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ABSTRACT
Low phase noise lasers based on the combination of III–V semiconductors and silicon photonics are well established in the near-infrared
spectral regime. Recent advances in the development of low-loss silicon nitride-based photonic integrated resonators have allowed them to
outperform bulk external diode and fiber lasers in both phase noise and frequency agility in the 1550 nm-telecommunication window. Here,
we demonstrate for the first time a hybrid integrated laser composed of a gallium nitride-based laser diode and a silicon nitride photonic chip-
based microresonator operating at record low wavelengths as low as 410 nm in the near-ultraviolet wavelength region suitable for addressing
atomic transitions of atoms and ions used in atomic clocks, quantum computing, or for underwater LiDAR. By self-injection locking of the
Fabry–Pérot diode laser to a high-Q (0.4 × 106

) photonic integrated microresonator, we reduce the optical phase noise at 461 nm by a factor
greater than 100×, limited by the device quality factor and back-reflection.

© 2022 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/10.1063/5.0081660

INTRODUCTION

Photonic integrated lasers that operate in the visible to ultra-
violet (UV) spectral regime featuring narrow emission linewidth
and low phase noise are required for the miniaturization of pho-
tonic systems. Applications for such systems range from quantum
metrology and sensing1 based on laser-cooled neutral atoms and
ions2 to precision atomic clocks,3 underwater laser range-finding,4
interferometric biophotonics,5 and visible spectroscopy.6,7 The wide
bandgap group III-nitride semiconductor material family is ideally
suited as an active material platform for next-generation integrated
photonics covering operation wavelengths in the UV and visible
spectral regime. High power III-N laser sources [i.e., gallium nitride
(GaN) and its alloys] are commercially available today and can
be found in various products such as Blu-ray players, solid-state
lighting devices, or modern car headlamps. However, for neutral

atom and ion-based quantum information science and metrol-
ogy applications, conventional III-N laser diodes cannot meet the
requirements in terms of emission linewidth (i.e., phase noise) and
longitudinal mode stability (i.e., drift) during operation. Instead,
only external cavity diode lasers using bulk precision optics and
gratings, which are frequency tuned via physical adjustment, have
achieved a suitable performance, exhibiting kHz linewidth.8 Yet,
the bulk nature of these laser systems along with their weight
restricts applications, in particular space-based applications. More
compact blue lasers have been demonstrated based on crystalline
resonators, yet these are not wafer-scale compatible.9 As a result, the
development of single-frequency III-N lasers has regained interest.
These include distributed feedback laser configurations for single-
frequency operation.10–14 In contrast, silicon photonics-based lasers
using heterogeneous15 and hybrid integration16 have enabled scal-
able, narrow linewidth,17 and tunable lasers18 that outperform bulk
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external diode and fiber lasers and are already employed at a com-
mercial level in data center interconnects, typically operating in the
1550 nm-telecommunication window.19 Yet, silicon’s bandgap lim-
its access to a shorter wavelength. Silicon nitride (Si3N4) is a good
material to realize low loss integrated photonic circuits in the visible
and ultraviolet wavelength spectral region due to a wide bandgap of
4.9 eV, a high refractive index of 2.09 at 410 nm, CMOS-compatible
fabrication, and established commercial foundry processes. More-
over, major advances in nano-fabrication methods have enabled
ultra-low propagation loss waveguides, reaching 1 dB/m.20 Demon-
strations using the Si3N4 platform in the visible regime so far include
blue laser-based beam-forming,21 biophotonic probes,22 modula-
tors,23 and visible photonic integrated lasers.24 Laser cooling of
atoms and ions (e.g., Ca+ at 397 nm, Yb at 399 nm, Sr+ at 420 nm,

and Sr at 461 nm) requires a laser wavelength close to 400 nm [cf.
Fig. 1(f)] with typical 𝒪 (mW) power levels. Integrating compact III-
N laser gain elements with high-performance Si3N4-based photonic
circuits for single-frequency laser operation with narrow linewidth
at wavelengths close to 400 nm has not yet been attained, and the
prospect for tunability and stable operation has not been explored
in great detail. Here, the hybrid integration of an AlGaInN laser
gain element coupled to a Si3N4 photonic integrated circuit (PIC)
platform featuring a laser intrinsic linewidth of ∼1.15 MHz is
demonstrated with more than 20 dB frequency noise reduction via
laser self-injection locking. Such narrow linewidth laser sources,
which via integration of AlN or PZT piezoelectric actuators can
also be made frequency-agile, i.e., enable mode-hop free scanning
over 𝒪 (10 GHz) with the actuation bandwidth of 𝒪 (10 GHz) as

FIG. 1. Schematic of the hybrid integrated laser system. (a) Photo of the experimental setup showing the Fabry–Pérot laser diode butt-coupled to the Si3N4 photonic chip and
the output radiation is collected by a lensed fiber. (b) Si3N4 resonance measured using a tunable laser at 461 nm calibrated by a fiber-based Mach–Zehnder interferometer
with a free spectral range of 100.12 MHz. The measured loaded linewidth κ/2π ≈ 2.33 GHz, corresponding to the loaded quality factor of 0.28 × 106. This microresonator
did not have a drop-port. (c) Principle of laser linewidth narrowing via laser self-injection locking. (d) False-colored scanning electron microscope (SEM) image of the sample
cross-section, showing a 50 nm thick Si3N4 buried in the SiO2 cladding of total thickness 6 μm. The inset shows a finite element method (FEM) simulation of the spatial
distribution of the TE-mode electric-field amplitude at wavelength 461 nm. (e) Schematic showing the laser diode structure with near-UV (410 nm) emission with the SEM
image of the sample cross-section showing the laser ridge. (f) Different applications for III-N integrated lasers presented at wavelength schematics, including underwater
LiDAR and ion transitions used for cooling.
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recently demonstrated,18 are ideal candidates for photonic inte-
grated lasers for manipulating trapped-ion/atomic quantum systems
or underwater coherent laser ranging.

RESULTS
III-N semiconductor-based hybrid self-injection
locked lasers using Si3N4 integrated photonics

Figures 1(a) and 1(b) depict the experimental setup with a
GaN-based Fabry–Pérot laser diode chip directly butt-coupled to a
Si3N4 photonic chip. Custom AlGaInN near-UV laser diodes were
fabricated on low-defect density native GaN substrates using Metal-
Organic Vapor Phase Epitaxy (MOVPE). The epitaxial growth pro-
cess was optimized toward high gain and low absorption losses
within the laser heterostructure, balancing the optical and elec-
tronic performance of the device. The active zone of the laser
diode consists of multiple InGaN quantum wells that are electri-
cally pumped in a pn-junction architecture. The design was tailored
for laser emission near 410 nm and is depicted in Fig. 1(e). In this
edge-type emitter configuration, transversal mode confinement is
realized through the heterostructure layer stack where the active
Multi-Quantum Well (MQW) zone is embedded in the (Al)Ga(In)N
waveguide and cladding layers featuring different Al-compositions.
Lateral mode confinement is achieved via dry etching a narrow ridge
into the p-side of the heterostructure and the creation of optical
gain in the QWs right below the etched ridge. Lateral current con-
finement and the creation of localized gain are accomplished by
ensuring electrical current injection exclusively through an open-
ing in the electrical passivation layer on top of the laser ridge
[cf. Fig. 1(e)]. The laser ridge had a width of nominally 1.5 μm and
was etched to an optimized depth for laser operation of only one
lateral mode. Laser mirror facets were realized via cleaving along
the crystallographic m-plane of the III-N crystal. The laser resonator
cavities were about 1 mm long. Optical facet coatings were applied
to both the front and the rear facet for optimized laser characteris-
tics. For full continuous wave (CW) operation, individual laser dies
(LD) were mounted epi-side up onto thermal heat spreader sub-
mounts and individually wire-bonded for both the n- and p-side.
The LD-heat spreader sub-mount ensemble was then mounted into
a standard TO-5 can. Special care was taken to allow for excellent
laser facet exposure for optimal butt-coupling of the LD to the Si3N4
chip. The laser diode showed a characteristic laser threshold of about
70 mA and can produce more than 100 mW of optical output power
at a wavelength of 410 nm (cf. Fig. 1 of the supplementary material).
The laser is mounted on a thermo-electric cooler for stabilizing its
temperature and is operated at 21 ○C.

In addition, in this work, we also investigate longer wavelength
lasers, notably blue and green laser diodes (LDs), which were pro-
vided by Exalos AG.25 The emission wavelength of the commercially
available blue LD is between 457 and 464 nm with a threshold cur-
rent around 18 mA. The green LD has an emission wavelength
between 517 and 523 nm with a threshold current of around 38 mA.

The Si3N4 waveguides and microresonators are fabricated
using a subtractive process26 and have a uniform height and width
of 50 and 600 nm, respectively. Stoichiometric Si3N4 thin films are
grown with low-pressure chemical vapor deposition (LPCVD) and
etched in fluorine chemistry. The waveguides and microresonators

are defined by deep-ultraviolet stepper (248 nm) lithography. The
cross-section of the microresonators of the Si3N4 waveguide is
depicted in Fig. 1(d). The waveguides are fully buried in the SiO2
cladding of 7 μm thickness. The bottom cladding is made of a ther-
mal oxide of 4 μm thickness, whereas the top cladding is composed
of 1 μm TEOS and 2 μm low-temperature oxide (LTO). The entire
device sits on a 230 μm thick Si substrate. The radius of the microres-
onator is 200 μm, corresponding to the free spectral range of
∼107.08 GHz. The thin Si3N4 supports the fundamental transverse
electric (TE) mode at violet and blue wavelengths as shown in the
inset with ∼14.5% of the E-field confined in the Si3N4 core as shown
in the inset of Fig. 1(d). Development of a low loss photonic plat-
form in the blue and near-ultraviolet spectral regime is challenging
due to scattering and absorption losses.27 Rayleigh scattering scales
with λ−4, and material loss also increases as wavelengths approach
the materials’ bandgap. Figure 1(b) presents a cavity linewidth mea-
surement of the Si3N4 microresonator without a drop-port, carried
out at 461 nm (see Fig. 2 of the supplementary material for resonance
characterization at a higher wavelength), which reveals a loaded cav-
ity linewidth κ/2π = 2.33 GHz and an intrinsic linewidth κ0/2π
= 1.69 GHz, corresponding to an intrinsic quality factor of ∼0.4 × 106

(corresponding to a propagation loss of ∼3 dB/cm). The quality fac-
tor can be enhanced by designing waveguides with higher aspect
ratios and making a thinner Si3N4 core.28 Such a design takes advan-
tage of the lower material loss of the silica cladding and reduces the
mode overlap with the sidewalls, which minimizes sidewall scatter-
ing, which is the primary contributor to loss in high-index-contrast
planar waveguides. The Si3N4 waveguide has a horn-tapered wave-
guide at the input facet to enhance butt-coupling efficiency with the
laser diode and an inverse tapered waveguide at the output facet to
couple light to the lensed fiber. The butt-coupling scheme gives an
overall insertion loss of ∼7.5 dB (diode-PIC-lensed fiber), which we
measure by comparing the free-space output power of the laser with
the fiber-coupled power in the free-running laser regime. The inser-
tion loss can be further reduced by using bi-layer silicon nitride edge
couplers29 that enhance fiber-to-chip light coupling in the visible
wavelength regime.

Figure 1(c) illustrates the laser self-injection locking princi-
ple. The key parameters that influence self-injection locking are the
quality factor of the microresonator, Rayleigh backscattering, and
the optical feedback phase (optical phase of backscattered light).
We tune the current of the laser diode and thus sweep the rela-
tive frequency between the laser and the resonator modes to attain
self-injection locking. When the frequency of the light emitted
from the laser diode is close to a high-Q resonance of the Si3N4
microresonator, laser self-injection locking takes place (see Fig. 3
of the supplementary material for the cavity transmission trace at
different operating points). The process occurs due to the cou-
pling of counter-propagating microresonator modes induced by
Rayleigh scattering30,31 and the light reflected by the loop-mirror
present at the drop-port of the microresonator as shown in Fig. 2(c).
Figure 2(d) shows the optical transmission and reflection spec-
tra of a critically coupled device having such a loop mirror as a
reflector at its drop-port.32 This configuration provides a frequency-
selective narrowband optical feedback to the laser, leading to a
single-frequency operation and a reduction in the laser’s frequency
noise within the locking range.33 The self-injection locked laser
will not hop within the locking range. Still, it will hop if we use a
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FIG. 2. III-N hybrid integrated laser performance characterization at 461 nm. (a) Experimental scheme of laser frequency noise measurement using the heterodyne beat
with the reference laser (Toptica DLC DL pro HP) at 461 nm. (b) The heterodyne beat signal between the injection-locked laser and the reference laser. The measured
beat signal is fitted with the Voigt profile with Lorentzian FWHM ∼1.156 MHz and Gaussian FWHM ∼1.618 MHz. (c) Microscopic image of the 107.08 GHz microresonator
with the loop-mirror as the reflector at the drop-port. The input to the loop-mirror is an adiabatically tapered splitter comprising three tapered waveguides as shown in the
inset, depicting FDTD simulation of the adiabatically tapered splitter. Another inset shows a photograph of the device with 461 nm wavelength light coupled to it. (d) Optical
transmission and reflection spectra of the device shown in (c), measured using the reference laser. (e) Optical spectrum of the self-injection locked Fabry–Pérot laser,
showing emission at 461.5 nm with 31 dB side-mode suppression ratio (SMSR). (f) Single sideband frequency noise PSD of the hybrid integrated laser upon self-injection
locking to the microresonator with FSR 107.08 GHz. The gray line shows the frequency noise of a free-running Fabry–Pérot laser diode (cf. Fig. 5 of the supplementary
material). The β-line is shown as a reference (dashed line).

different locking state that depends on the applied current to the
laser diode, its temperature, and the feedback phase from the
microresonator (see Fig. 4 of the supplementary material for
the locking range of the self-injection locked laser).

Laser frequency noise measurements

Figure 2(a) illustrates the experimental scheme to measure the
frequency noise of the laser. The laser frequency noise is measured

by performing heterodyne beat-note spectroscopy with a tunable
external cavity diode laser (Toptica DLC DL pro HP) with a cen-
tral wavelength at 461 nm as the reference. The electrical output of
the photodiode is fed to a spectrum analyzer (Rhode and Schwarz
FSW43). Figure 2(b) shows the heterodyne beat-note of the self-
injection locked laser with the reference laser. The spectrum is
fitted with the Voigt profile, which provides information about the
Lorentzian and Gaussian contribution to the frequency noise of the
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laser. The Lorentzian part is linked to the white noise and defines the
intrinsic linewidth, whereas the Gaussian part corresponds to the 1/f
(flicker) and technical noise of the laser.34 From fitting, we extract
a Lorentzian linewidth of 1.156 MHz and a Gaussian linewidth of
1.618 MHz. The frequency noise measurement is limited by the fre-
quency noise of the reference laser, and its linewidth is 500 kHz
according to its specifications.

Figure 2(f) shows the frequency noise spectra of the free-
running Fabry–Perot laser and the self-injection locked laser. The
frequency noise of the laser is determined via Welch’s method35

from a time sampling trace of the in-phase and quadrature compo-
nents of the beat-note. The single-sided phase noise power spectral
density (PSD) Sϕ( f )was converted to frequency noise Sν( f ) accord-
ing to Sν( f ) = f 2

⋅ Sϕ( f ). The self-injection locked laser optical
spectrum is shown in Fig. 2(e), indicating the laser emission wave-
length at 461.5 nm with a side-mode suppression ratio (SMSR) of
31 dB. We also use the beta-line to quantify the linewidth of the self-
injection locked laser by integrating the PSD from the intersection
of the frequency noise curve with the beta-line Sν( f ) = 8 ln(2)f/π2

down to the integration time of the measurement. The integrated
frequency noise A is used to evaluate the full-width half-maximum

FIG. 3. Single-frequency lasing in near-ultraviolet and visible range. Optical spec-
tra of self-injection locked laser states (single frequency) and multi-frequency
free-running laser states (gray lines) at different wavelengths [(a) near-ultraviolet,
(b) blue, and (c) green] using the same Si3N4 photonic chip (D97F4C9). The insets
show photos of the self-injection-locked lasers at respective wavelengths.

measure of the linewidth using36 FWHM =
√

8 ⋅ ln(2) ⋅A. We eval-
uate the FWHM as 3.15 MHz at 10 μs integration time and
3.55 MHz at 0.1 ms integration time in agreement with the Voigt
fit. The laser self-injection locking suppresses the frequency noise by
at least 20 dB across all frequency offsets.

Single-frequency lasing in near-ultraviolet
and visible regime

Next, we demonstrate the self-injection locked laser in the near-
ultraviolet (410 nm) as well as in the green wavelength range using
the same Si3N4 photonic chip as shown in Fig. 3. Coupling the
custom AlGaInN near-UV laser diode with emission at 410 nm
(nominal output power of 3.5 mW), we achieve laser self-injection
locking at a diode current of 110 mA and voltage of 11 V with
a fiber-coupled output power of 0.185 mW. As shown in Fig. 3,
we achieve single-frequency lasing at 410.3 nm with a side-mode
suppression ratio greater than 20 dB. This constitutes the shortest
wavelength hybrid integrated laser-based on Si3N4. The inset shows
a photograph of the experimental setup where the laser diode is
butt-coupled to the Si3N4 photonic chip. We clearly observe the scat-
tering of near-ultraviolet light around the circumference of the Si3N4
microresonator, which is indicative of the light traveling inside the
cavity. We also show operation in the visible regime. We attained
single-frequency lasing at blue (461.8 nm) and green wavelengths
(518.6 nm) via self-injection locking. The fiber-coupled output pow-
ers were 1.1 and 1.9 mW with side-mode suppression ratios of 32
and 36 dB, respectively. The blue laser diode was operated at 52 mA
and 4.6 V, whereas the green laser diode was operated at 83 mA and
6.5 V. Optical spectrum analyzer (Yokogawa AQ6373B) wavelength
resolution was set to 0.01 nm.

CONCLUSION

In conclusion, we have demonstrated a hybrid photonic inte-
grated laser operating at near-ultraviolet wavelengths as low as
410 nm for the first time. The custom AlGaInN-based laser gain ele-
ments were butt-coupled to a Si3N4 integrated photonic microres-
onator with high-Q for optical feedback and mode selection. For
the photonic chip, we use Si3N4 photonic integrated circuits with
a thickness of 50 nm and a uniform width of 600 nm deliv-
ering an intrinsic quality factor of 0.4 × 106 at a wavelength of
461.8 nm. The high-quality factor of our platform ensures single lon-
gitudinal mode lasing at green to near-ultraviolet wavelengths with
linewidths as low as ∼1.15 MHz at 461.8 nm that are traditionally
only achieved in bulk external cavity diode lasers. Further improve-
ments of the device quality factor are possible by decreasing the
Si3N4 waveguide core thickness, improving the waveguide rough-
ness by using the photonic Damascene reflow process,20,37 and by
improving the top oxide cladding38 as well as by weakening confine-
ment, which, however, comes at the cost of increasing the minimum
bending ring radius and device footprint. We believe that by opti-
mizing both the coupling between the laser-to-chip and chip-to-fiber
and modest improvements in device quality factor, we can achieve
multi-mW output powers and sub-100 kHz optical linewidths in the
near-ultraviolet region, which would make our systems promising
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candidates for compact laser implementations for, e.g., Sr+ and Ca+

atomic clocks.

SUPPLEMENTARY MATERIAL

Figures showing the power levels of the custom AlGaIn laser,
resonance characterization of the Si3N4 device at higher wave-
length, transmission trace of different self-injection locked states,
locking range and stability of the self-injection locked laser, and
spectrum of the free-running Fabry–Pérot laser can be found in the
supplementary material.
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