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ABSTRACT

Mode-locked lasers find their use in a large number of applications, for instance, in spectroscopic sensing, distance measurements, and
optical communication. To enable widespread use of mode-locked lasers, their on-chip integration is desired. In recent years, there have
been multiple demonstrations of monolithic III-V and heterogeneous II1I-V-on-silicon mode-locked lasers. However, the pulse energy, noise
performance, and stability of these mode-locked lasers are limited by the relatively high linear and nonlinear waveguide loss, and the high
temperature sensitivity of said platforms. Here, we demonstrate a heterogeneous III-V-on-silicon-nitride (III-V-on-SiN) electrically pumped
mode-locked laser. SiN’s low waveguide loss, negligible two-photon absorption at telecom wavelengths, and small thermo-optic coefficient
enable low-noise mode-locked lasers with high pulse energies and excellent temperature stability. Our mode-locked laser emits at a wavelength
of 1.6 ym, has a pulse repetition rate of 3 GHz, a high on-chip pulse energy of ~2 pJ, a narrow RF linewidth of 400 Hz, and an optical linewidth
<1 MHz. The SiN photonic circuits are fabricated on 200 mm silicon wafers in a CMOS pilot line and include an amorphous silicon waveguide
layer for efficient coupling from the SiN to the III-V waveguide. The III-V integration is done by micro-transfer-printing, a technique that
enables the transfer of thin-film devices in a massively parallel manner on a wafer scale.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0058022

. INTRODUCTION

Mode-locked lasers are extremely versatile tools that can be
used for distance measurements, spectroscopy, telecommunication,
and astronomical spectrograph calibration, among others."© In
many of these applications, bulky and expensive solid-state or fiber
lasers are still the go-to solutions. On-chip integration offers the
prospect of miniaturized, robust, and low-cost mode-locked laser
sources. Electrically pumped, on-chip mode-locked lasers have been
demonstrated in heterogeneous III-V-on-silicon and monolithic
II-V technology.”® A promising approach to realize low-
noise, narrow-linewidth mode-locked lasers relies on the use of
on-chip passive extended waveguide cavities. Both silicon

APL Photon. 6, 096102 (2021); doi: 10.1063/5.0058022
© Author(s) 2021

and III-V passive extended cavities have been used for this
purpose.”’ The use of long extended cavities also allows for the
realization of on-chip mode-locked lasers with relatively low pulse
repetition rates (repetition rates down to 1 GHz have been demon-
strated'”), a desirable feature for high-resolution spectroscopy’ and
distance metrology with a large non-ambiguity range.'' Yet, these
on-chip extended-cavity mode-locked lasers typically have pulse
energies limited to several 100 fJ and RF linewidths >1 kHz.”!?
In addition, their large temperature sensitivity makes stabilization
challenging (e.g., for spectroscopy or ranging)."’

Silicon nitride (SiN) photonic integrated circuit (PIC) tech-
nology has matured tremendously in recent years and can now
be considered as one of the main photonic integration platforms,

6, 096102-1
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next to the established Si and InP platforms.”* As SiN features
very low waveguide loss compared to Si and InP, it makes an
excellent material for the realization of narrow-linewidth, low-noise
extended-cavity lasers.>'® SiN PIC technology also offers the entic-
ing prospect of low-cost, mass manufacturing using the CMOS fab-
rication infrastructure. In addition, SiN has a thermo-optic coef-
ficient, which is one order of magnitude smaller than that of Si
and InP,'"*'” making it less sensitive to temperature fluctuations.
Moreover, SiN features negligible two-photon absorption at telecom
wavelengths, which is especially important for mode-locked lasers
(compared to CW lasers) as their pulsed nature gives rise to rela-
tively high intensities.'® Recently, a Q-switched mode-locked SiN-
based laser emitting at 1.9 ym has been reported (Q-switching rate of
720 kHz, mode-locking rate of 1.2 GHz), with a thulium-doped
Al O3 cladding as gain medium and a Kerr-nonlinearity-based arti-
ficial saturable absorber.'” Yet, this device still relied on an off-chip
optical pump.

In this work, we demonstrate an on-chip, electrically pumped
III-V-on-SiN mode-locked laser with pJ-level pulse energy, sub-kHz
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RF linewidth, and low temperature sensitivity. The mode-locked
laser emits at a wavelength of 1.6 ym and has a low repetition
rate of 3 GHz. The laser is realized by the heterogeneous inte-
gration of a III-V amplifier and saturable absorber on a low-loss
SiN PIC, fabricated in a CMOS pilot line. The III-V integration is
done by micro-transfer-printing, a technique that enables the trans-
fer of thin-film devices in a massively parallel manner on a wafer
scale.”’ Our results represent first steps toward high-pulse-energy,
low-noise, mass-manufacturable on-chip mode-locked lasers, which
we envision to be used for ranging and remote sensing. In addition,
these mode-locked lasers may serve as on-chip sources for resonant
supercontinuum generation in low-loss SiN cavities.’!

1. DESIGN

Figure 1(a) shows a schematic figure of the mode-locked laser.
The laser consists of a low-loss, passive SiN cavity into which
the active III-V material is integrated. The active device section
consists of a saturable absorber surrounded by two gain sections

[ Silicon nitride
B Amorphous silicon

" JIIRY

9.5 mm

Saturable
absorber
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200 um
I
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FIG. 1. (a) Schematic figure of the Fabry—Pérot colliding-pulse mode-locked laser with optical microscope images and a colored scanning electron microscope image of a
waveguide cross section. The laser consists of a low-loss passive SiN (blue) cavity into which the active IlI-V material (red) is integrated. To get a low-loss transition from
the passive SiN waveguide section to the active section, an intermediate amorphous silicon (green) waveguide layer is used. (b) Schematic illustration of the transition from
the passive to the active device section, along with the simulated mode profiles (normalized electric field intensities) at several positions for a wavelength of 1610 nm. The
SiN waveguide is shown in blue, the amorphous silicon waveguide in green, the IlI-V material in red, and the metal electrodes in yellow.
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(all made out of the same III-V material). The saturable absorber
is placed in the middle of the cavity, resulting in colliding-pulse
mode-locking.'? This means that there are two pulses propagating
inside the cavity, which meet or collide, in the saturable absorber [as
illustrated in Fig. 1(a)]. The long, low-loss SiN cavity allows us to get
low repetition rates and achieve narrow linewidths. The device has
a Fabry-Pérot-type architecture with loop mirrors, based on direc-
tional couplers, on each side of the cavity, allowing part of the light
to be coupled out of the laser. Grating couplers are used for chip-
to-fiber coupling. The grating couplers are designed for reduced
back-reflections,*” as these can render the laser unstable.

To achieve a low-loss, low-reflection transition from the low-
index passive SiN section to the high-index active III-V section,
we use an intermediate amorphous silicon (a-Si) waveguide layer,
as illustrated in Fig. 1(b). The concept of an intermediate Si wave-
guide layer has been demonstrated for III-V-on-SiN amplifiers and
CW lasers.'®* Waveguide tapers in the SiN, a-Si, and III-V layers
are used to adiabatically couple light from the fundamental TE SiN
waveguide mode to the fundamental TE hybrid a-Si/III-V waveguide
mode.

The SiN and a-Si layers have a thicknesses of 395 and 400 nm,
respectively, with 100 nm SiO; in between. Two etch depths are used
in the a-Si layer, a full etch in the a-Si taper tip and a 180 nm shallow
etch in the second part of the a-Si taper and in the hybrid a-Si/III-V
section. The shallow etch allows for better heat spreading and has
lower loss compared to a full-etch a-Si waveguide. The full-etch a-Si
taper tips have a design width of 150 nm, which is slowly tapered
to a width of 400 nm (over a length of 60 ym). Afterward, the a-
Si waveguide is tapered (over a length of 80 ym) to a shallow-etch
waveguide with a rib width of 2 ym. We measure a loss of 0.4 dB
for a SiN-to-Si transition (at a wavelength of 1610 nm). This loss is
coming mostly from the mode mismatch at the a-Si taper tip and
can be lowered to <0.1 dB by improving the process parameters
for narrower tip widths with near-vertical sidewalls. The measured
waveguide loss for the shallow-etch a-Si waveguides is 1 dB/cm at a
wavelength of 1610 nm. In the long spirals, a SiN waveguide width
of 1.1 ym is used, giving a simulated dispersion parameter Dy of
~—500 ps/(nm km) (normal dispersion). The SiN waveguides have
bend radii of 100 ym. A SiN waveguide loss of 0.16 dB/cm and a
bend loss below 0.01 dB/(90° bend) have been measured at a wave-
length of 1610 nm. The directional couplers in the loop mirrors
have waveguide widths of 850 nm and a gap between the coupled
waveguides of 850 nm. The coupling lengths are 50.8 and 27.8 ym
for the left and right mirror, respectively. The mirrors have a mea-
sured transmission of ~50% and 2% at a wavelength of 1610 nm. The
50% transmissive mirror serves as the output coupler of the laser. In
the choice of output coupler transmission, there is a trade-off to be
made: a lower transmission results not only in a lower threshold cur-
rent, but also a decreased slope efficiency. 50% transmission for the
output coupler is a typical number used in III-V-on-Si lasers.'***

The micro-transfer-printed III-V device consists of an active
multi-quantum-well (MQW) layer (six quantum wells of InAlGaAs)
in between an n-type bottom slab and a p-type top cladding, sim-
ilar to the III-V material used in our previous demonstrations of
[I-V-on-SiN amplifiers’® and III-V-on-Si amplifiers.”> The InAl-
GaAs quantum wells have a photoluminescence (PL) peak wave-
length of 1520 nm. The composition of the quantum wells can
be altered to change the PL peak wavelength and thereby also the
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emission wavelength of the mode-locked laser. As illustrated in
Fig. 1(b), the MQW layer and the p-type cladding are tapered from
a width below 600 nm to a width of 7 ym for the MQW layer,
and 5 ym for the p-type cladding (with a taper length of 190 ym).
The MQW layer is chosen to be wider than the p-type cladding to
minimize the interaction between the optical mode and the side-
walls.”® The III-V taper has a length of 190 ym, ensuring a low-loss
transition and high tolerance to possible misalignment of the micro-
transfer-printed III-V device.”’ The resulting mode profile in the
hybrid a-Si/III-V waveguide can be seen in Fig. 1(b) (cross section
III). This mode has a simulated confinement factor of 3.4% in the
quantum wells (0.6% per quantum well). We opted for a relatively
low confinement factor to get high pulse energies, as low confine-
ment factors in amplifiers are known to result in large saturation
powers.”” The confinement factor in the quantum wells can easily
be adjusted by changing the a-Si rib waveguide width. The III-V
device consists of three electrically isolated sections: a forward bias
is applied to the two outer gain sections and a reverse bias to the
saturable absorber in the middle (so it acts as a photodetector). The
gain sections are 1.2 mm long, and the saturable absorber is 60 ym
long. The gain sections were made sufficiently long (using our previ-
ous results on amplifiers as design guidelines’*°) such that the gain
can balance out the loss in the cavity and lasing can be achieved. The
saturable absorber was chosen to be as short as could be reliably fab-
ricated (very short saturable absorbers can give rise to open circuits
in the final metallization step). For III-V-on-Si mode-locked lasers, a
decrease in saturable absorber length has been demonstrated to give
rise to shorter pulses.'?

The Fabry-Pérot cavity has a total length of 48.3 mm (includ-
ing the gain sections and saturable absorber), resulting in a repeti-
tion rate of 3 GHz for colliding-pulse mode-locking (two times the
fundamental repetition rate since there are two pulses propagating
inside the cavity). The III-V-on-SiN mode-locked laser has a total
footprint of 9.5 x 0.6 mm?.

I1l. FABRICATION

The heterogeneous integration of the III-V device on the
SiN PIC is done through micro-transfer-printing. Micro-transfer-
printing entails the process of picking up micrometer- to millimeter-
sized thin-film devices from a source substrate using an elastomer
stamp and printing these devices on a target substrate.”’ This trans-
fer can be done in a massively parallel fashion on a wafer scale
with submicrometer alignment accuracy. The transfer of over 10 000
devices in one printing cycle (taking less than a minute) has already
been demonstrated with transfer yields of over 99.9%.”” For the
largest part of the process flow, the III-V devices and SiN PICs are
processed separately on their native substrates (InP wafer for the
III-V devices and silicon wafer for the SiN PICs). Therefore, estab-
lished high-yield fabrication processes can be used for both the III-V
and SiN processing. Only at the very end, the III-V thin-film devices
are transferred to the SiN PICs with a limited amount of post-
processing. As the III-V devices can be packed very densely on their
native substrate, very little of the expensive III-V material goes to
waste compared to the more traditional wafer bonding technology.
An added advantage of micro-transfer-printing is the ease, by which
devices made out of different materials—light sources, modulators,
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and detectors—can be integrated on the same chip. This is espe-
cially interesting for SiN PIC technology, where active functionality
is lacking.

A succinct overview of the process flow for the III-V-on-
SiN mode-locked laser fabrication is shown in Fig. 2. The initial
III-V epitaxial layer stack is shown in Fig. 2(a). The layer stack is
as follows (from top to bottom): a 200 nm thick p-type InGaAs
contact layer, a 1900 nm p-type InP layer, a 25 nm InGaAsP etch
stop layer, a 40 nm InAlGaAs transition layer, a 75 nm InAlGaAs
separate confinement heterostructure (SCH) layer, an InAlGaAs
MQW layer, a 75 nm InAlGaAs SCH layer, a 40 nm InAlGaAs
transition layer, a 230 nm n-type InP layer, a 50 nm InGaAs sac-
rificial layer, a 500 nm AllnAs sacrificial layer, and finally, an InP
substrate. The MQW layer consists of six quantum wells of 6 nm
thickness surrounded by 10 nm barriers. Figure 2(b) shows the
processed III-V devices on their native substrate and a device that
has been picked up for micro-transfer-printing. The sacrificial lay-
ers have been etched to create free-standing devices that are only
attached to the substrate by SiN anchors. As the devices are picked
up by the elastomer stamp, these anchors break in the designated
spots. The III-V processing steps are similar to those described in
Ref. 25 with the added step of saturable absorber definition before
the p-contact definition, as Ref. 25 describes the fabrication of ampli-
fiers, not mode-locked lasers. The saturable absorber is defined
by etching 12 ym wide trenches through the p-InGaAs layer and
~200 nm deep into the p-InP cladding. The trenches have an angle
of 45° with respect to the propagation direction to avoid possi-
ble back-reflections. Other notable differences with Ref. 25 are that
we use SiN anchors instead of photoresist anchors and we define
the vias before micro-transfer-printing. Defining the vias before
transfer limits the amount of processing required after printing.
SiN anchors are preferred over photoresist anchors in an indus-
trial setting, as they are considered to be more stable for long-
term storage (on the order of months). Figure 2(c) illustrates the
printing of the III-V device on the processed SiN PIC. The PICs
are processed on 200 mm wafers in imec’s CMOS pilot line. The
low-loss SiN waveguides are fabricated using low-pressure chemical
vapor deposition (LPCVD) and deep ultraviolet lithography (wave-
length of 193 nm). The essential processing steps are summarized
in Fig. 1 of the supplementary material. Special mitigation tech-
niques are used for stress and bow management of the wafers after

(a) (b)

Metal
p-InGaAs
InAlGaAs
i AllnAs | / \
InP substrate n-InP  p-InP

high temperature annealing of the SiN thin film. Amorphous sili-
con waveguides are patterned on top of the SiN waveguides with
a high aspect ratio dry etch. After oxide refill, the top surface of
the 200 mm wafers is planarized by chemical-mechanical polishing
(CMP) and the SiN hard mask is removed by wet etching. Before
micro-transfer-printing, a 20 nm thin bisbenzocyclobutene (BCB)
layer is spin coated on the PIC to ensure good adhesion of the
printed III-V device. After printing, the protective resist encapsu-
lation of the III-V device is removed in an O, plasma, the BCB
layer is cured, and metal contact pads (40 nm Ti/1000 nm Au;
Ti for better Au adhesion) are defined to probe the device [see
Fig. 2(d)].

IV. CHARACTERIZATION AND DISCUSSION

For the characterization of the mode-locked laser, the chip is
placed on a temperature-controlled stage that is set to a tempera-
ture of 16 °C (unless stated otherwise). The characterization setup is
schematically depicted in Fig. 3(a). We use a power-ground-signal-
ground-power (PGSGP) probe with a 100 ym pitch to probe the
mode-locked laser electrically. The results shown here are for light
collected from the left output grating coupler (at the 50% trans-
missive outcoupling mirror), where the highest output power is
detected. The light is collected using a cleaved standard single-mode
optical fiber.

Figure 3(b) shows the average optical power collected in the
fiber as a function of the total gain current and the saturable absorber
reverse bias. To analyze the mode-locking behavior of the laser,
the emitted light is sent to a high-speed photodetector with a tran-
simpedance amplifier (Discovery DSC-R409) whose electrical out-
put is connected to an electrical spectrum analyzer (Keysight EXA
N9010A). The measured electrical spectrum for a gain current of
295 mA and a saturable absorber bias of —2.5 V is shown in Fig. 3(c).
We observe a clear signal at 2.97 GHz (with a signal-to-noise ratio
of 50 dB) and its harmonics, indicating mode-locking. Figure 3(d)
shows the RF power of the peak signal in a 200 MHz band centered at
3 GHz measured as a function of gain current and saturable absorber
bias. We measure a large and relatively constant signal for gain cur-
rents in between 200 and 350 mA, and saturable absorber biases in
between —2.5 and —2.0 V, indicating mode-locking over this wide
range of bias conditions [area highlighted with a red, dotted box

Ew

S|N
SiO»

(d)

FIG. 2. Schematic device cross sections in different steps of the process flow. (a) Initial Ill-V epitaxial layer stack. (b) Processed IlI-V devices on the source InP substrate. A
device has been picked up by the elastomer stamp for transfer to the target substrate. (c) Micro-transfer-printing of the IlI-V device on the target SiN/a-Si chip. (d) Finished

laser after the final metallization step.
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FIG. 3. (a) Schematic overview of the measurement setup. TL: tunable laser, FPC: fiber polarization controller, PD: photodetector, RTO: real-time oscilloscope, OSA: optical
spectrum analyzer, EDFA: erbium-doped fiber amplifier, AC: autocorrelator, ESA: electrical spectrum analyzer. (b) Fiber-coupled optical power as a function of gain current
and saturable absorber bias. (c) Electrical spectrum generated by the mode-locked laser for a gain current of 295 mA and a saturable absorber bias of —2.5 V. (d) Power
of the RF signal at the repetition frequency for different gain currents and saturable absorber biases. (e) Single-sideband phase noise of the RF signal at the repetition
frequency for a gain current of 295 mA and a saturable absorber bias of —2.5 V. The blue line corresponds to the measurement data and the red line to a Lorentzian function

with a linewidth of 400 Hz.

in Figs. 3(b) and 3(d)]. This feature enables turnkey operation of the
mode-locked laser.

For the following measurements, the mode-locked laser is
biased at a fixed gain current of 295 mA (voltage of 2.5 V) and
a saturable absorber voltage of —2.5 V (current of —5 mA), as the
laser showed high optical power and a strong, narrow-linewidth RF
signal for these bias conditions. The data points corresponding to
these bias conditions are indicated with a red circle in Figs. 3(b) and
3(d). The measured average optical power in the fiber is —2.5 dBm,
corresponding to an on-chip pulse energy of ~2 pJ (the measured
grating coupler efficiency is —10 dB). This is significantly higher than
the typical pulse energies reported for III-V-on-Si and monolithic
InP-based extended-cavity mode-locked lasers.” Still, ~1 pJ pulses
and a 1.7 kHz RF linewidth have been reported for a III-V-
on-Si extended-cavity mode-locked laser with a 4.8 GHz rep-
etition rate (fabricated by adhesive bonding).”® We believe the
nonlinear loss in Si and InP at a wavelength of 1.6 ym is a
strongly limiting factor in the pursuit of high on-chip pulse ener-
gies. This nonlinear loss is absent in SiN.'"* The pulse propaga-
tion simulations in the supplementary material show the detri-
mental impact of two-photon absorption and the associated
free-carrier absorption. Note that even in our III-V-on-SiN mode-
locked laser, there is two-photon absorption in the a-Si/III-V
section that cannot readily be avoided. However, this section is
very short and the effective mode area is large (~2 ym?), limiting
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the effect. We expect that pulse energies >2 pJ can be attained in
III-V-on-SiN mode-locked lasers by implementing a better heat
sink, increasing the saturation power of the III-V section, and
decreasing the waveguide losses. Better heat dissipation can be
achieved by using metallic vias connecting the III-V section
with the silicon substrate, micro-transfer-printing the III-V device
directly on the silicon substrate and edge coupling the light into
a SiN waveguide, or gluing a heat sink on top of the fabricated
laser.”’

The RF linewidth of the peak at 2.97 GHz is determined in
a single-sideband phase noise (SSB-PN) measurement.’’ The SSB-
PN is measured using the direct spectrum method on a Keysight
MXA ESA and the resulting SSB-PN is shown in Fig. 3(e). The
measurement data match closely with a Lorentzian lineshape with
a 400 Hz linewidth. The baseline at ~—100 dBc/Hz for offset fre-
quencies over 1 MHz corresponds to the noise floor of the electri-
cal spectrum analyzer. Our III-V-on-SiN mode-locked laser outper-
forms the majority of monolithic ITI-V and III-V-on-Si mode-locked
lasers in terms of the RF linewidth.”'> A comparable RF linewidth
of 450 Hz has been reported for a III-V-on-Si mode-locked laser
with a 1 GHz repetition rate,”'’ yet with a limited pulse energy of
0.5 pJ. An RF linewidth of 400 Hz has also been reported for an
epitaxially grown quantum-dot-on-silicon laser with a 9.4 GHz rep-
etition rate emitting at a wavelength of 1.3 ym.” However, its pulse
energy is only 0.07 pJ and the laser is not coupled with a passive
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integrated waveguide circuit, which limits the design possibilities
(e.g., for the integration of dual-comb mode-locked laser sys-
tems with on-chip beam splitters/combiners, heaters, photodetec-
tors, etc.). In the future embodiments of III-V-on-SiN mode-locked
lasers, the RF phase noise and linewidth can be lowered even fur-
ther by decreasing the cavity loss and increasing the cavity length.”’
While our current device has a SiN waveguide loss of 0.16 dB/cm,
SiN waveguide losses below 0.001 dB/cm have been reported for
low-confinement waveguides,”” and losses as low as 0.03% and
0.01 dB/cm™ for wafer-scale fabricated thick, high-confinement
waveguides. The use of thick SiN waveguides with anomalous
group-velocity dispersion®* also offers exciting prospects, such
as the exploration of soliton and stretched-pulse mode-locked
lasers.”

Recording the output of the mode-locked laser with a photode-
tector and a real-time oscilloscope gives a clear pulse train without
satellite pulses or other artifacts, indicating stable mode-locking [see
Fig. 4(a)]. A DC-coupled photodetector (Discovery DSC2-30S) is
used to rule out a DC signal background. As the pulse duration
cannot be resolved due to the limited analog bandwidth of both
the photodetector and real-time oscilloscope, an intensity autocor-
relation measurement is performed. The intensity autocorrelation
measurement is done with the pulseCheck optical autocorrelator
from APE GmbH. The pulses emitted by the mode-locked laser are
amplified by an L-band EDFA before being sent to the autocorre-
lator, as intensity autocorrelation measurements require relatively
high peak powers. The autocorrelation trace is shown in Fig. 4(b)
and corresponds to a pulse duration of 8 ps assuming a sech” pulse
shape. Note that sending the pulses through an EDFA can cause
significant pulse distortion.”® Our simulations (in which we numeri-
cally solve a Ginzburg-Landau-type equation as described in Ref. 37)
indicate that there is a 2.5 ps difference in pulse duration between
the output and input of the EDFA. Advanced stepped-heterodyne
measurements that do not require pulse amplification have been
suggested to determine the pulse envelope for semiconductor mode-
locked lasers.”® Sub-ps pulses have been demonstrated for III-V-
on-Si and monolithic InP-based mode-locked lasers with repetition
rates >20 GHz and pulse energies limited to ~0.1 pJ.” Pulse dura-
tions tend to go up for lower repetition rates.'” Regardless, pulse
durations on the order of 10 ps have been shown to be sufficient
for high-resolution spectroscopy.” For the observed 3 dB optical
bandwidth of 2 nm [see Fig. 5(a)], a minimum pulse duration of
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FIG. 4. (a) Pulse train of the mode-locked laser recorded by a 160 GS/s real-
time oscilloscope. (b) Intensity autocorrelation measurement of the emitted pulses
amplified by an L-band EDFA.
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FIG. 5. (a) The optical spectrum. The optical power, expressed in dBm, is shown
per 30 pm wavelength range (which is the resolution of the optical spectrum
analyzer). (b) Measurement of the optical linewidth by heterodyning one of the
laser lines near the center of the spectrum with a stable, narrow-linewidth refer-
ence laser (Santec TSL-770, linewidth 60 kHz). The measurement data (blue) are
fitted with a Lorentzian function (red).

1.4 ps can be expected (a transform-limited sech? pulse has a time-
bandwidth product of 0.315).%> The transform-limited pulse shape
can also be calculated directly from the measured optical spectrum,
yielding a pulse duration of 1.3 ps. On-chip dispersive elements can
be used to get closer to this pulse duration.*’** With its pJ-level
pulse energy and ps pulse duration, our III-V-on-SiN mode-locked
laser shows great promise for on-chip spectral broadening through
resonant supercontinuum generation: in a recent demonstration, a
broad comb was generated by pumping a SiN microresonator with
pulses of 1-6 pJ in energy and >1 ps in duration (supplied by an
off-chip source).”!

The optical spectrum of the mode-locked laser is shown in
Fig. 5(a). The spectrum was measured using an optical spectrum
analyzer (Anritsu MS9740A) with a resolution of 30 pm, which is too
low to resolve the individual laser lines. We observe a 10 dB band-
width of over 4 nm corresponding to more than 154 lines. There is a
small amount of ripple on the optical spectrum, which is likely due
to the presence of spurious reflections in the laser cavity, possibly
caused by the passive-to-active device transitions. We expect this can
be improved upon in the future devices by altering the process con-
ditions and transition design. The optical linewidth is measured by
beating a line in the center of the spectrum with a narrow-linewidth
reference laser (Santec TSL-770, linewidth 60 kHz) on a high-speed
photodetector. The resulting signal is recorded with a Keysight real-
time oscilloscope and post-processed in MATLAB. By taking the fast
Fourier transform (FFT) of a 1 us time trace, the heterodyne beat
note linewidth can be determined. The result is shown in Fig. 5(b).
The peak of the RF signal lies at 560 MHz, which corresponds to
the optical frequency difference between the laser line and the refer-
ence laser. Fitting the measurement data with a Lorentzian function
yield a narrow optical linewidth of ~1 MHz. However, it is important
to note that the simulated instrumental lineshape also has a 1 MHz
linewidth. Therefore, the value of 1 MHz should be considered an
upper bound for the optical linewidth. Optical linewidths of 29, 10.6,
and 0.3 MHz have been reported for a 30 GHz monolithic InP-based
mode-locked laser,”” a 20 GHz quantum-dot-on-Si mode-locked
laser,” and a 1 GHz III-V-on-Si mode-locked laser,' respectively. A
decrease in cavity loss and/or an increase in cavity length is expected
to lead to lower optical linewidths.”* The linewidth can also be
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reduced by using a fast saturable absorber or active mode-locking.**
A fast on-chip saturable absorber could for instance be achieved
by means of a Kerr-based artificial saturable absorber.'” LiNbO3-
> or lead-zirconate-titanate-based*® on-chip high-speed modula-
tors could be used for active mode-locking. Although we do not
measure the carrier-envelope offset frequency (e.g., by f-to-2f self-
referencing),”” our measurements are consistent with the generation
of a comb.

The temperature sensitivity of the mode-locked laser is mea-
sured by recording the time-averaged beat note frequency between a
laser line and a narrow-linewidth reference laser for varying temper-
atures of the temperature-controlled stage. The measured resulting
shift in the beat note frequency is shown in Fig. 6(a). Fitting gives
a frequency shift of 3 MHz/mK. This matches well with the esti-
mated shift assuming a thermo-optic coefficient of 2.45 x 107> K™*
for SiN,'* &7 ~ %% ~ 2.3 MHz/mK. Finally, we record the beat
note frequency fluctuations over a time interval of 30 s, while the
temperature-controlled stage is set to a fixed temperature of 16 °C
[see Fig. 6(b)]. We envisage our on-chip mode-locked lasers to be
used for ranging and spectroscopic sensing. These applications typ-
ically only require millisecond acquisition times, much shorter than
the 30 s interval shown here, to measure a distance or an absorption
spectrum.”*® The beat note frequency fluctuates over an interval of
~80 MHz wide, which corresponds to temperature fluctuations of
27 mK. This is the best temperature stability we could achieve with-
out the use of a temperature-controlled container and the chip being
influenced by ambient conditions. For III-V-on-Si and monolithic
InP-based mode-locked lasers, the temperature-induced frequency
fluctuations are expected to be an order of magnitude larger, in
accordance to their thermo-optic coefficients.'*!”

The above discussion focused on device characterization and
fabrication- and design-related suggestions for improved device per-
formance. To demonstrate the potential of III-V-on-SiN mode-
locked lasers in applications, dedicated system-level experiments
will have to be conducted. Stabilization of the mode-locked laser(s)
typically leads to improved system performance.”” Yet, also sim-
ple, free-running mode-locked lasers can be sufficiently stable for
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FIG. 6. (a) Measurement of beat note frequency between a line in the center of
the laser spectrum and a narrow-linewidth reference laser as a function of tem-
perature. For each data point, we average over a time of 30 s. The measurement
data (blue) are fitted with a line (red). (b) Measurement of the beat note frequency
fluctuations over a time interval of 30 s while the temperature-controlled stage is
set to a fixed temperature of 16 °C.
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certain applications, as demonstrated for dual-comb ranging,** dual-
comb spectroscopy,”’ and optical communication.” Our III-V-on-
SiN mode-locked laser could be stabilized by locking a laser line
to an ultrastable reference laser through an optical phase-locked
loop” (using on-chip phase shifters) or optical injection locking.*
Hybrid-mode locking can be used to lock the repetition rate of the
mode-locked laser to a stable RF synthesizer.”* Dual-comb-based
applications could benefit from the integration of two mode-locked
lasers on a single chip, in close proximity to each other, to ensure a
high level of mutual stability.*’

V. CONCLUSION

We have demonstrated an on-chip, electrically pumped III-
V-on-SiN mode-locked laser with a small line spacing of 3 GHz,
emitting at a wavelength of 1.6 ym. With a pulse energy of ~2 p]J,
RF linewidth of 400 Hz, low temperature sensitivity, and the use
of scalable fabrication techniques, this demonstration opens the
road toward the realization of high-performance, compact, low-cost
mode-locked lasers as desired for laser ranging and remote sensing,
among others. The availability of low-loss, dispersion-engineered
SiN cavities also opens up exciting possibilities for on-chip spectral
broadening and novel mode-locked laser designs.

SUPPLEMENTARY MATERIAL

See the supplementary material for an overview of the SiN PIC
fabrication and pulse propagation simulations.
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