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Chip-based, single-frequency and low phase-noise in-
tegrated photonic laser diodes emitting in the violet
(412 nm) and blue (461 nm) regime are demonstrated.
The GaN-based edge-emitting laser diodes were cou-
pled to high-Q on-chip micro-resonators for optical
feedback and mode selection resulting in laser self-
injection locking with narrow emission linewidth. Mul-
tiple group III-nitride (III-N) based photonic integrated
circuit chips with different waveguide designs includ-
ing single-crystalline AlN, AlGaN, and GaN were de-
veloped and characterized. Single-frequency laser op-
eration was demonstrated for all studied waveguide
core materials. The best side-mode suppression ra-
tio was determined to be ∼ 36 dB at 412 nm with a
single-frequency laser emission linewidth of only about
3.8 MHz at 461 nm. The performance metrics of this
novel type of laser suggest potential implementation in
next generation, portable quantum systems. © 2023 Optica

Publishing Group

http://dx.doi.org/10.1364/ao.XX.XXXXXX

1. INTRODUCTION

Compact, high-performance laser sources that operate in the
visible to the ultraviolet spectral regime will be essential to re-
alize field-deployable optical quantum systems. Applications
for such systems range from quantum metrology, and sensing
based on laser-cooled neutral atoms and ions to next-generation
optical atomic clocks, optical quantum computing, interferomet-
ric bio-photonics, and visible spectroscopy [1–4]. Specifically,
laser Doppler-cooling of many relevant atoms and ions require
precision sources at target wavelength in the UV and visible
regime (e.g., Yb+ (369 nm), Ca+ (397 nm), Yb (399 nm), Sr+ (421
nm), and Sr (461 nm) [5–7]. Similarly, barium ions are interesting
for quantum networking with relevant transitions at 455 and
493 nm. In addition, compact, narrow-linewidth blue sources
would enable underwater laser range-finding (i.e., LiDAR) and

communications [8], and PIC chips designed for beam steer-
ing via optical phased arrays have been proposed for emerging
applications such as augmented and virtual reality displays. To-
day, however, most of the demanding laser specifications are
only met using larger-sized, extended-cavity laser systems [9],
limiting the addressable application space.

2. HYBRID PHOTONIC INTEGRATED LASER
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Fig. 1. Schematic of laser concept. A GaN-based Fabry-Pérot
laser diode is butt-coupled to a crystalline III-N PIC chip with
either AlN, AlGaN, or GaN waveguide core. When light from
the laser diode is properly coupled into the micro-resonator
via evanescent coupling from the bus waveguide backwards
reflected photons can be amplified in the gain region resulting
in laser self-injection locking and single-frequency operation.
The reduction of the laser emission linewidth is proportional
to the quality factor Q of the micro-resonator.

Here, we describe a compact, chip-based laser concept that
offers single-frequency, low phase-noise laser radiation with a
vastly reduced form factor [10–12]. Figure 1 shows a schematic of
the hybrid-integrated laser concept. A GaN-based Fabry–Pérot
laser diode chip is butt-coupled to a III-N PIC chip with an inte-
grated high-Q micro-resonator for optical feedback and mode-
selection. A fraction of the photons that are evanescently cou-
pled [13] between the bus waveguide and the micro-resonator
are backscattered into the gain region of the LD, where they are
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Fig. 2. (a) SEM image of III-N-based PIC chip with GaN waveguide core. The SEM images show a bird’s eye view of the evanes-
cently coupled micro-ring resonator (left), a zoom-in view of the coupler area (middle), and a cross section view of the evanescent
coupler region at the narrowest gap position. In this example, GaN is the waveguide core material, whereas AlN acts as bottom
cladding and SiO2 as top and side cladding. (b) Cavity transmission of a crystalline III-N PIC chip with AlN waveguide core, ex-
hibiting intrinsic quality factor of 1.9 × 105.

amplified, resulting in laser self-injection locking, and single-
frequency laser operation [14]. The minimum achievable laser
emission linewidth is proportional to the quality factor Q of the
micro-resonator.

A. Laser diode fabrication and performance

The laser diodes were custom designed and fabricated from Al-
GaInN alloys for operation in the near UV spectral band. The
heteroepitaxial structure was grown on bulk single-crystal GaN
substrates of low dislocation density by Metal-Organic Vapor
Phase Epitaxy (MOVPE). The epitaxial growth process was op-
timized by balancing the optical and electronic performance
of the device to achieve high optical gain and low absorption
losses within the laser heterostructure. The active zone of the
laser diode consisted of multiple InGaN quantum wells that
are electrically pumped in a vertical pn-junction configuration.
The material and structural parameters were adjusted for laser
emission near 410 nm. In this edge-emitter configuration, optical
confinement of the transverse mode was realized in the verti-
cal heterostructure layer stack with the active Multi-Quantum
Well (MQW) zone embedded in the (Al)Ga(In)N waveguide and
cladding layers of varying Al-compositions. Lateral mode con-
finement was achieved via dry etching a narrow ridge into the
p-layer of the heterostructure and creation of high optical gain in
the QWs directly below the etched ridge. Lateral current confine-
ment and the creation of localized gain were accomplished by
ensuring electrical current injection exclusively through a via in
the electrical passivation layer above the laser ridge. The width
of the laser ridge was nominally 1.5 µm and the depth of the
etched ridge was optimized for laser operation in a single lateral
mode. Laser mirror facets were realized via cleaving along the
crystallographic m-plane of the III-N crystal. The length of the
laser resonator cavity was nominally 1 mm. Select optical mirror
coatings were applied to the front and rear facets to optimize
the laser emission characteristics. For continuous wave (CW)
operation, individual laser diodes (LD) were mounted epi-side
up onto thermal heat-spreader submounts, with wire bonding
to n- and p-contact pads. The LD-heat spreader sub-mount en-
semble was then mounted in a standard TO-5 header. Precision
mounting and alignment in the experimental test system en-
abled full access to the laser facet for optimal butt-coupling of
the LD to the PIC chip. The laser diodes displayed characteristic

lasing thresholds near 70 mA and produced more than 100 mW
of continuous-wave optical output power at a wavelength of
410 nm.

B. III-N PIC chip fabrication and characterization

In this study, we describe Photonic Integrated Circuit compo-
nents and sub-systems that are compatible for operation at UV
to IR wavelengths. Specifically, (ultra) wide band gap (UWBG),
single-crystalline semiconductor materials were implemented
as the waveguide core material of the PIC components. As the
achievable laser linewidth and quality factor Q of the on-chip
micro-resonators strongly depend on absorption and scatter
losses, minimizing these becomes essential. This is why we fol-
lowed fabrication principles that are similar to the laser diode
processes described above. The PIC chips were realized us-
ing epitaxially grown, single-crystalline group III-nitride (III-N)
films. The semiconductor films were grown by MOVPE, es-
sentially using the same fabrication tools as for the active laser
diode components. Three different sample types with different
waveguide core materials were investigated. PIC chips with
AlN, AlGaN and GaN core waveguide designs were developed
and characterized. Sapphire (Al2O3) was used as the substrate
for all samples. In the case of the AlN core the sapphire sub-
strate also acted as bottom cladding, whereas for the other two
samples AlN fullfilled this function.

Lateral PIC component definition was realized via high-
resolution e-beam lithography and pattern transfer using a
subtractive etch process. The process was optimized to allow
smooth waveguide side walls, steep etch angles, and high aspect
ratios (e.g., etch depth of > 1 µm, with gap sizes < 100 nm). After
the etch process was completed SiO2 was deposited onto the
patterned components, acting as top and side wall cladding of
the waveguides. As an example, Figure 2 shows SEM images of
the PIC chip with GaN waveguide core. Bird’s eye views and
the cross section image were taken at the smallest gap position
between the bus waveguide and micro-resonator.

To evaluate the quality of the produced III-N PIC chips,
and in particular the one of the micro-resonators, cavity reso-
nance linewidth measurements were performed using a tunable
external-cavity diode laser at 461 nm. For the PIC sample with
GaN core waveguide a loaded cavity linewidth κ/2π = 6.03 GHz
and an intrinsic linewidth κ0/2π = 3.89 GHz were determined,
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Fig. 3. III-N hybrid integrated laser at 412 nm. (a) Photograph of the hybrid integrated laser placed on the experimental setup. The
insets show edge-coupling between GaN LD and III-N PIC chip and Photo of III-N micro-resonator with coupled blue light. (b)
Single frequency laser emission at 412 nm with 36 dB side-mode suppression ratio (SMSRs).

corresponding to an intrinsic quality factor of ∼ 0.17 × 106. The
sample with pure AlN core performed slightly better with κ/2π
= 4.17 GHz and κ0/2π = 3.43 GHz, resulting in an estimated in-
trinsic quality factor of ∼ 0.19× 106. The AlGaN sample showed
a very comparable value with ∼ 0.17× 106. These numbers com-
pare quite favorably with other PIC chips designed for operation
at UV-blue wavelengths, especially to those with high optical
confinement [15–19].

C. Laser self-injection locking and single-frequency operation
Next, the individually optimized LDs and PIC chips were care-
fully aligned for optimal edge-coupling between the LD mirror
facet and the PIC chip input coupler facet (Fig. 3(a)). Both the
LD and the PIC chip were thermally stabilized avoiding any
uncontrolled thermal drift. Laser self-injection locking was at-
tained when the frequency of the laser emission overlapped with
a high-Q resonance of the III-N micro-ring resonator and optical
feedback phase conditions were met by optimizing the distance
between LD and PIC. When tuning the electrical current of the
laser diode and, thus, sweeping the relative frequency between
the laser and the micro-resonator modes self-injection locking
can be obtained for a given parameter set. As long as the laser
operates within the locking range no mode hoping is observed
and stable single-frequency operation can be accomplished. The
measured optical output power from the single-frequency laser
with AlN PIC, collected via a lensed fiber at the PIC output port,
exceeded 0.5 mW at 412 nm. The side-mode suppression ratio
(SMSR) was as high as 36 dB (Fig. 3(b)). The tested PIC lasers
with AlGaN and GaN core showed a lower output power, which
might be caused by inferior coupling to the waveguides and to
a lesser degree from increased absorption or scatter losses.

D. Laser frequency noise measurements
Figure 4(a) illustrates the experimental approach for determin-
ing the frequency noise of the laser. The laser frequency noise
was measured by performing heterodyne beat-note spectroscopy
with a tunable external cavity diode laser (Toptica DLC DL pro
HP) at a central wavelength of 461 nm as the reference. The elec-
trical output of the photodiode was fed to a spectrum analyzer
(Rhode and Schwarz FSW43). Figure 4(b) shows the heterodyne
beat-note of the self-injection locked laser with the reference
laser. The spectrum was fitted with the Voigt profile, which
provides information about the Lorentzian and Gaussian con-
tribution to the frequency noise. 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 techni-
cal noise of the laser. From fitting, we extracted a Lorentzian
linewidth of 3.77 MHz and Gaussian FWHM of 3.92 MHz. Fig-
ure 4(c) shows the frequency noise spectra of the free-running
Fabry–Pérot laser and the self-injection locked laser. The fre-
quency noise of the laser is determined via Welch’s method
from a time sampling trace of the in-phase and quadrature com-
ponents of the beat-note. The single sided phase noise power
spectral density (PSD) Sϕ( f ) was converted to frequency noise
Sν( f ) according to Sν( f ) = f 2 · Sϕ( f ). The self-injection locked
laser optical spectrum is shown in Figure 4(d) indicating laser
emission wavelength at 462.1 nm with side-mode suppression ra-
tio of 29 dB. We also used 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 ) = 8ln(2)f/ß2 down to the integration time of the mea-
surement. The integrated frequency noise A is used to eval-
uate the full-width half-maximum measure of the linewidth
using FWHM =

√
8 · ln(2) · A [20]. We estimate the FWHM to

3.94 MHz at 10 µs integration time, being in very good agree-
ment with the Voigt fit.

3. SUMMARY

In summary, we have demonstrated all III-nitride single-
frequency hybrid photonic integrated lasers operating at violet
(412 nm) and blue (462 nm) wavelengths. Custom AlGaInN-
based laser gain elements were butt-coupled to III-N photonic
integrated micro-resonators featuring high-Q and providing op-
tical feedback and mode selection for laser self-injection locking.
The intrinsic quality factor of the III-N micro-resonators were as
high as 0.2 × 106 at a wavelength of 461 nm. The high-quality
factor of our platform ensures single longitudinal mode lasing
at blue to violet wavelengths with laser linewidths as low as
3.8 MHz, a value traditionally only achieved with large-sized
external cavity diode lasers. Further improvements in noise per-
formance can be expected with additional advances in the chip
design and process optimization. We trust that by optimizing
both the coupling between the laser-to-chip and chip-to-fiber
and modest improvements in the device quality factor, multi-
mW output powers and sub-100 kHz optical linewidths in the
near-ultraviolet and UV-A region are feasible, making our sys-
tems promising candidates for compact laser implementations
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Fig. 4. III-N hybrid integrated laser performance characterization at 461 nm. (a) Experimental scheme of laser frequency noise
measurement using heterodyne beat with the reference laser (Toptica DL Pro) at 461 nm. (b) Heterodyne beat signal between the
injection-locked laser and the reference laser. The measured beat signal is fitted with Voigt profile with Lorentzian FWHM ∼3.76
MHz and Gaussian FWHM ∼3.92 MHz. (c) Single sideband frequency noise PSD of the hybrid integrated laser upon self-injection
locking to microresonator with FSR 107.08 GHz. The grey line shows the frequency noise of a free-running Fabry-Pérot laser diode.
β-line is shown as a reference (dashed line). (d) Optical spectrum of the self-injection locked Fabry-Pérot laser showing emission at
462.1 nm with 29 dB side-mode suppression ratio (SMSRs).

in next generation quantum systems, e.g., for Sr+, Ca+, and Yb+
atomic clocks.
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