum of frequency
comb before mode-locking with associated high RF noise. d, Spectrum
of two-soliton frequency comb. The RF spectrum confirms the
low-noise state.
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METHODS

Fabrication. The SisN, devices are fabricated?” by first growing 4 jum of SiO, on a
crystalline silicon wafer using thermal oxidation to form the bottom cladding of the
waveguides. Then 730 nm of Si;Ny is deposited using low pressure chemical vapour
deposition (LPCVD). The wafer is annealed in two stages to remove hydrogen
impurities. The waveguides are then patterned using electron beam lithography
and etched using CHF; plasma etching. The waveguides are clad with 2 pum SiO,.
The microheaters are placed over the waveguides using 100 nm of sputtered plat-
inum (with a titanium adhesion layer) and lift-off patterning.

RSOA/Si3N, coupling and electrical connection. The III-V RSOA gain chip used
here is commercially available from Thorlabs (SAF 1126) and provides broad gain
near 1,550 nm. One side has 93% reflection and the other side is anti-reflection
coated. This second side is coupled to the Si3N, chip with the waveguides angled
relative to the facets to further prevent reflections®. The Si;N, chip is polished up
to the end of a tapered 280-nm-wide waveguide which is simulated to have less
than 1 dB coupling loss to the mode of the RSOA waveguide. The two chips are
attached and aligned using three-axis stages with micrometers. We measure an
experimental 2 dB coupling loss. The RSOA is wirebonded to an electrical printed
circuit board (PCB) for supplying the pump current from either a Keithley 2400
SourceMeter or an AAA battery with a tunable potentiometer. The microheaters of
the Si3sNy chip are connected to pads and interfaced with a DC wedge probe (GGB
Industries) and controlled by a DAC (Measurement Computing) supplying about
30 mW to each heater. The SisN4 waveguide output is formed as an inverse-taper
to edge-couple to a lensed single-mode fibre.

Laser set-up and comb generation procedure. In order to reach mode-locked
soliton combs in the first configuration, which uses the dual-cavity design, we first
calibrate the laser by aligning the resonances of the two Vernier microring filters
using the integrated heaters. This may be done by monitoring the transmitted
amplified spontaneous emission (ASE) noise through the filters from the RSOA
or by using a separate laser to calibrate the wavelength tuning. Next, the nonlinear
microresonator is tuned using its heater to align to the filters’ resonances. Once the
three are aligned with the pump current above threshold, the device begins to lase.
The cavity phase shifter heater, which is positioned over a section of waveguide
between the filters and the RSOA, is then tuned to maximize the output power, and
the filters may again be adjusted slightly to maximize the output.

After this initialization procedure, the resonance of the nonlinear microresonator
is tuned to a longer wavelength such that the original lasing mode is blue-detuned
and lasing ceases because the microresonator is no longer on resonance to provide
the back-reflection as the laser’s output mirror. From this point, the heater is tuned
back in the opposite direction to blue-shift the resonance and go through the stages
of Fig. 3a—c: first lasing, then chaotic comb generation, and finally soliton states®.
The resonance producing soliton states corresponds to an effectively red-detuned
laser®, where the detuning results in a typical pump-to-comb conversion efficiency
of several per cent>. With further tuning of the resonance, output power begins to
drop and eventually lasing ceases once the microresonator is fully detuned from the
filters and the cavity mode. This procedure allows repeatable generation of soliton
states by tuning at rates up to about 10 kHz using a function generator applying a
triangle wave voltage to the heater, as shown previously by Joshi et al.>; however,
we are also often able to reach the soliton states by manual tuning of the heater
voltage without a function generator. This relative ease of mode-locking is likely
to be a feature of the self-aligning dual-cavity configuration.

In the second, modular configuration, the soliton generation procedure is iden-
tical to the first, with the exception that lasing may take place with the nonlinear
microresonator off-resonance, allowing a simpler calibration set-up but without
the inherent alignment of the microresonator. In both configurations, we were
alternatively able to tune the laser from shorter to longer wavelengths across the
microresonator resonance using the cavity phase shifter and also achieve soliton
mode-locked combs.

Owing to the low pump power needed to generate frequency combs in the
microresonator, we did not observe significant thermal shifts in the resonance. If
scaled to higher powers where such shifts become stronger, the speed of the reso-
nance tuning can be adjusted to match the power dissipation in the soliton state®33.

While we did not require active feedback to maintain the soliton state dur-

ing our experiments (timescales up to an hour), future systems could account
for environmental fluctuations using active feedback™ to stabilize the soliton
states indefinitely. This feedback and the initialization procedure could poten-
tially be controlled using a low-power microcontroller integrated alongside the
photonic chip (Fig. 1a) implementing pulse width modulation to efficiently tune the
heaters.
Comparison of the designs. The two designs demonstrated here, consisting of
a dual-cavity comb source and a traditional modular configuration, enable new
flexibility in designing the pump laser for generating the frequency comb. The
dual-cavity configuration ensures that the microresonator is inherently aligned
with the laser because the feedback reflection completes the laser cavity®’. Detuning
the microresonator is still possible, but we observed lower sensitivity to the exact
heater settings than found in the modular design, allowing for easier tuning into
soliton mode-locked combs through manual tuning (although the automated
tuning procedure above was successfully applied to both designs). Additionally,
this first design showed a strong output comb power relative to the pump output.
Because the microresonator is part of the laser cavity, we cannot directly measure
the pump power input to the microresonator, but the theoretical conversion
efficiency for solitons®* suggests that the effective pump input may be notably
stronger than the pump output after the microresonator.

The comb generation process in the second, modular design is directly anal-

ogous to most previous Kerr comb experiments®1%333839 Degpite the potential
advantages of the first design, the traditional approach may be desirable if the
pump laser and microresonator need to be discretely controlled rather than
tuned together. For example, the laser may be locked to a stable reference at a
fixed wavelength, simplifying the tuning controls—only the microresonator
need be tuned.
Laser and comb linewidth measurement. The laser linewidth is measured using
the delayed self-heterodyne method?®. The laser output at 80 mA pump current is
sent to an interferometer with one path delayed by 12 km of fibre (corresponding
to a delay of 58 pis). The other path is phase modulated at 300 MHz. The resulting
beat signal is measured on an electrical spectrum analyser (Agilent E4407B) and
a 40 kHz Lorentzian linewidth is determined.

The comb linewidth is measured by beating a single comb line with a 1,560 nm
2.4 kHz-linewidth reference laser (Redfern Integrated Optics). With a pump
current of 120 mA, a single soliton comb is generated (as in Fig. 3c), and the output
is sent to a 50:50 coupler, with the other input coming from the reference laser
followed by a polarization controller. The heterodyne output is sent to a photodiode
and the RF beat note corresponds to the comb linewidth, which we measure to be
approximately 40 kHz, matching that of the pump laser.

Data availability
The data that support the findings of this study are available from the corresponding
authors on reasonable request.
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Extended Data Fig. 1 | Comb generation simulation at low optical before the microresonator. The microresonator dimensions used in the
power. Shown is the simulated optical spectrum of a soliton comb model are 730 nm x 1,800 nm with a radius of 120 pm, corresponding to a
generated with 700 pW optical pump power (P;,) in the bus waveguide 194 GHz FSR.
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Extended Data Fig. 2 | Comparison of simulated and measured solitons.

a, Simulation of a single-soliton comb generated with 2 mW optical pump
power in the bus waveguide before the microresonator (1.66 mW after the
microresonator). The microresonator dimensions used in the model are

730 nm X 1,800 nm with a radius of 120 pm, corresponding to a 194 GHz

FSR. b, Optical spectrum of a measured single-soliton comb (from Fig. 3c)
with 1.66 mW pump power in the bus waveguide after the microresonator.
The sech profile and comb bandwidth qualitatively match those of the
simulated comb.
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