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ABSTRACT

In the past decade, remarkable advances in integrated photonic technologies have enabled table-top experiments and instrumentation to be
scaled down to compact chips with significant reduction in size, weight, power consumption, and cost. Here, we demonstrate an integrated
continuously tunable laser in a heterogeneous gallium arsenide-on-silicon nitride (GaAs-on-SiN) platform that emits in the far-red radiation
spectrum near 780 nm, with 20 nm tuning range, <6 kHz intrinsic linewidth, and a >40 dB side-mode suppression ratio. The GaAs optical
gain regions are heterogeneously integrated with low-loss SiN waveguides. The narrow linewidth lasing is achieved with an extended cavity
consisting of a resonator-based Vernier mirror and a phase shifter. Utilizing synchronous tuning of the integrated heaters, we show mode-
hop-free wavelength tuning over a range larger than 100 GHz (200 pm). To demonstrate the potential of the device, we investigate two
illustrative applications: (i) the linear characterization of a silicon nitride microresonator designed for entangled-photon pair generation and
(ii) the absorption spectroscopy and locking to the D; and D; transition lines of ¥ Rb. The performance of the proposed integrated laser
holds promise for a broader spectrum of both classical and quantum applications in the visible range, encompassing communication, control,
sensing, and computing.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/).
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I. INTRODUCTION

As the complexity and scale of quantum systems continue
to grow, the role of integrated photonics has become increas-
ingly pivotal. © Recent innovations in hybrid and heterogeneous
photonic platforms” ’ have enabled the seamless integration of
classical components—coherent light sources, modulators, and
detectors—with quantum elements including quantum frequency
combs, trapped ions, neutral atoms, solid-state quantum emitters,
and quantum transducers.” This fusion of classical and quantum

APL Photon. 10, 036102 (2025); doi: 10.1063/5.0232377
© Author(s) 2025

integrated photonics not only accelerates near-term applications
in quantum communications, sensing, and networking but also
addresses many of the engineering challenges that the bulk opti-
cal systems are associated with, such as multiplexing, phase noise,
system stability, and reliability.

Narrow-linewidth tunable lasers—ubiquitous in classical and
quantum applications—have massively benefited from integrated
photonics in recent years. Traditionally, the free space external-
cavity diode laser (ECDL) has been the most effective design to
achieve ~kilohertz linewidth single-mode output, wide wavelength

10, 036102-1
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tunability, and high power delivery;" however, their large foot-
print, mechanical wavelength tuning mechanisms, and sensitivity
to vibration and shock often restrict their usage to the confines
of well-controlled lab settings. For technologies and applications
that require low size, weight, and power (SWaP), recent demonstra-
tions of hybrid and heterogeneous integrated III-V semiconductor
lasers with silicon and silicon nitride photonics have dramatically
expanded the possibilities for low SWaP coherent light delivery for
classical and quantum applications.””' These advances were initially
driven by the need for high-bandwidth and low-cost intercon-
nects for data communications at telecom wavelengths,'*'* but they
are now transforming many additional technology sectors, includ-
ing quantum information, time-keeping and remote sensing, and
artificial intelligence.'”"”

Expanding the useful wavelength range to the near-ultraviolet
and visible spectrum would open additional avenues for applications
requiring low SWaP. These applications include, but are not limited
to, cooling, repumping, and control of atoms and molecules with
complex spectra; nonlinear classical and quantum photonics; and
solid-state quantum system control and readout.'™'” Key perfor-
mance metrics that need to be optimized for these applications are
(1) wide coarse tunability with fine mode-hop-free (MHF) tuning to
map out optical atomic and molecular spectra; (2) sub-megahertz
linewidths to address particular resonances and electronic tran-
sitions; (3) milliwatt-level output power across the tuning range
for coherently driving nonlinear processes and to cool, trap, and
manipulate atoms and molecules; and (4) single-mode operation
with large side-mode suppression to minimize noise and para-
sitic processes. Significant progress has been made in recent years
with advances in semiconductor growth and fabrication techniques
and photonic integration methods, including kilohertz to mega-
hertz linewidths in the visible spectrum, ranging from 405 nm up
to 684 nm, using hybrid integration of semiconductor laser chips

or optical amplifiers with bulk optics or integrated photonic cav-
ities and switching networks.”” *" Corato-Zanarella et al. recently
extended the operating wavelength to 785 nm through hybrid inte-
gration of a Fabry-Perot semiconductor laser chip butt-coupled
to a low-loss silicon nitride resonators for self-injection locking to
achieve sub-10 kHz instantaneous linewidth with 12.5 nm coarse
tuning, 34 GHz MHF tuning, side-mode suppression >37 dB, and
10 mW output power.*’

In this work, we demonstrate a fully integrated, heterogeneous
GaAs-on-SiN platform that enables mode-hop-free continuous tun-
ing over 100 GHz (200 pm) with >15 nm coarse tuning. Building
on the previous success of Zhang et al. in demonstrating wafer-scale
fabrication and coarse wavelength sweeps from 765 to 795 nm,’! we
develop an MHF tuning algorithm that simultaneously controls a
dual-ring Vernier mirror and intra-cavity phase shifter,'> enabling
>100 GHz mode-hop-free tuning. As shown in Fig. 1(a), the inte-
grated laser chip that we studied comprises 15 independently tunable
lasers with GaAs quantum well (QW) gain sections bonded onto
silicon nitride waveguides. These devices were fabricated using a
wafer-scale process with excellent yield and uniformity, exempli-
fied by similar laser threshold currents and photodiode dark cur-
rents measured from >140 devices across the wafer.”’ We measure
intrinsic linewidths <6 kHz, side-mode suppression ratio (SMSR)
>40 dB, and over 10 mW output power. We demonstrate the capa-
bilities of these lasers on two key applications. First, we carry out
linear spectroscopy of a silicon nitride microresonator designed
for visible entangled-photon pair generation via spontaneous four-
wave mixing at 780 nm. The tuning algorithm can adeptly map
the 20 GHz spaced modes with quality factor Q~2 x 10°. In a
second application, we perform Doppler-free spectroscopy of the
D; and D, transitions of an *Rb vapor. The exquisite tuning sen-
sitivity easily identifies sub-Doppler hyperfine features, and the laser
stability enables it to be locked to an absolute atomic frequency
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FIG. 1. Mode-hop-free tunable semiconductor chip-scale lasers. (a) Image of 15 tunable III-V lasers integrated on a single ~25 cm? chip. Depending on the specific laser
channel, 765-795 nm light is coupled off-chip using a single-mode polarization-maintaining fiber. Each laser comprises a gain region, a tunable Vernier mirror, a phase-
tuning element, and a photodiode monitor, as shown in the bottom panel. (b) An algorithm to tune the Vernier mirror reflectivity and phase element enables >100 GHz
mode-hop-free tuning, which has applications for atomic sensors and memories, nonlinear photonics, and quantum information. PNT: precision navigations and timing;
SPDC: spontaneous parametric downconversion; SFWM: spontaneous four-wave mixing; QKD: quantum key distribution; QNetworks: quantum networks; QDs: quantum

dots.
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reference over the entire 10 min measurement duration. We con-
clude with a discussion on future capabilities enabled by this work in
atomic sensing and quantum memories, quantum control, nonlinear
quantum photonics, and photonic and spin qubits [Fig. 1(b)].

Il. DEVICE LAYOUT AND LASER CHARACTERIZATION

The integrated visible laser, shown in the optical image and
design schematic in Fig. 1(a), utilizes a GaAs multi-quantum well
(QW) optical gain region heterogeneously integrated with SiN wave-
guides. This combination leverages the high gain and efficient light
emitting properties of GaAs with the robust, CMOS compatible, low
loss SiN material platform, thus enabling the realization of compact,
high performance fully integrated lasers.”> The lasers demonstrated
in this work are designed and fabricated by Nexus Photonics, Inc. on
their heterogeneous GaAs-on-SiN device platform. The fabrication
details are found in Appendix A.

The tunable laser utilizes an external cavity design based on
low-loss SiN (0.7 dB/cm), which is crucial in achieving narrow-
linewidth and stable single-mode operation. "’ The back-end of the
laser cavity consists of an external cavity Sagnac loop mirror within
which there are two tandem add-drop ring resonators with slightly
different radii. This design enables a large Vernier free spectral range
(FSR), calculated as |FSR;| * |[FSR,|/|FSRy — FSR;|, where the sub-
scripts correspond to ring 1 and 2, respectively.”* An FSR larger
than the bandwidth of the gain medium ensures single longitudi-
nal mode lasing and improves the SMSR. The Vernier mirror design
also increases the photon lifetime inside the laser cavity thanks to
the high quality factor of the SiN ring resonators, resulting in sig-
nificantly reduced laser linewidths compared to other single-mode
laser designs while still maintaining a small on-chip footprint.'’ By
thermally controlling the Vernier mirror and the intra-cavity phase
shifter, the laser wavelength can be effectively controlled and shifted
by more than 15 nm. The metal heater layer is deposited above the
oxide cladding of the SiN waveguides. The front mirror consists
of a Sagnac-loop mirror with a reflectivity of 100% over a broad
wavelength range (>15 nm). Light is coupled out of the cavity via
a multi-mode interferometer, where 15% of the light is directed
into an integrated photodiode (PD), composed of the same III-V

structure as the gain region, but operated in reverse bias for on-
chip power monitoring. The remaining light not directed into the
PD exits the chip into a lensed single-mode fiber via an angled edge
coupler to reduce back reflections into the cavity. Device design
information is further detailed by Zhang et al. and Minh et al.”"'

All characterization and demonstrations were performed with
the laser chip on a temperature controlled stage set to 25 °C. Elec-
trical contacts to the gain, PD, and thermo-optic tuning elements
were made using a multi-point probe card shown in Fig. 1. Light
generated from the laser was coupled off-chip into a polarization-
maintaining lensed optical fiber with a spot size of 2 ym and a
working distance of 10 ym. The fiber output was then sent to a fiber-
coupled optical isolator with over 35 dB of isolation to minimize
back-reflections into the laser. Because we utilized fiber coupling,
as opposed to packaged devices, 10% of the power after the isola-
tor was routed to an active auto-alignment fiber controller (Thorlabs
KNA-VIS NanoTrak) to maximize the power collected by the lensed
fiber and to reduce spurious losses from the facet to fiber cou-
pling. The transmitted power is then routed to a 3-dB fiber splitter,
whereby one output is directed to a wavemeter to monitor the wave-
length and the other is sent to an optical spectrum analyzer to
monitor the SMSR.

We first characterize the electrical and optical performances
of the laser chip with coarse tuning. Figure 2(a) shows the
light-current-voltage (LIV) curve corresponding output power as
measured by the on-chip photodiode monitor (PD). The gain injec-
tion current was incrementally increased from 0 to 80 mA, and the
PD response (blue trace) indicates a clear lasing threshold current
near 32 mA. As the injection current continues to ramp above the
threshold, the integrated PD current steadily increases with some
oscillations, indicating lasing mode hops with current tuning. This is
a result of thermal heating and carrier injection in the active section
that causes a change in the optical refractive index, producing a
variation in the optical length of the cavity. For the highest current
values, over 10 mW of output power has been previously measured
from similar laser devices.”!

We next characterize the coarse tuning range of the laser chips.
Optical spectra taken from two lasers with slightly different gain
regions show the effectiveness of the Vernier ring configuration in
maintaining a high SMSR over a wide wavelength range, as shown

a) b) 9] .

04 2.2 — ~ 10
- = On-Chip [\P/]D [mA] =0 Sain T — Intrinsic FL = 5.85kHz

= \/oltage
Eosf T
= (9]
g 1.8 % z,
2o 0.2 D a il
2 T
= 165 §-30 ““H‘H]l““‘ ‘
20.1 = el i
2% 14 240 el ‘
S I ‘ o
0.0 Z—SO L YYTTIe w 102

- : : 12
0 20 40 60 80
Injection Current [mA]

770 775 780 785 790 795 10° 106 107 108
Wavelength [nm]

Offset Frequency [Hz]

FIG. 2. Characterization of Ill-V on SiN laser performance. (a) Measurement of the laser output using the on-chip photodiode monitor (left axis) and drive voltage (right
axis) vs gain injection current, demonstrating a laser threshold around 30 mA. (b) Tuning curves of two different laser cavities with Ill-V quantum well stacks of different
thicknesses covering 765-795 nm laser operation 35-45 dB side-mode suppression. (c) Representative frequency noise measurement demonstrating 5.85 kHz fundamental
linewidth without additional stabilization or locking. The peaks in the measurement can be attributed to the environment and equipment.
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in Fig. 2(b). Only wavelengths resonant with the add-drop ring res-
onators in the Vernier mirror will overcome the cavity losses to lase;
therefore, tuning the two rings in the Vernier mirror appropriately is
crucial for single-mode operation. The rings were thermo-optically
tuned independently to select a specific lasing mode across each
III-V gain bandwidth. With an injection current set to twice the
threshold current, stable single mode lasing across more than 17 nm
of continuous tuning range is demonstrated for each gain chip. The
overlaid spectra are normalized to the peak power corresponding to
each laser, leading to >40 dB SMSR and >35 dB SMSR for the blue
and burgundy traces, respectively. Following the analysis in Ref. 12
and with a heater time response of ~30 us,* we estimate the maxi-
mum tuning rate that preserves MHF scanning to be on the order of
15 GHz/ms, where we restrict the largest tolerable error during the
scan to be less than 1 pm (~500 MHz).

Finally, the frequency noise was measured with a commercial
OEwaves optical phase noise analyzer. Below 1 MHz of offset fre-
quencies, noise is primarily due to environmental perturbations and
the instrumentation, while above 1 MHz, the noise arises primar-
ily from thermo-refractive effects. Frequency noise characterization
further demonstrates a Schawlow-Townes fundamental linewidth
of 5.85 kHz, as shown in Fig. 2(c). Further reduction in the laser

linewidth can be achieved via self-injection locking, using an exter-
nal high quality factor ring resonator, resulting in a fundamental
linewidth of 92.4 Hz, as demonstrated by Zhang et al.’' For quantum
photonic applications, maintaining a laser linewidth narrower than
the microresonator comb linewidth is essential to generate entangled
photon pairs and characterize resonances. For atomic transitions
such as Rb D1 and D2, with natural linewidths of about 6 MHz,
the laser linewidth needs to be sufficiently small to enable accu-
rate probing and locking. Here, the demonstrated laser proves to be
adequate.

Ill. MODE-HOP-FREE TUNING

Continuous mode-hop-free tuning requires synchronous con-
trol of each tuning element in the laser cavity. To show this, we
first demonstrate tuning by individually controlling each element.
In Fig. 3(a), only the intra-cavity phase element is tuned while keep-
ing the Vernier mirror heater power fixed. As the phase shifter
power increases, a small tuning range of up to ~11 pm is observed
until a mode hop of 645 pm occurs, likely due to competition
between the modes of the two individual resonators that comprise
the Vernier mirror. Alternatively, Fig. 3(b) exhibits tuning of one
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FIG. 3. Mode-hop-free tuning algorithm implementation. (a) Isolated tuning of the phase heater demonstrating a narrow tuning range and mode hops at the cavity FSR.
(b) Isolated tuning of one ring in the Vernier mirror, demonstrating a narrow tuning range within each step and mode hops at the Vernier mirror FSR. (c) Combined and
synchronous tuning of the Vernier rings and phase heater to achieve >100 GHz (200 pm) of continuous tuning. Panels (d)—(g) show the 2D tuning maps for the output
power in dB (top row) and output wavelength in nm (bottom row) vs the heater power on ring 1 and ring 2. As the phase heater power is incrementally increased, tracking
of a local maximum of the output power, indicated by the highlighted circle on each panel, enables the mode-hop-free tuning.
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ring of the Vernier mirror while keeping the phase-shifter element
heater power fixed. In this case, a small tuning range of up to ~16 pm
is observed until a large mode hop of 1.3 nm occurs, corresponding
to the FSR of the ring.

Despite the limited continuous tuning range of each individ-
ual component, using an algorithmic approach to simultaneously
tune the phase heater and both Vernier mirror ring heaters can
enable tracking of a longitudinal mode—and thus continuous mode-
hop-free tuning—over a much wider wavelength range. Here, we
developed and implement a tuning algorithm that was originally
demonstrated for a 1550 nm InP/Si Vernier laser with 325 GHz
MHEF tuning.!” This method involves mapping the output power and
wavelength of the laser as a function of the heater power applied to
each Vernier ring and the phase shifter. These maps are then used to
track a desired target mode over the 3D parameter space.

We first begin by generating a 2D map of the output power and
wavelength of the laser as a function of applied power to Vernier
mirror ring 1 and ring 2, as shown in Figs. 3(d)-3(g). In Fig. 3(d), the
phase heater power was fixed at 23 mW and the Vernier power was
linearly tuned between 0-60 and 150-190 mW for ring 1 and ring
2, respectively. Each distinct region in the map reflects the overlap
of a resonance from each ring with a particular longitudinal cavity
resonance. Each region is characterized by a peak mode power at
some specific ring heater power settings within the mode space. As
the phase shifter power increases, the entire 2D map continuously
shifts along the diagonal corresponding to the increase in applied
heater power to ring 1 and ring 2. Thus, the key to continuous MHF
tuning is to adjust the Vernier ring heaters and the phase shifter
synchronously to follow the local maximum of the optical output
power. To do this, we build a 3D map corresponding to the 2D
maps shown as a function of the phase-shifter power [representa-
tive maps are shown in Figs. 3(d)-3(g)]. Cross correlation of the
peak mode powers in each 2D mode cloud map across successive
phase power values then allow us to establish a linear relationship
in applied power between the phase shifter heater and Vernier ring
heaters for a specific mode.

Utilizing the established relationship between the ring heaters
and the phase heater, we implemented the continuous tuning algo-
rithm on several of the laser chips. We show in Fig. 3(c), the
representative results from one laser. By synchronously tuning the
ring and phase heaters, we achieve 108 GHz (217 pm) of MHF
tuning with 350 mW applied to the phase shifter and a scan rate
of 0.29 s per data point. This range is a factor of 3 larger than
previous hybrid-integrated devices and comparable to commer-
cial tabletop ECDLs.”"" Limited to a maximum applied power of
1 W to the phase heater due to thermal load management, an esti-
mated maximum mode-hop-free tuning range of 307 GHz (620 pm)
is feasible for this design. MHF tuning of several THz should be
possible through thermal isolation of the tuning elements using
air trenches or through alternative tuning mechanisms such as
electro-optic elements, as discussed in Sec. V.

IV. QUANTUM PHOTONIC DEMONSTRATIONS

The development of MHF continuously tunable integrated
lasers around 765-795 nm is motivated in part by numerous
quantum-inspired applications. The most notable is the presence in
this wavelength range of the two primary rubidium transitions—the

APL Photon. 10, 036102 (2025); doi: 10.1063/5.0232377
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D1 and D2 lines at 780 and 795 nm, respectively. Atomic systems
based on Rb are being developed for several different quantum tech-
nologies, including quantum memories,” entangled-photon pairs,’”
atomic clocks,’® and quantum sensors.” *' Solid-state quantum sys-
tems with optical transitions in the near-IR, such as droplet epitaxy
GaAs quantum dots, " quantum defects in atomically thin materi-
als,” and color centers in wide-gap materials such as diamond and
hexagonal boron nitride,” " also require MHF tunable lasers for
optical excitation in the 775-795 nm wavelength range with narrow
linewidths to measure and control the optical excitations resonantly.
For nonlinear quantum photonics,”® 775-800 nm is a common
optical pump wavelength for 1550-1600 nm entangled-photon pair
generation via spontaneous parametric downconversion (SPDC) in
X(z) materials, which has traditionally been performed with table-
top optical pump lasers. Similarly, entangled-pair generation in the
near-infrared via spontaneous four-wave mixing (SFWM) in inte-
grated photonic microresonators, such as SiN, is appealing for free-
space and space-based quantum communications and entanglement
distribution.

With these applications in mind, we initially focus on
two demonstrations. The first—spectroscopy of a SiN microring
resonator—is designed to highlight the MHF tuning capabilities for
pumping integrated photonic devices for quantum light generation.
The second—atomic spectroscopy and laser locking to the D1 and
D2 lines—is an exemplary experiment to illustrate the ability for
low-SWaP applications in atomic and molecular physics.

A. 780 nm silicon nitride microresonator
characterization

Our first demonstration is motivated by recent progress in the
development of several integrated photonic material platforms for
telecom-wavelength entangled-photon pair generation via SPDC,
including lithium niobate’ and indium gallium phosphide™’
and visible-wavelength SFWM."” In these experiments, typically an
ECDL laser is utilized as the pump to generate entangled pairs, which
has been a limiting factor for transitioning quantum light source
technologies from the lab into deployable, robust, and compact
systems. Thus, an integrated 775 nm laser with MHF tuning, mil-
liwatt output power, >40 dB SMSR, and sub-10 kHz linewidth will
find immediate applications for quantum light generation; here, we
demonstrate this possibility by pumping a SiN nonlinear resonator.
For these measurements, a fraction of the pump power is routed to
a wavemeter and a power meter before the chip, while the majority
of the optical power is coupled into the SiN ring resonator. Lensed
fibers are utilized to inject and collect transverse electric polarized
light into and from the ring resonator. Light out of the chip is sent
to a second power meter. The transmitted power is measured vs the
laser wavelength.

In this case, the SiN resonator is designed for visible-
wavelength pair generation via SFWM. The ring resonator cross
section is 40 nm thick and 8 ym width with a radius of 1.49 mm,
as shown in Fig. 4(a). In Fig. 4(b), we show a linear transmission
spectrum acquired by continuously tuning the laser, which features
multiple resonances in a single sweep that agrees with the 20 GHz
FSR of the resonator. We fit a Lorentzian to the central resonance to
determine loaded and intrinsic quality factors, which correspond to
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FIG. 4. 780 nm laser applications in nonlinear photonics and atomic vapor spectroscopy and locking. (a) SiN microring resonators with 20 GHz FSR used for testing the
mode-hop-free tuning algorithm. In panel (b), the normalized linear transmission spectrum reveals several cavity modes, and a fit to the line shape shown in the inset
indicates an intrinsic cavity quality factor of 2.6 x 10°. (c) A schematic of the experimental setup used to obtain and lock to a spectroscopy signal from a rubidium vapor
cell. (d) Representative signal from the 8Rb F = 2 D2 transition, and panel (e) shows the full spectroscopy signal from D1 for both 35Rb and *7Rb. () The wavelength of the
lasing frequency over 10 min with and without locking to the sub-Doppler spectroscopy signal for both the D1 (top) and D2 (bottom) transitions.

2.5 x 10° (153 MHz linewidth) and 2.6 x 10° (144 MHz linewidth),
respectively.

B. Rubidium vapor spectroscopy and locking

In our second demonstration, we use the integrated laser to per-
form Doppler-free spectroscopy on ground-state atomic transitions
of rubidium. A stable narrow-linewidth laser is essential for clearly
resolving the hyperfine structure in these transitions. The realization
of saturated absorption spectroscopy also enables us to demonstrate
a robust locking scheme in which the chip laser is stabilized to
an absolute atomic frequency reference. In these experiments, we
selected a different laser chip with higher output power compared
to the laser used for microresonator characterization, but otherwise
has similar performance.

The setup for the atomic spectroscopy experiments is shown
by the schematic in Fig. 4(c). The laser light is first collimated and
then passed through a half-wave plate (HWP) and a polarizing beam
splitter, which together serve as a tunable splitter to direct a frac-
tion of the beam to a wavemeter, while the majority of the power
is directed to a saturated absorption spectroscopy setup. Another
HWP and polarizing beam splitter are used to adjust the power
appropriately between the pump and probe beams at approximately
a 10:1 ratio. The nearly counterpropagating pump and probe beams
are directed to intersect at a shallow angle within a heated rubid-
ium vapor cell to realize Doppler-free spectroscopy. Light from
the probe beam is detected by a biased photodiode, the output
signal from which is relayed to an oscilloscope and to locking elec-
tronics. When the laser detuning is scanned over the GHz-scale
Doppler-broadened absorption dip of the D2 transition in *'Rb,
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saturated absorption shows clearly resolved transitions between dif-
ferent hyperfine states and crossover features [Fig. 4(d)]. Scanning
over a broader range at the 10 GHz scale near the D1 transition,
achieved by using a 2-channel function generator to drive both
Vernier rings simultaneously, the Doppler-broadened absorption
dips from both stable isotopes of rubidium are clearly observed,
each with its characteristic pattern of Doppler-free hyperfine and
crossover features [Fig. 4(e)]. These spectroscopic results demon-
strate that the linewidth and tunability of the chip laser are on
par with commercially available narrow-line laser systems used for
precision experiments such as laser cooling.

This spectroscopic performance also enables the chip laser
source to be stabilized to an absolute atomic frequency reference.
To demonstrate this, we used a standard PID controller to provide
feedback to the laser current from an error signal derived from the
Doppler-free spectroscopy signal. This enabled drift-free stabiliza-
tion of the laser frequency. The lock could be performed on both the
D1 and D2 lines and was stable over at least 10 min, as shown in
Fig. 4().

V. CONCLUSION

In this work, we demonstrated an integrated III-V on a sil-
icon nitride laser platform operating from 765 to 795 nm with
>100 GHz (200 pm) mode-hop-free tuning, 6 kHz intrinsic
linewidth, 40 dB side-mode suppression, and up to 10 mW out-
put power. To the best of our knowledge, this represents the widest
mode-hop-free tunability range for integrated lasers in this wave-
length range, which is enabled by synchronously tuning the Vernier
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mirror and phase-shifter to track the local maximum power of the
laser output.

In an exemplary demonstration of the laser platform capabili-
ties, we first performed linear transmission spectroscopy of a silicon
nitride microring resonator with an intrinsic quality factor >2 x 10°,
which required the large mode-hop-free tuning range and narrow
linewidth to accurately map out several modes of the resonator. We
next coupled the laser to a rubidium vapor cell in a Doppler-free
configuration and performed atomic spectroscopy on the D1 and
D2 atomic transitions, revealing clearly resolved hyperfine states and
crossover features. By providing feedback to the laser current, the
laser was absorption locked to both the D1 and D2 lines, providing
a simple method for atomically referenced chip-scale lasers.

In the current study, the silicon nitride resonator and the
atomic reference cell were external to the integrated laser platform.
With recent advances in chip-scale optical isolators to prevent back
reflections into the laser cavity,”” > additional components can be
heterogeneously integrated onto the platform, including low-loss
nonlinear waveguides and resonators for quantum light genera-
tion,”® quantum emitter chiplets for single-photon generation,”””*
and integrated atomic vapor cells for optical clocks and sensors.”” "’
The fully integrated platform makes the laser system robust to
vibrations, shock, and temperature variations up to 110 °C,’! with
enhanced performance and stability expected in fully packaged
devices. By optimizing the waveguide propagation loss, we anticipate
that we can achieve sub-kHz linewidths, and injection locking with
a~10 x 10° quality factor resonator can further reduce the linewidth
to sub-100 Hz.”! In the existing laser design, the mode-hop-free
tuning range is limited primarily by thermal crosstalk, which can
be improved by implementing lateral air trenches to thermally iso-
late each tunable component. The thermo-optic components can
also be replaced with electro-optic elements, potentially based on
the same semiconductor stack as the III-V gain region or through
heterogeneous integration with lithium niobate, which could enable
petahertz-per-second tuning speeds.®’
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APPENDIX A: LASER FABRICATION FLOW

The fabrication process for the heterogeneous GaAs-on-SiN
laser begins with the formation of the SiN waveguide. A high-
quality silicon dioxide layer is thermally grown on a silicon bulk
wafer to serve as the bottom optical cladding, followed by the depo-
sition of a stoichiometric SiN layer using low pressure chemical
vapor deposition (LPCVD) to form the waveguide core. The SiN
layer is then patterned using a 248 nm lithography system and
etched with a fluorine-based dry etch to define passive waveguide
components.

Next, GaAs coupons are bonded to the SiN layer using an oxy-
gen plasma-activated direct bonding process, with subsequent ther-
mal anneal to enhance the bond strength. The bulk GaAs substrate
is then removed by mechanical polishing, followed by a chemical
etch, leaving behind a 2 y m thick epitaxial stack bonded onto the
patterned SiN.

Following substrate removal, multiple lithography processes
and etching steps are performed to define the III-V active device
structures. Metallization is then carried out to form the P and
N electrodes. Additional dielectric layers are deposited to create
SiN/III-V optical couplers, provide sidewall passivation, and estab-
lish the top optical cladding. Finally, probe metal is deposited to
form the electrical input/output connections.
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FIG. 5. Optimized SiN waveguide loss obtained from the cut-back structure. The
tone of the data points indicates the goodness of fit.

APPENDIX B: SiN WAVEGUIDE LOSS

The SiN waveguide loss is characterized using cut-back struc-
tures consisting of several spiral waveguides with varying lengths. By
performing a linear regression of the insertion loss data from these
structures, the waveguide loss is determined from the slope of the
fitted line. The typical loss for an optimized SiN waveguide is shown
in Fig. 5.
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