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Widely tunable and narrow-linewidth 
chip-scale lasers from near-ultraviolet to 
near-infrared wavelengths

Mateus Corato-Zanarella    1  , Andres Gil-Molina    1, Xingchen Ji    2, 
Min Chul Shin    1, Aseema Mohanty    3 & Michal Lipson1 

Widely tunable and narrow-linewidth lasers at visible wavelengths are 
necessary for applications such as quantum optics, optical clocks and 
atomic and molecular physics. At present, the lasers are benchtop systems, 
which precludes these technologies from being used outside research 
laboratories. Here we demonstrate a chip-scale visible laser platform 
that enables tunable and narrow-linewidth lasers from near-ultraviolet 
to near-infrared wavelengths. Using micrometre-scale silicon nitride 
resonators and commercial Fabry–Pérot laser diodes, we achieve coarse 
tuning up to 12.5 nm and mode-hop-free fine tuning up to 33.9 GHz with 
intrinsic linewidths down to a few kilohertz. In addition, we show fine-tuning 
speeds of up to 267 GHz µs−1, fibre-coupled powers of up to 10 mW and 
typical side-mode suppression ratios above 35 dB. These specifications 
of our chip-scale lasers have only been achieved previously using large 
state-of-the-art benchtop laser systems, making our lasers stand out as 
powerful tools for the next generation of visible-light technologies.

On-chip widely tunable and narrow-linewidth lasers at visible wave-
lengths are necessary to enable chip-scale technologies for quantum 
optics1–3, optical clocks4,5 and atomic and molecular physics6–9 (Fig. 1d). 
A single experiment requires many lasers that emit at different colours 
to cool, trap and manipulate the species. For example, 87Sr-based opti-
cal atomic clocks, which are today’s gold standard in clock technol-
ogy10,11, can involve lasers that span from near-ultraviolet (near-UV) to 
near-infrared (near-IR) wavelengths: typically 461 nm and 689 nm for 
cooling; 813 nm and 914 nm for magic-wavelength trapping; 679 nm 
and 707 nm for repumping; and 698 nm for clock interrogation, with 
alternative wavelengths of 497 nm and 520 nm for magic-wavelength 
trapping; and 403 nm, 481 nm and 497 nm for repumping12–16. All of 
these lasers need to be precisely tunable and have submegahertz intrin-
sic linewidths to address specific atomic transitions. At present, the 
lasers used are benchtop systems and are predominantly based on 
semiconductor diode lasers such as Fabry–Pérot (FP) laser diodes. Since 

FP laser diodes are not single frequency, external free-space cavities 
are used to make them narrow linewidth and tunable via self-injection 
locking. However, to take quantum optics experiments and atomic 
clocks outside research laboratories, these laser sources need to be 
compact. Centimetre-scale lasers based on whispering gallery mode 
resonators as external cavities have been shown for wavelengths around 
780 nm (ref. 17), 492 nm (ref. 18), 447 nm (ref. 19) and 370 nm (ref. 20), 
although they have restricted tunability and require free-space com-
ponents. Recently, Franken et al.21 demonstrated a chip-scale laser 
based on a low-confinement silicon nitride (Si3N4) chip, but only in 
the red spectral range (684 nm) and with tunability restricted to a low 
optical power (0.4 mW).

Here we demonstrate a chip-scale laser platform that enables 
wide-tunability, narrow-linewidth and robust lasing from near-UV 
(404 nm) to near-IR (785 nm) wavelengths (Fig. 1a). Our platform 
uses tightly confined, micrometre-scale Si3N4 resonators with high 
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operation with a high side-mode suppression ratio (SMSR) by suppress-
ing mode competition via selective feedback to a single longitudinal 
mode of the FP laser diode. In contrast to using Vernier filters21, our 
approach requires fewer phase shifters, thus eliminating unneces-
sary noise and thermal crosstalk, reducing power consumption and 
enabling a small footprint. The low loss and tunability of the rings using 
the microheaters translate into the narrow-linewidth and tunable laser 

quality factor (Q), and hybrid integration of commercial FP laser diodes  
(Fig. 1b). We achieve tunable and narrow-linewidth lasing across the vis-
ible spectrum by designing a broadband and low-loss optical-feedback 
scheme based on ring resonators. We leverage the high confinement to 
make the resonators small, with a 10 µm bending radius (Fig. 1a inset). 
The resulting large free spectral range (FSR) of several nanometres for 
all wavelengths (Supplementary Section 1.1) ensures mode-hop-free 
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Fig. 1 | Chip-scale, multi-wavelength visible lasers and applications of visible 
light. a, Vision of our integrated platform, where a single chip generates narrow-
linewidth and tunable visible light that covers all colours. Inset: Microscope 
image of the ring resonator before microheater deposition. We make the 
waveguides using 175-nm-thick Si3N4 surrounded by SiO2 (see Methods for 
fabrication details). The ring has a bending radius of 10 µm and a width that 
increases from 300 nm at the coupling regions to 1,500 nm in between. The large 
FSR prevents mode-hopping, and the tapering of the width ensures single-mode 
operation with a high Q value despite the small footprint. b, Schematic of an 
integrated visible laser using our platform. We edge couple an FP laser diode that 
emits light of the desired colour to the Si3N4 chip. We use a ring resonator with 
a feedback loop at the drop port to reflect part of the resonant light back to the 
FP laser, which leads to self-injection locking. We select the lasing wavelength 
using phase shifters (microheaters) on top of the ring resonator and the bus 
waveguide. c, Example of ring resonance measured in blue (wavelength, λ, 

around 488 nm). The loaded quality factor, QL, is 5.5 × 104 with an extinction 
ratio of 50%. We provide resonance measurements at other wavelengths and an 
analysis of the loss and operation of the resonators in Supplementary Section 
1.1. d, Notable applications of visible-light lasers. The wide range of technologies 
that use light from the near-UV to near-IR regions include quantum optics, 
optical clocks, atomic and molecular physics, visible-light communications 
(Li-Fi), underwater ranging, biophotonics and laser displays. We list the articles 
referenced for preparing this schematic in Supplementary Section 5. We also 
provide an extended version of the portion ‘Quantum optics, clocks and cold 
atoms physics’ of this panel with a list of the species corresponding to each line 
in Supplementary Section 5. Quantum optics and cold molecules physics icons 
in d reproduced with permission under a Creative Commons license CC0. Li-Fi, 
fluorescent imaging and underwater LIDAR icons in d adapted with permission 
under a Creative Commons license CC0.
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light. In contrast to typical low-loss resonators with orders of magni-
tude larger radii21–24 (Supplementary Section 1.1), we simultaneously 
realize compact and low-loss single-mode operation by tapering the 
ring width from 1,500 nm to 300 nm (Fig. 1a inset and 1c)25–27. We use 
the highly multi-mode cross-sections (up to 1,500 nm) to reduce the 
overlap between the optical mode and the waveguide sidewalls28, which 
is critical for broadband low loss since surface scattering increases 
drastically at visible wavelengths29. At the coupling regions, we taper 
the width to 300 nm to ensure the excitation and propagation of only 
the fundamental mode, which is important for preventing undesired 
optical feedback from higher order modes. The narrow width also 
provides broadband strong coupling between the waveguides and the 
ring by increasing their modal overlaps, ensuring that enough power 
is dropped to the feedback loop and is reflected back to the FP laser 
diodes to cause self-injection locking.

We choose FP laser diodes as the light sources to leverage their 
robust self-injection locking against coupling loss and unwanted 

reflections30. Our system ensures robustness by keeping the main 
laser cavity formed by the FP laser facets separate from the photonic 
chip, whose role is just to collapse the multi-mode emission of the FP 
laser into a narrow and tunable single-frequency line via self-injection 
locking30–32. This is in contrast to lasers based on reflective semiconduc-
tor optical amplifiers, in which the photonic chip and its interface are 
part of the lasing cavity. Any loss or reflection leads to a strong impact 
on the lasing dynamics, in particular at powers far above the threshold, 
which has limited visible lasers based on reflective semiconductor 
optical amplifiers to the red spectral range and with tunability only 
at low optical power values (0.4 mW)21. By leveraging the robustness 
and scalability of our FP laser-based scheme, we enable stable and 
tunable lasing from near-UV to near-IR wavelengths in a photonic  
integrated platform.

We collapse the longitudinal modes of the edge-coupled FP laser 
diodes (Fig. 2a) into single-frequency lines via independent phase 
control of the bus waveguide and ring resonator. We use the ring 
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Fig. 2 | Example of chip-scale laser (blue wavelength range) and its operation. 
a, Photo of the chip-scale blue laser. We edge couple the FP laser diode to the 
Si3N4 chip and collect the output with a cleaved fibre. We drive the thermo-optic 
phase shifters using electrical probes. b, Ring resonance is detuned from the 
FP laser diode modes, resulting in no light in the feedback loop (top). The chip 
output resembles the usual output of the FP laser with multiple lasing modes 
(bottom). c, We tune the ring resonance to one of the FP modes, making the 

feedback loop reflect part of the light back to the diode (top). Self-injection 
locking causes all the longitudinal modes to collapse into a single-frequency, 
narrow-linewidth lasing mode with a high (>37.5 dB) SMSR (bottom). The optical 
spectra are measured using an optical spectrum analyser (resolution, 0.05 nm). 
We show photos of the chip-scale lasers operating in the other spectral ranges 
in Supplementary Section 2.6. We also provide a detailed analysis of the self-
injection locking process in Supplementary Section 2.2.
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phase shifter to control the wavelength of the reflected light, and the 
bus phase shifter to adjust its phase. When we detune the resonator 
from the modes of the FP laser, the ring is decoupled from the system  
(Fig. 2b, top) and the FP diode lases with multiple longitudinal modes 
(Fig. 2b, bottom). When we align the ring resonance to a mode of the FP 
laser, some of its optical power is reflected back to the diode (Fig. 2c,  
top). When we further adjust the phase of the reflected light via the 
bus phase shifter to ensure its constructive interference with the light 
inside the FP laser, self-injection locking occurs and converts the out-
put of the chip into a single-frequency laser with a narrow linewidth 
(Fig. 2c, bottom). This self-injection locking phenomenon has been 
traditionally used in free-space external-cavity diode lasers and was 
recently brought to the context of integrated photonics in the infra-
red spectral range, where it has enabled ultranarrow-linewidth, tun-
able lasers and fully integrated frequency comb generation30,33–38. 
We coarsely tune the wavelength of our chip-scale lasers by aligning 
the ring resonance to different longitudinal modes of the FP laser. 
We fine tune the wavelength in between FP modes via frequency pull-
ing30,31 by tuning the ring resonance when the laser is locked, which 
changes the frequency of the optical feedback and consequently the 
lasing wavelength. Throughout the frequency-pulling process, we 
keep the bus phase shifter constant. Alternatively, we also achieve fre-
quency pulling by changing the FP laser current while keeping the ring  
resonance fixed17–20.

Results
We demonstrate tunable lasing in the near-UV (404 nm), deep-blue 
(450 nm), blue (488 nm), green (520 nm), red (660 nm) and near-IR 
(785 nm) wavelength ranges, with coarse tuning up to 12.5 nm and 
mode-hop-free fine tuning up to 33.9 GHz (Fig. 3). In addition, we 
achieve fibre-coupled powers of up to 10 mW and typical SMSRs above 
35 dB (Supplementary Section 2.6) with stable mode-hop-free opera-
tion up to 5.7 h, limited only by the coupling-stage drift (Supplementary 
Section 2.8). To characterize our chip-scale lasers, we collect the chip 
output using edge-coupled cleaved fibres (Fig. 2a and Supplemen-
tary Section 1.3). We observe a reduction in the threshold current of 
the chip-scale lasers compared with the free-running FP laser diodes, 
which is a characteristic signature of self-injection locking39–42 (Sup-
plementary Section 2.3). We measure the coarse-tuning ranges from 
1.6 nm to 12.5 nm (Fig. 3a) limited by the gain bandwidth of the FP laser 

diodes, and the mode-hop-free fine-tuning ranges from 1.6 GHz to 
33.9 GHz (Fig. 3b) (Supplementary Section 2.7). We summarize the 
tuning ranges, fibre-coupled powers and SMSRs of all the chip-scale 
lasers in Table 1. We obtain the coarse-tuning ranges by overlapping 
the chip’s output spectra acquired using an optical spectrum ana-
lyser for different self-injection locked wavelengths. We measure the 
mode-hop-free fine-tuning ranges by changing the power applied to 
the ring microheater while monitoring the lasing wavelength with 
a wavemeter (Supplementary Section 2.7) after self-injection lock-
ing of the lasers. For our chip-scale lasers, the wide tunability of many 
nanometres, the large mode-hop-free tuning ranges of up to tens of 
gigahertz and the fibre-coupled output power levels of several mil-
liwatts are paralleled only by state-of-the-art benchtop laser systems 
(Supplementary Section 4).

We show fine-tuning speeds of up to 7 GHz µs−1 via modulation of 
the ring microheater (Fig. 4a) and up to 267 GHz µs−1 via modulation 
of the FP laser current (Fig. 4b), the latter being limited only by our 
experimental setup. We characterize the microheater-based frequency 
tuning speeds by scanning a fixed FP interferometer and we measure 
a 3 dB modulation bandwidth of around 32 kHz across the whole vis-
ible spectrum (Supplementary Section 2.9.1). The fast and long-range 
tuning (up to tens of gigahertz) that is enabled by our microheaters 
makes our lasers ideal for applications such as in swept-wavelength 
spectroscopy43 and frequency-modulated continuous-wave LIDAR 
(light detection and ranging)36,37,44. We characterize the FP laser-current 
modulation by beating the chip-scale laser output to a commercial laser 
and we apply modulation frequencies of up to 20 MHz (Supplementary 
Section 2.9.2), limited only by our experimental setup. The ultrafast 
and short-range tuning (up to several gigahertz) that is enabled by 
the current modulation is crucial for laser frequency stabilization and 
linewidth narrowing via negative electronic feedback38,45,46. Our tuning 
speeds are faster than the specifications of state-of-the-art commer-
cial laser systems (≤0.02 GHz µs−1 for piezo tuning; Supplementary 
Section 4.2) and of integrated or partially integrated visible lasers 
(≤4.1 × 10−7 GHz μs−1; Supplementary Section 4.1).

We measure the linewidths of the chip-scale lasers and obtain 
intrinsic linewidths ranging from <8 kHz to <26 kHz from deep-blue to 
near-IR regions and an effective linewidth of <3.3 MHz for the near-UV 
region, which are all upper bounds limited by our instruments (Table 
1). We determine the linewidths from deep-blue to near-IR wavelengths 
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Fig. 3 | Coarse and fine wavelength tuning of the chip-scale lasers from 
near-UV to near-IR wavelengths. a, Coarse-tuning ranges at (from left to right) 
near-UV, deep-blue, blue, green, red and near-IR wavelengths. We achieve coarse 
tuning by controlling the on-chip phase shifters while keeping the current and 
temperature of the FP laser diodes fixed. We measure the optical spectra using 
an optical spectrum analyser (resolution, 0.05 nm) and overlay them to depict 
the tuning ranges. b, Mode-hop-free fine tuning (frequency pulling) as a function 

of the power applied to the ring microheater at the same wavelength ranges 
(mean ± s.d.; see Supplementary Section 2.7). We achieve fine tuning by changing 
the power applied to the ring microheater after self-injection locking of the 
laser. We measure the detuning from the initial wavelength using a wavemeter 
(see Methods). We present the detailed characteristics of the FP laser diodes and 
the chip-scale lasers, such as light–current–voltage curves, beam profiles and 
operating conditions, in Supplementary Section 2.
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by measuring the heterodyne beat note between our chip-scale lasers 
and commercial narrow-linewidth laser systems using a spectrum 
analyser (Supplementary Section 2.10). We fit the beat notes using 
a Voigt profile and extract both the Lorentzian contribution, which 
corresponds to the white noise that defines the intrinsic linewidth, as 
well as the Gaussian contribution, which corresponds to the flicker and 
technical noises that broaden the effective linewidth47. We also extract 
the effective 3 dB linewidths of the lasers, which are represented by the 
total Voigt linewidths (Supplementary Section 2.12). For the linewidth 
measurements in the deep-blue and red spectral ranges, we change the 
temperature of the FP lasers to above and below room temperature, 
respectively, to spectrally shift the centre wavelengths of our chip-scale 
lasers to overlap with the tuning ranges of the commercial lasers  
(Supplementary Sections 2.10 and 3). Since the commercial laser 

systems have intrinsic linewidths of several kilohertz and effective 
linewidths of hundreds of kilohertz (Supplementary Section 3), we 
conclude that the beat notes are limited by their linewidths. For the 
near-IR chip-scale laser, we confirm this via a direct measurement of its 
frequency noise using a linewidth analyser, which suggests an intrinsic 
linewidth of between 314 Hz and 1.26 kHz (Supplementary Section 2.11). 
We determine the effective linewidth of the near-UV laser to be <3.3 MHz 
by scanning it with an FP interferometer with a limited resolution of 
2.5 MHz (Supplementary Section 2.10). We theoretically estimate the 
intrinsic linewidths of the chip-scale lasers to be <7 kHz from deep-blue 
to near-IR regions and <1.5 MHz for near-UV wavelengths (Table 1 and  
Supplementary Section 2.13), further supporting the experimen-
tal results in Fig. 5 and indicating that they are probably limited by 
our instruments. Our demonstrated linewidths are comparable 

Table 1 | Summary of the specifications of our chip-scale visible lasers from near-UV to near-IR wavelengths

Centre 
wavelength 
(nm)

Coarse- 
tuning range 
(nm)

Mode-hop- 
free fine- 
tuning  
range (GHz)

Fine-tuning  
rate (GHz µs−1)

Fine-tuning 3 dB 
modulation 
bandwidth

Measured 
intrinsic 
linewidth 
(kHz)

Measured 
effective 
linewidth 
(kHz)

Estimated 
intrinsic 
linewidth 
(kHz)

SMSR 
(dB)

Fibre-coupled 
output power 
(mW)

Estimated 
on-chip 
power 
(mW)a

Approximate 
footprint 
(FP laser 
diode + photonic 
chip) (mm2)

785 12.5 33.9 7.1  
(microheater) 267 
(laser current)b

34 kHz 
(microheater) 
>20 MHz (laser 
current)b

<9b <359b <1.1 ≥37 10.00 11.24 0.6 × 2

660 4.9 33.0 3.4  
(microheater)

31 kHz 
(microheater)

<10b <427b <1.4 ≥35 4.42 7.13 0.6 × 2

520 6.0 8.2 N/A 32 kHz 
(microheater)

<26b <373b <0.4 ≥37 9.89 10.75 0.6 × 2

488 5.6 3.7 N/A 31 kHz 
(microheater)

<8b <505b <1.4 ≥37 1.75 8.33 0.6 × 2

455 4.5 2.0 N/A 32 kHz 
(microheater)

<9b <374b <6.9 ≥37 1.74 5.61 0.6 × 2

404 1.6 1.6 N/A N/A N/A <3,300b <1,500 ≥21 0.02 0.13 0.6 × 2

We keep the FP laser diodes at room temperature and drive them using a constant pump current, except for the linewidth measurements for 660 nm and 455 nm, which required a change in 
temperature, and the laser-current-based tuning rate, where we modulate the current around its nominal value (Supplementary Section 2.5). We present a comparison with the specifications 
of other laser systems in Supplementary Section 4. aEstimated using the coupling losses from Supplementary Section 1.3 (Supplementary Table 1). bLimited by the measurements.
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Fig. 4 | Fine frequency tuning speeds via microheater and laser-current 
modulations. a, Frequency tuning rate as a function of the microheater 
driving frequency for the near-IR chip-scale laser, showing tuning rates of up 
to 7 GHz µs−1 with a modulation bandwidth of 34.1 ± 0.3 kHz. The relationship 
is mostly linear for frequencies below the 3 dB modulation bandwidth of the 
microheater (black dashed line) and saturates above it. We present similar 
results for the red chip-scale laser, with tuning rates of up to 3.4 GHz µs−1 and a 
modulation bandwidth of 31.1 ± 0.2 kHz, in Supplementary Section 2.9.1.2. Since 
the maximum tuning rate is limited by the microheater’s frequency response 
that is wavelength-insensitive (Supplementary Section 2.9.1.2), we expect a 
similar performance for all the chip-scale lasers. b, Frequency tuning rate as 
a function of the FP laser-current driving frequency for the near-IR chip-scale 

laser, showing tuning rates of up to 267 GHz µs−1 for modulation frequencies up 
to 20 MHz, limited only by our experimental setup. The relationship is mostly 
linear throughout, and we expect that the laser current can be modulated with 
frequencies of up to several gigahertz (ref. 60). Since the maximum laser-current-
based tuning rate is limited by the FP laser’s frequency response and it is similar 
for FP lasers across the visible spectrum39 (Supplementary Sections 2.9.2 and 4), 
we expect a similar performance for all the chip-scale lasers. Throughout, the 
error bars correspond to the mean ± s.d. of 50 consecutive measurements, and 
the blue dashed lines are to guide the eye. We present the supporting data for the 
plots and detailed descriptions of the measurements in Supplementary  
Section 2.9.
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to state-of-the-art narrow-linewidth and tunable visible lasers  
(Supplementary Section 4), which are typically benchtop systems 
that are bulky.

Discussion
Our chip-scale visible lasers exhibit high performance in the key speci-
fications of the tuning range, tuning speed, linewidth, power and SMSR, 
which were previously only achieved using benchtop laser systems. 
Our platform does not require free-space optical components, has a 
micrometre-scale footprint and works robustly across almost an octave. 
Owing to its small footprint and broadband operation, our platform is 
easily scalable and enables multiple lasers of different wavelengths to 
be integrated on the same chip48,49. If a single-fibre output is desired, all 
the different colours can be combined into a regular or photonic crystal 
single-mode fibre50 using an on-chip wavelength multiplexer51. Such a 
compact and highly coherent multi-colour laser engine is critical for 
quantum optics, atomic clocks, atomic and molecular physics, biopho-
tonics, augmented reality/virtual reality, spectroscopy and visible-light 
communications. By independently controlling the on-chip microheat-
ers, laser current and laser temperature, we can align the ring resonance 
and the FP longitudinal modes at any desired wavelength, enabling 
precise and gap-free tuning52,53 over wide spectral ranges of several 
nanometres across the visible spectrum. Moreover, we can extend the 
coarse-tuning ranges by several nanometres towards both longer and 
shorter wavelengths by changing the temperature of the FP lasers, as 
demonstrated by the linewidth measurements in the deep-blue and 
red regions (Fig. 5 and Supplementary Section 2.10). We can also widen 
the frequency-pulling ranges by driving the microheaters and the laser 

current in a feed-forward fashion41,54,55. The overall performance of 
our lasers, in particular the frequency-pulling ranges and the output 
powers, are currently limited only by the coupling losses between the 
FP lasers and the photonic chip, which determine the strength of the 
self-injection locking via the amount of reflected light31. By optimiz-
ing the couplings, one can further improve the specifications of the 
lasers, particularly at the near-UV spectral range where the coupling 
losses are currently higher (Supplementary Sections 1.3 and 2.13). In 
addition to our tapering strategy, compact and low-loss resonators 
with single-mode operation may potentially be achieved by employ-
ing adiabatic coupling schemes to rings with constant multi-mode 
cross-sections, as has been investigated at infrared wavelengths56,57. 
The self-injection locking robustness can enable scaling to even higher 
on-chip power levels58 using commercial high-power (>1 W) visible-light 
laser diodes, opening the door to fully integrated high-power sources 
for nonlinear optics and optical cooling and trapping. The wafer-scale 
Si3N4 platform is currently available in photonic foundries, enabling 
inexpensive mass production and large-scale deployment. These 
unique features of our chip-scale platform break the existing para-
digm in which high-performance visible lasers require discrete bench-
top components, paving the way for fully integrated visible-light 
systems for applications in the life sciences, atomic research and  
vision sciences.

Note added in proof
While this article was under review, Siddharth et al.59 showed lasers 
at visible wavelengths using a low-confinement Si3N4 chip, but with 
restricted tunability and a greater than megahertz intrinsic linewidth 

N
or

m
al

iz
ed

 s
ig

na
l (

dB
)

Frequency (MHz)

–10

0

–5

–15

–20

λ ≈ 404 nm

<3.3 MHz

–60

–50

–40

–30

–20

–10

0

10

N
or

m
al

iz
ed

 R
F 

po
w

er
 (d

B)

<374 kHz
Intrinsic
<9 kHz

–50

–40

–30

–20

–10

0

10

<373 kHz

N
or

m
al

iz
ed

 R
F 

po
w

er
 (d

B)

–60

–50

–40

–30

–20

–10

0

10

<505 kHz

N
or

m
al

iz
ed

 R
F 

po
w

er
 (d

B)

–50

–40

–30

–20

–10

0

10

<427 kHz

N
or

m
al

iz
ed

 R
F 

po
w

er
 (d

B)

40–20 200–40 –7.5 −5.0 –2.5 0 2.5 5.0 7.5

–7.5 −5.0 –2.5 0 2.5 5.0 7.5

–10 –5 0 5 10

–8 –6 –4 0 2 6 8–2 4 –7.5 −5.0 –2.5 0 2.5 5.0 7.5
–60

–50

–40

–30

–20

–10

0

10

<359 kHz

N
or

m
al

iz
ed

 R
F 

po
w

er
 (d

B)

b ca

d e f
λ ≈ 520 nm

λ ≈ 459 nm λ ≈ 488 nm

λ ≈ 652 nm λ ≈ 785 nm

Intrinsic
<8 kHz

Intrinsic
<26 kHz

Intrinsic
<10 kHz

Intrinsic
<9 kHz

Frequency (MHz) Frequency (MHz)

Frequency (MHz) Frequency (MHz) Frequency (MHz)

Fig. 5 | Linewidth measurements of the chip-scale lasers from near-UV to 
near-IR wavelengths. a, Estimated lineshape of the near-UV laser measured with 
a scanning FP interferometer. The effective linewidth of <3.3 MHz is an upper 
bound due to measurement-induced broadening (Supplementary Section 2.10). 
b–f, Heterodyne beat notes between our deep-blue (b), blue (c), green (d), red (e) 
and near-IR (f) chip-scale lasers and commercial narrow-linewidth laser systems. 
Since the commercial laser systems have intrinsic linewidths of several kilohertz 
and effective linewidths of hundreds of kilohertz (Supplementary Section 3), we 

conclude that the beat notes are limited by their linewidths. The shaded areas 
correspond to the 95% confidence interval of the Voigt fittings (dashed lines), 
and the reported linewidths are their upper bounds. The arrows indicate the 3 dB 
level of the effective linewidth. We summarize the fitted linewidths and their 
confidence intervals in Supplementary Table 3 of Supplementary Section 2.10. 
We measure the beat notes using a spectrum analyser (Agilent E4407B) with a 
sweep time of 4.99 ms, a resolution bandwidth of 30 kHz and a scanning window of 
100 MHz around the beat note. RF, radio frequency.
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that was only measured at 461 nm. We present a quantitative compari-
son with our work in Supplementary Section 4.1.3.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41566-022-01120-w.
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Methods
Fabrication methods
To fabricate the Si3N4 photonic chip, we first grew 1 µm of wet thermal 
silicon dioxide (SiO2) on a silicon wafer and deposited 175 nm of Si3N4 
via low-pressure chemical vapour deposition. Next, we patterned 
the waveguides and resonators using electron-beam lithography 
and fluorine-based etching. We clad the devices with 1 µm of SiO2 via 
plasma-enhanced chemical vapour deposition. For the microheat-
ers, we used photolithography and a metal lift-off process to pattern 
100 nm of platinum on a titanium adhesion layer. Finally, we defined 
the facets of the photonic chip by etching 150 µm into the silicon sub-
strate using a Bosch etching process, and diced the wafer to separate 
the individual chip.

Experimental setup
We mounted the FP laser diodes on a six-axis locking kinematic mount 
(K6XS, Thorlabs), which was placed on a piezo-actuated stage (Tritor 
100, Piezosystem Jena) for edge coupling to the photonic chip. To 
drive the laser diodes we used a power supply (Keithley 2220G-30-1) 
through an electrostatic-discharge-protection and strain-relief cable 
(SR9HA, Thorlabs). To drive the microheaters on the chip, we used two 
separate sources (Keithley 2220G-30-1 for the bus waveguide phase 
shifter and Keithley 2400 for the resonator phase shifter) through a 
three-pin electrical probe. We used different cleaved optical fibres 
(Thorlabs) to collect the chip output for each spectral range (SM450 
for near-UV, deep-blue, blue and green wavelengths; SM600 for red 
wavelengths; and 780HP for near-IR wavelengths). The fibre-coupled 
light was sent to an optical spectrum analyser (Ando AQ6314A) for 
spectral measurements and to a wavemeter (Advantest Q8326 for the 
near-IR range and HighFinesse WSU-10 for the other spectral ranges) for 
precise wavelength measurements of the self-injection locked lasers. 
We present detailed descriptions of each experimental measurement 
in the Supplementary Information.

Data availability
The experimental dataset and its analysis are provided within the paper 
and its Supplementary Information, and the data are available from the 
corresponding authors upon reasonable request.
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