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ABSTRACT

Precision applications such as quantum computing, quantum and fiber sensing, and mmWave and RF generation,
require ultra-low phase noise stabilized lasers operating at wavelengths across the visible to near-IR. These
applications employ widely tunable table-scale laser systems, bulk-optic reference cavities, and optical isolation to
achieve ultra-low frequency noise and high stability across wide wavelength ranges. Photonic integration promises to
bring these laser systems to the chip-scale, enabling reliable, scalable and portable precision applications. Here we
report record-low integrated laser linewidths with a coil-cavity stabilized 1550 nm tunable laser, that achieves 3 to 7
Hz fundamental linewidth across a 60 nm tuning range and 27 — 60 Hz integral linewidths with an Allan deviation of
1.8E-13 at 6.4 ms across 40 nm. These results represent 5-orders of magnitude noise reduction and almost 2-orders
magnitude reduction in integral linewidth for widely tunable integrated lasers. The hybrid integrated silicon nitride
external cavity tunable laser is stabilized to a silicon nitride 10-meter long integrated coil-resonator without the need
for an optical isolator by leveraging the inherent 45 dB isolation. The laser and reference cavity are fabricated in the
same 80 nm-thick ultra-low loss SizN4 waveguide CMOS foundry compatible process, which combined with the
inherent isolation, unlocks the path towards fully integrated visible to NIR frequency-stabilized lasers.
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INTRODUCTION

Ultra-narrow linewidth stabilized lasers are critical for a wide range of precision applications
including optical atomic clocks!'~, quantum computing*®, metrology®, quantum and fiber sensing’
1 low phase noise mmWave and RF generation!>!3, and space-based applications. Of paramount
importance to these applications is the phase noise as measured from low to high carrier offset
frequencies and characterized in part by the instantaneous and integral linewidths. To achieve
ultra-low instantaneous and integral linewidths, these lasers systems utilize large mode volume
lab-scale external cavity lasers and bulk-optic reference cavities'*!*> and optical isolation in the
laser stabilization circuit. Integration using a broadly transparent platform without the need for
optical isolation will improve reliability, reduce size, weight, power, and cost, and enable
scalability, portability, and systems-on-chip solutions across the visible to near-IR (NIR) and
eventually down to the UV. Yet, to date, integration of widely tunable, cavity stabilized lasers, in
a CMOS foundry compatible integrated platform, has remained elusive. Low instantaneous
linewidth lasers include self-injection locked (SIL)'*'°, stimulated Brillouin scattering (SBS)?°22,
external cavity DBR?, and external cavity lasers (ECLs)**%. In particular, the external cavity
tunable laser (ECTL) design is widely used due to its wide wavelength tuning range, low
instantaneous linewidth, and ability to stabilize the laser output to an external optical reference
cavity for integral linewidth reduction and carrier stabilization. Photonic integration of stabilized
ECTLs is a critical step forward for robust laser solutions, operating from the visible to IR, to serve
as stand-alone sources and as pumps for other laser types such as Brillouin lasers.

The ultra-low loss silicon nitride (Si3sN4) platform?® is ideal for integration of a widely tunable
frequency stabilized ECTL due to the ultra-low waveguide propagation losses that extends from
the visible to IR. The combination of ultra-high Q resonators®’-?, large mode volume coil reference
cavities?>¥, the ability to integrate gain media, waveguide-compatible tuning, control, and
modulation®!=33 enable a wide range of systems-on-chip solutions**. To date silicon nitride
photonics has been successfully used to realize large mode-volume resonator reference cavities®>~
37 and narrowly tunable low fundamental linewidth lasers®®*!. The high Q resonators enable
increased intra-cavity photon lifetime and photon number needed to reduce the fundamental
linewidths, while large mode-volume laser and reference cavities decrease intrinsic noise sources
such as thermorefractive noise (TRN)**42, Additionally, a high laser resonator Q can improve the
resilience to optical feedback?**}, Hybrid integration of SisN4 ECTLs** is an effective way to
combine the benefits of ultra-low loss waveguides and high Q resonators with I1I-V semiconductor
gain materials at a wide range of wavelengths from the visible to IR. However, to date, achieving
both low fundamental and integral linewidths, across widely tunable wavelength ranges, without
the need for optical isolation, in a common integration platform that supports the ECTL, reference
cavity, and other photonic components, has not been achieved.

Here we present a major advance in chip-scale widely tunable stabilized laser technology by
demonstrating an isolator-free hybrid integrated Si3N4 external cavity tunable laser (ECTL) with



a wide 60 nm tuning range, stabilized to a 10-meter long Si3N4 integrated coil-resonator reference
cavity. We report record-low fundamental linewidth (FLW) of 3 to 7 Hz across a full 60 nm tuning
range with greater than 65 dB side mode suppression ratio. By directly locking, without optical
isolation, the ECTL to a 10-meter long silicon nitride integrated coil resonator, we achieve record-
low 27 - 60 Hz 1/ integral linewidth (ILW) across a 40 nm tuning range, a reduction of 65x from
free-running. The low 20 MHz free-spectral range (FSR) of the 10-meter coil cavity enables
frequency locking and stabilization at almost any wavelength across the tuning range within the
FSR. The free running laser frequency noise is reduced by 5 orders of magnitude and we measure
a record-low, to the best of our knowledge, Allan deviation (ADEV) of 1.8x10!3 at 6.4 ms, and
5.0 kHz/s drift. An accurate ILW measurement is achieved using a stabilized frequency comb noise
characterization tool that measures down to 1 Hz frequency offset across a 40 nm tuning range.
We demonstrate that the feedback resilience of the 3.5 million intrinsic-Q Vernier rings in the
ECTL provide an inherent isolation of ~45 dB relative to a typical commercial III-V DFB laser
(see Methods). Both the ECTL and 10-meter coil-reference cavity are fabricated in the same 80
nm thick silicon nitride low loss platform. This common integration combined with the inherent
optical isolation of the ECTL enables a path towards full integration of widely tunable, narrow-
linewidth, frequency stabilized lasers at a wide range of quantum, atomic, fiber communication,
and other wavelengths from the visible through the NIR.
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Fig. 1 Vision illustration of integrated coil-resonator stabilized hybrid integrated isolator free ECTL. Example
of how the hybrid-integrated silicon nitride external cavity tunable laser (ECTL) (shown in image, bottom left) can be
combined, on the same chip, with the integrated silicon nitride coil resonator reference cavity (shown in image, bottom
right) designed in the same 80 nm thick SisN4 platform. Hybrid integration of an RSOA provides a gain element (top



left), the high-Q SisN4rings serve as an external cavity and provide instantaneous linewidth narrowing (top middle),
and the large mode volume SizN4 coil resonator provides a stable frequency reference to lock the laser to (top right).

RESULTS

Hybrid integrated external cavity tunable laser (ECTL). The hybrid-integrated ECTL design,
shown in Fig. 1, consists of a tunable silicon nitride external cavity made of two actuatable high-
Q intra-cavity ring resonators, an adjustable phase section, and a tunable Sagnac loop mirror. The
laser is hybrid integrated with a butt-coupled InP RSOA. The two high-Q rings, connected in an
add-drop configuration, increase the effective cavity length of the laser and therefore the intra-
cavity photon lifetime to provide instantaneous linewidth reduction. Thermo-optically tuned
actuators on the ring resonators enable wide single mode tuning utilizing the Vernier effect, and
the tunable Sagnac loop mirror serves as a broadband cavity reflector. The laser output is coupled
to a lensed fiber. For hybrid integration, we edge couple a Thorlabs Single Angled Facet (SAF) C-
band reflective SOA (1128C) to an 18 um-wide, angled SizNs waveguide. The input waveguide is
designed to optimize the modal overlap between the gain chip and the SizN4 PIC before tapering
down to 2.6 um wide to achieve ultra-low propagation loss in the external cavity circuit (see
Methods). The thermo-optically controlled ring resonators, with radii of 1998.36 and 2002.58 pm,
have an FSR of ~126.5 pm and therefore a Vernier FSR of approximately 59.9 nm. The rings have
an intrinsic-Q of 3.5 million (see Supplemental Note 2) and are designed to be over-coupled to
reduce the lasing threshold, resulting in a loaded-Q of 0.65 million.

The measured ECTL performance is summarized in Figure 2. We demonstrate a 60 nm-wide
single-mode operating range, from 1518.5 to 1578 nm (Fig. 2a), with a heater tuning efficiency of
54.5 nm/W (Fig. 2b) per actuator. We measure a side-mode suppression ratio (SMSR) of 65 dB
(Fig. 2¢) across the tuning range and a lasing threshold current of 63 mA (Fig. 2d). Fiber-coupled
output power from the ECTL ranges from 0.23 mW at 1520 nm to 4.37 mW at 1578 nm. The
change in output power is primarily due to the wavelength dependence of the Sagnac loop mirror.
The frequency noise (FN) spectrum of the free-running widely tunable ECTL (without coil-
resonator stabilization) is plotted for operation at 1550 nm in Fig. 2e, indicating the fundamental
and integral linewidths of the free-running laser at this wavelength. The FN closely follows the
calculated TRN limit of the ECTL rings (red-dashed) at > 100 kHz offset and reaches the white
frequency noise (WFN) floor characteristic of the Lorentzian fundamental linewidth (FLW) at > 1
MHz frequency offset (the periodic high frequency spikes are from the Mach-Zehnder
interferometer frequency noise measurement system). The WFN floor at 1550 nm is measured to
be 1.93 Hz?/Hz, corresponding to a 6.08 Hz (blue-dashed) FLW. The 1/x integral linewidth (ILW)
of the free-running laser (without coil stabilization), at this wavelength, is calculated using the 1/m
reverse integration method* to be 1.75 kHz and shown in the purple shaded region under the FN
curve. Across the full tuning range, we measure the fundamental linewidth of the free-running
ECTL to be in the range of 3 — 7 Hz as summarized in Fig. 2f (see Supplemental Note 4 for the
full dataset).
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Fig. 2 External cavity tunable laser performance. a Single mode laser output from 1520 — 1580 nm. b Thermo-
optic tuning of the top ring of the ECTL. ¢ ECTL operation at 1560 nm with a measured SMSR of ~ 65 dB, measured
on an OSA with RBW < 0.01 nm. d Fiber-coupled ECTL output power at 1550 nm vs. gain chip current, indicating a
laser threshold current of 63 mA. The discontinuities are due to mode-hopping as the gain chip power increases,
responding to slight changes in the coupling and temperature conditions of the PIC. e Frequency noise spectrum of
the free-running ECTL at 1550 nm (blue, solid) measured using a fiber-MZI as an optical frequency discriminator.
The blue dashed line plots the measured ECTL fundamental linewidth of 6.1 Hz, and the shaded purple region shows
the area under the curve that contributes to the 1/m-integral linewidth of 1750 Hz. The red dashed curve plots a
simulated estimate of the thermorefractive noise (TRN) limit of the ECTL rings. The high frequency spurs at multiples
of 1 MHz correspond to the free-spectral range of the OFD fiber-MZI and do not contribute to the integral linewidth
calculation. f Fundamental linewidth (FLW) of the ECTL measured across the 60 nm tuning range.

ECTL stabilization to an integrated SiN coil reference cavity. We stabilize the ECTL to a 10-
meter-long silicon nitride integrated coil reference cavity without an optical isolator between the
laser and reference cavity. Stabilization is achieved using a Pound-Drever-Hall (PDH) lock, as
shown in Fig. 3. The 10-meter coil has a propagation loss of 0.2 dB/m and an intrinsic-Q of
approximately 200 million. In addition to the low TRN limit, due to the large mode volume of the
10-meter cavity (see Fig. 4a red dashed curve), an important characteristic of the long coil
resonator cavity is the small 20 MHz FSR. This aspect of the long coil-resonator ensures that there
are resonances readily available to stabilize to for almost all operating wavelengths. See
Supplemental Note 3 for more information on the 10-meter coil. As shown in Fig. 3 we use an
electro-optic modulator (EOM) to generate sidebands and the PDH error signal is fed back directly
to the ECTL gain chip current using a Vescent D2-125 laser servo. The ECTL takes on the FN
characteristics of the coil resonator for frequency offsets up to the PDH locking bandwidth.
Notably, the high internal quality factor of the ECTL, due to the low-loss ring resonators, provides
high resilience to optical feedback and removes the need for an isolator to operate the stabilization
lock circuit between the laser and the coil reference cavity. The elimination of the need for an
optical isolator between the chips is important for future integration of the laser and coil reference



cavity onto a single silicon nitride chip. Hybrid integration of the gain chip allows realization of
silicon nitride based laser cavities with large internal Q-factors that are inherently isolated and can
withstand optical feedback without affecting the optical frequency noise characteristics; see refs
43.49.50 and Methods for more details. In future integrated versions, the EOM can be eliminated by
using alternative approaches including directly tuning the laser frequency with PZT or thermal
actuators, using PZT double sideband modulators, or employing modulation free stabilization
techniques>. Thermal and PZT actuators have been demonstrated in the SiN3O4 platform>®!-2,
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Fig. 3 Experimental setup of the integrated ECTL stabilized to an integrated coil reference cavity. a Schematic
of the experimental setup where the ECTL is PDH-locked to an integrated 10-m coil reference cavity without an
optical isolator. The frequency noise (FN) of the free-running and coil-locked ECTL is measured using two
independent techniques: for FN below 3 kHz the ECTL output is mixed with a stable reference laser (SRL) that
consists of an optical frequency comb locked to a single frequency Rock fiber laser that in turn is stabilized to an
ultralow expansion (ULE) reference cavity, and the heterodyne beatnote signal is measured on a frequency counter
(FC). For FN above 3 kHz an unbalanced fiber-MZI is used as an optical frequency discriminator (OFD) and the self-
delayed homodyne signal is measured on a balanced photodiode and an oscilloscope (OSC).

The stabilized-ECTL frequency noise, linewidth, and Allan Deviation (ADEV) are measured using
two independent techniques, outlined in Fig. 3. For FN above 3 kHz frequency offset we use an
asymmetric fiber Mach-Zehnder interferometer (MZI) optical frequency discriminator (OFD).
Below 3 kHz offset down to 1 Hz we measure the noise of a heterodyne beatnote of the ECTL
with an optical frequency comb that has been locked to a stable reference laser (SRL). The beatnote
is then measured on a precision frequency counter. See Methods for more details.
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Fig. 4 Coil-stabilized ECTL frequency noise, stability, and fundamental and integral linewidths across tuning
range. a An example frequency noise (FN) spectrum of the free-running (blue) and coil-locked (orange) ECTL at
1550 nm shows >5 orders of magnitude reduction in FN at low frequency offsets. The shaded light-blue area
corresponds to the 1/m reverse integral linewidth (ILW) of the locked laser measured at 27 Hz. The minimum FN of
the locked laser is measured at 0.12 Hz*/Hz at 16 kHz frequency offset. The PDH lock servo bump is indicated at 0.4
MHz. ¢ Allan deviation (ADEV) of the free-running (blue) and coil-locked (orange) ECTL demonstrating 1.8x10°!13
at 6.4 ms and 5 kHz/s drift. d The measured fundamental (blue) across the 60 nm tuning range and coil-locked integral
(orange) linewidths across a 40 nm tuning range. The ILW measurement was limited by the beatnote measurement
below 1540 nm. In addition, the coil-lock at 1520 nm and below was limited due to low extinction ratio (ER). The
dashed lines indicate the highest measured value of 7 Hz for FLW (blue) and 60 Hz for ILW (orange).

The FN of the coil-locked ECTL operating at 1550 nm is plotted in Fig. 4a. The stabilized ECTL
(orange) has a FN reduction of more than 5 orders of magnitude at low frequency offsets compared
with the free-running laser (blue) and reaches the TRN limit of the 10-m coil resonator (red,
dashed) between 1-100 kHz offset, before sloping upwards due to the servo bump corresponding
to the PDH locking bandwidth at around 0.4 MHz. The measured 1/m integral linewidth of the
stabilized-ECTL at 1550 nm is 27 Hz, reduced from 1750 Hz for the free-running laser, an integral
linewidth reduction of 65x. The minimum FN is 0.12 Hz?>/Hz at 16 kHz, and the corresponding
fractional frequency stability, or Allan deviation (Fig. 4b), has a minimum of 1.8x10°13 at 6.4 ms



and a drift of 5 kHz/sec. The fundamental and integral linewidths of the stabilized-ECTL at various
points across the tuning range are plotted in Fig. 4c, see Supplemental Note 4 for more details.

ECTL resilience to optical feedback. Optical feedback in a semiconductor laser can be quantified
C 43,49,50’

C= fextlext (1 - Irlaserlz)m (1)

TlaserTlaser

where rext and ruser are the reflectivity of the external reflection and the laser mirror, Text and Tiaser

by the feedback parameter

are the external cavity and laser cavity round trip lifetimes, and o is the linewidth enhancement

factor. We compare the relative isolation of two lasers by taking the ratio of their C-parameters,

%, since the ratio is only dependent on the attributes of the lasers and not on the specifics of the
2

external reflection (i.e. not dependent on rext and text). The ECTL, compared with a conventional

III-V DFB laser, has both a very high internal Q and high reflectivity, from which we estimate that
% ~ 3.9 x 10*, or approximately 45 dB (see Methods for more details). This therefore reduces
DFB

or eliminates the need for an isolator for this stabilized laser result as well as for many applications.
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Fig. S ECTL feedback measurements. a Frequency noise plots of the free running ECTL operating at 1560 nm under
different optical feedback levels ranging from -25 to -3 dBm. b Summary of frequency noise data from (a) in terms
of the calculated fundamental linewidth (FLW) of the ECTL vs. the optical feedback power level, showing a decrease
in FLW from 5.86 to 0.18 Hz with increased feedback.

This resilience to optical feedback is demonstrated by operating the PDH lock tying the ECTL to
the 10-meter coil reference cavity without using an isolator: an important advantage for achieving
a fully integrated stabilized laser on chip. To demonstrate this further and under controlled
conditions with our ECTL we designed an optical feedback circuit (see Supplemental Note 5 for
more details) where the ECTL output power is fed back to itself using a fiber circulator and a
variable optical attenuator to control the optical feedback level. We then measure the OFD
frequency noise of the ECTL under different feedback conditions, the results of which are plotted
in Fig. 5. The ECTL remains single mode at all tested feedback levels, confirmed by the ability to



make OFD measurements and by monitoring on an OSA. We observe that the measured
fundamental linewidth of the ECTL decreases with increasing optical feedback, at a rate inversely
proportional to the feedback level. We believe there are two possible reasons for the linewidth
narrowing. The first is related to the long coherence time and strong mode selectivity of the ECTL
where the external feedback is coherent with photons stored in the laser leading to an increase in
the intracavity number of photons which serves to drive down the fundamental linewidth. A second
possible reason, as subject of future investigation, is the ECTL may be entering a self-injection
locking regime.

DISCUSSION

In this paper we demonstrate a precision ultra-low instantaneous and integral linewidth stabilized
widely tunable ECTL locked to an integrated coil reference cavity that achieves record-low
frequency and phase noise for hybrid-integrated widely tunable lasers. The coil-locked ECTL
realizes 6 Hz fundamental linewidth with 27 Hz integral linewidth and 1.8x10!* fractional
frequency stability at 1550 nm, and 3 - 7 Hz fundamental with sub-60 Hz integral linewidths
measured across the tuning range. These fundamental linewidths are the lowest to date over the
widest tuning range and the coil resonator stabilized integral linewidths are the lowest for
integrated chips and across a wide tuning range reported to date. Furthermore, we demonstrate
isolation free stabilization of the ECTL to the coil cavity, enabled by the high Q of the ECTL
cavity. The 10-meter coil has an FSR of 20 MHz which allows locking and stabilization at almost
all wavelengths across the tuning range, a distinct advantage from low FSR bulk optic reference
cavities.

We compare our results to the state of the art in Table 1 and Fig. 6 with other hybrid-integrated
low noise lasers. The table is sparsely populated in several columns since this work represents one
of the few that report the 1/m integral linewidth which is important for many precision applications.
When not available directly in the publication we have calculated the ILW from the available FN
data in that publication. We believe this comparison highlights the unique properties of the hybrid-
integrated ECTL locked to the integrated coil reference cavity. For example, we report both the
fundamental and integral linewidths over a full tuning range of 60 nm. The fundamental linewidth
is almost 1.5X lower and the 1/m integral linewidth 3 orders of magnitude lower than that reported
in [45] and the tuning range is 1.5X larger than the laser reported in [45]. To date, this work is the
first to report stabilization (ADEV) and isolator free operation (isolation of 45 dB).



Table 1. Comparison of low linewidth hybrid-integrated tunable lasers

Platform Laser type A FLW (Hz) ILW ADEV | Tuning | Output | SMSR | Optical
(nm) (Hz) I/z | (@1 ms) | (nm) power (dB) isolation
(mW) (dB)
SizNy >4 SIL 1550 0.04 236* 0.8 0.3 60 e
SizN; 4! SIL 1550 3.8 4,715% 10.5 65
Si3Ny 33 SIL 1550 3 1,560* . 54
SisNg 17 SIL 780 0.74 864 2 2 36
SizNy 3 SIL 785 700 50,173* 12 10 37
SizN, 23 EDBR 1550 320 47,466* . 24 55
Si %7 ECTL: 3 ring 1550 220 33,246* 110 3 50
Si 38 ECTL: 3 ring 1550 95 9,237* 120 1.5 60
SizN, 38 ECTL: 3 ring 1550 40 87,844%* 70 23 60
SizNy>° ECTL: 2 ring 1550 2,200 57,526* 120 24 63
SizN, ECTL: 2 ring 1550 750 - 4,000 31,614* 172 26 68
SizN, 48 ECTL: 2 ring 852 65 6,770* 15 25 50
SizNg 4 ECTL: 2 ring 1550 6 - 9.8%%* 2,350 40 4.8 64
SizN, f ECTL (2 ring) | 1550 3 - JrEE 27 1.8E-13 60 4.4 65 -45
+ coil @ 6.4 ms
T This work

* Not reported in manuscript: calculated from published FN data

** JLW limited by available FN data

*** Measured across tuning range
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Fig. 6 Comparison of low linewidth hybrid-integrated lasers summarized in Table 1. a Frequency noise plots
comparing hybrid-integrated low noise lasers. b Fundamental vs. 1/m integral linewidths. The bubble size represents
the tuning range and color heat map represents output power.

Since both the ECTL and coil resonator are designed and fabricated in the same 80 nm thick,
CMOS-compatible SizsNs platform these results present a clear path forward towards realizing a
fully integrated, chip-scale stabilized laser that combines narrow instantaneous linewidth with low
frequency drift in one device. To achieve such a device, the EOM used in this experiments can be
replaced by a PZT-on-Si3N4 piezo-optic modulator for locking bandwidths up to 20 MHz with low
power consumption and that has already been demonstrated in the same platform3?. Alternatively,
an all-optical, modulation-free design for generating a PDH error signal has also been
demonstrated®® and could be leveraged in future designs®’. Additionally, the core components of
this stabilized laser design, namely the high-Q ring resonators and coil reference cavity, have
already been demonstrated in this SisNy platform across the visible to near-IR (NIR) range?%-3¢
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making this hybrid-integrated stabilized laser design a viable option for applications that require
narrow linewidth stable lasers at visible and NIR wavelengths such as atomic and quantum
applications. Chip-scale stabilized sources, in combination with photonic integrated beam
delivery, are necessary to reduce the size, complexity and cost of several key quantum technologies
such as compact cold atom®! and trapped ion*®%? systems.

Further experiments and design improvements will yield better laser performance in terms of
tunability, variation in integral and fundamental linewidth, and higher output power. For example,
full control of the Sagnac loop mirror would provide an adjustment of the laser output power, and
therefore also the intracavity power, allowing the user to optimize for higher output power versus
lower fundamental linewidth. Additionally, loaded-Qs as high as 100 million have been
demonstrated in this platform®, and since the modified Schawlow-Townes laser linewidth will
decrease as 1/Q?, we predict that future devices could achieve even lower fundamental linewidths.
Future designs can also include coil resonators longer than 10-meters to increase the mode volume
and further reduce the TRN and integral linewidth, as well as incorporating tunable coupling®® to
optimize the laser locking conditions across a wide range of wavelengths using a single resonator.
For applications that require high optical output power additional gain blocks can be added and
operated in parallel with a shared high-Q silicon nitride external cavity®* where output powers
>100 mW have already been demonstrated in a dual-gain hybrid-integrated laser*. Other pathways
to increasing the output power are to incorporate on-chip amplifiers®6
locked amplification.

or through injection-

METHODS

Fabrication process. The lower cladding consists of a 15-um-thick thermal oxide grown on a 100
mm diameter, 1 mm thick silicon wafer substrate. The main waveguide layer is an 80 nm thick
stoichiometric Si3N4 film deposited on the lower cladding using low-pressure chemical vapor
deposition (LPCVD). A PAS 5500 ASML deep ultraviolet (DUV) stepper was used to pattern a
DUV photoresist layer. The high-aspect-ratio waveguide core is formed by anisotropically dry
etching the Si3N4 film in a Panasonic E626I Inductively Coupled Plasma-Reactive Ion etcher (ICP-
RIE) using a CHF3/CF4/O2 chemistry. After the etch, the wafer is cleaned using a standard RCA
cleaning process. A 5-um-thick silicon dioxide upper cladding layer was deposited using plasma-
enhanced chemical vapor deposition (PECVD) with tetraethoxysilane (TEOS) as a precursor. This
is followed by a final two-step anneal at 1050 °C for 7 hours and 1150 °C for 2 hours which is an
optimized anneal process for our waveguides.

RSOA coupling. The gain chip is coated with 90% reflectivity on the side opposite the silicon
nitride PIC and an antireflection (AR) material on the near side with a reflectivity of 0.005%. It is
then mounted on a temperature-controlled copper block for heat-sinking. The gain chip is wire
bonded to a PCB that screws onto the copper block for external electrical control of the gain chip.
The SOA has an angled facet of 5.6 degrees that requires, based on Snell’s Law, the SizNs4
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waveguide to be angled by 13.1 degrees to best match the beam propagation direction. The SizN4
waveguide is initially 18 pm-wide to achieve an estimated optimal mode overlap of 52%. We
estimate that the actual coupling loss is around 4-5 dB. The SizNs PIC sits atop its own
temperature-controlled mount and the RSOA is edge-coupled to the ECTL input waveguide.

Frequency noise measurements. The ECTL frequency noise, linewidth, and stability is measured
using two independent techniques?®2!-3067.68  For FN above 3 kHz frequency offset we use an
unbalanced fiber-MZI with a 1.026 MHz FSR as an optical frequency discriminator (OFD) and
measure the self-delayed homodyne FN signal on a high-speed balanced photodetector. Below 3
kHz offset the OFD fiber-MZI noise can become dominant so we instead photomix the ECTL with
a stable reference laser (SRL) and measure the heterodyne beatnote signal with a Keysight 53230A
precision frequency counter. The SRL system consists of a single frequency Rock fiber laser PDH-
locked to a Stable Laser Systems (SLS) 1550 nm ultralow expansion (ULE) cavity that delivers
Hz-level linewidth and ~0.1 Hz/s frequency drift. Additionally, we use a Vescent self-referenced
fiber frequency comb with a 100 MHz fi, and lock it to the SLS to extend the stability of the SRL
system to many wavelengths and enable accurate close-to-carrier FN measurements across the
ECTL spectrum.

Optical isolation measurement. In equation (1) we introduced the optical feedback parameter C
that was first defined by Petermann® to describe feedback in a semiconductor laser. We can then
compare the relative isolation of two lasers by taking the ratio of their C-parameters where the
ratio is only dependent on characteristics of the laser: 7,7 and a.

2
C1 __ Tlaser; Tlaser, 1_|Tlaser1|2 \ I+ag
- = 2 )
C; Tlaserq Tlasery 1—|Tlaser2| ,1_,_“%
The robustness of our ECTL to feedback light arises predominantly from two attributes. The first,

is the extended cavity photon lifetime, Tiser, due to the two high-Q intracavity rings. We can
approximate the overall roundtrip photon lifetime of the dual-ring ECTL as a sum of the Fabry-
Perot (FP) and individual ring resonator cavity lifetimes’’. The FP cavity is formed by the back
mirror of the RSOA (R;) and the Si3N4 waveguide Sagnac loop mirror (R>), and subject to internal
losses (1), such as the coupling loss at the interface between the gain chip and the PIC, and has an
associated lifetime of:

—2L -
Trp = Tln(Rle(l -t (3)
The rings each contribute an additional tzz = % and one full roundtrip requires four passes

through a ring: T, = Tpp + 4trg. For the ECTL we estimate that tecy = 2.3 ns. The second
attribute that contributes to the robustness to optical feedback is the relatively high reflectivity of
the Sagnac loop mirror, which for our design is ~75%. The low loss intracavity rings store enough
power within the cavity to support a high mirror reflectivity and still provide useful output power
from the laser. Compared to a conventional III-V DFB laser that has an internal Q of ~1x10* and
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front mirror reflectivity of <l %, we estimate from equation (2) that the ECTL has inherent
isolation of approximately 45 dB.

DATA AVAILABILITY

The data that support the plots within this paper and other findings of this study are available from
the corresponding author on reasonable request.
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Supplemental information

Supplementary Note 1: Introduction

This supplemental section provides additional information on the design and performance of the
hybrid-integrated external cavity tunable laser (ECTL), including a diagram of the working
principle of the dual-ring ECTL, measurement of the ring resonator Qs, measurements of the 10-
meter coil resonator, more information regarding the freerunning and integrated coil-stabilized
frequency noise measurements, as well as a demonstration of the ECTL operating without an
isolator under direct feedback.

The basic working principle of the dual-ring ECTL is illustrated in Supplementary Fig. la. The
RSOA has a broad power spectrum and the two ring resonators, with slightly different radii,
provide linewidth narrowing where the two resonances overlap. Changing the resonance of one of
the rings adjusts which modes overlap and thereby tunes the laser up to one Vernier FSR. In
addition to the ring resonances there are also Fabry Perot modes of the external cavity that bunch
up near the lasing mode. It is necessary that the linewidth of the main lasing mode be narrower
than the Fabry Perot cavity mode spacing.
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Supplementary Note 2: ECTL design
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Supplementary Fig. 1 ECTL working principle and characterization. a An illustration of the basic working
principle of the dual-ring external cavity tunable laser (ECTL). b The layer stack of both the ECTL and the 10-meter
coil resonator. ¢ Q-measurement of one of the ECTL rings (blue) fitted to a Lorentzian function (red) to extract Q
values of 0.65 million loaded and 3.5 million intrinsic. An 18 MHz fiber-MZI (green) is used to calibrate the frequency
detuning.

The layer stack for the low-loss Si3sN4 waveguide platform is indicated in Supplementary Fig. 1b.
The ECTL waveguide width is 2.6 um resulting in a dilute optical mode to reduce scattering losses.
Measurement of the quality factor (Q) of the intracavity rings, shown in Supplementary Fig. 1c,
yield loaded and intrinsic-Qs of 0.6 and 3.5 million, respectively. The rings were intentionally
heavily coupled to reduce cavity coupling losses to lower the lasing threshold at the expense of
having higher loaded-Qs for the intra-cavity rings. This is a design parameter that can be optimized
in future designs.

Supplementary Note 3: 10-meter-coil resonator design and characterization
The coil resonator employs the same silicon nitride waveguide thickness of 80 nm as the ECTL
laser chip, while the waveguide width is different. The waveguide design in the 10-meter-coil
resonators has the waveguide dimension of 6 pm by 80 nm with the fundamental TE mode. The
coil spiral center-to-center waveguide spacing is 25 um, and the circular S-bend diameter in the
center of the coil waveguides is ~3.6 mm, resulting in a much smaller device size and making it
possible to wrap the 10-meter-coil waveguide on a single die size (21.6 mm by 26 mm). The bus-
resonator directional coupler uses a 2.5 um coupler gap and 1.5 mm coupling length. The bus
waveguide is tapered from 6 um to 1.5 pm for better fiber-to-chip edge coupling. The fiber-
pigtailed device is packaged with a metal enclosure for better handling capabilities, shown in
Supplementary Fig. 2a. The FSR is measured to be around 19.4 MHz, and the intrinsic Q reaches
above 300 million around 1600 nm, shown in Supplementary Fig. 2d.
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Supplementary Fig. 2. 10-meter-coil waveguide reference resonator design and testing. a 10-meter-coil resonator
with PM-SMF28 fibers pig-tailed and packaged in a metal enclosure. b Spectral scan of the coil resonator resolves the
resonance linewidth and FSR. ¢ Intrinsic, coupling and total resonator linewidths in MHz are measured from 1450 nm
to 1630 nm. d Intrinsic and loaded Qs are estimated from the resonator linewidth measurements. D Waveguide
propagation loss is also estimated, showing an absorption peak around 1520 nm.

Supplementary Note 4: Frequency noise measurements

To measure the frequency noise (FN) of the free running and coil-stabilized ECTL we utilize two
independent measurement techniques. Plotted in Supplementary Fig. 3a is the FN of the free
running ECTL (blue) measured using an unbalanced fiber-MZI as an optical frequency
discriminator (OFD) and reading out the self-delayed homodyne signal on a balanced photodiode.
The dashed lines in red, green, and orange indicate calculated estimates of the noise floors of the
photodetector noise, thermal refractive noise and photothermal noise of the ECTL intracavity ring
resonators. When we stabilize the ECTL to the 10-meter coil reference cavity the FN at certain
low frequency offsets drops by five orders of magnitude, in which case noise due to the fiber-MZI
can dominate over the laser noise. To resolve this, we include additional close-to-carrier (CTC)
measurements for the locked ECTL by mixing it with a stable reference laser (SRL) system and
measuring the heterodyne beatnote signal on a frequency counter. The SRL system includes a
Vescent fiber frequency comb locked to a single frequency Rock fiber laser that is itself locked to
an ultralow expansion (ULE) cavity. The CTC measurement of the stabilized-ECTL is plotted in
Supplementary Fig. 3b (orange) and becomes limited by the speed of the frequency counter at
frequency offsets above ~1 kHz. The OFD measurement of the locked-ECTL is plotted (green),
and the two can be stitched together (vertical black line) to give a more accurate measurement of
the laser FN and to calculate the integral linewidth. See refs -5 for more information.
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Supplementary Fig. 3 ECTL frequency noise measurements. a Frequency noise (FN) power spectrum of the
freerunning ECTL (blue) at 1550 nm measured using an MZI as an optical frequency discriminator. The orange, red,
and green dashed curves are calculated estimates of the thermal refractive and photothermal noise floor of the two
intracavity rings and the OFD photodetector noise, respectively. b FN of the coil-locked laser measured using two
methods: OFD delayed self-homodyne (green) and Stable Reference Laser (SRL) heterodyne beatnote (orange). The
black vertical lines indicates where the two are stitched together for the composite locked-ECTL measurements.

The ECTL operates across 60 nm tuning. FN measurements of the freerunning and locked ECTL
across the tuning range are plotted in Supplementary Fig. 4a,b showing fundamental linewidths
between 3-7 Hz and 1/m-integral linewidths from 27 to 60 Hz. Relative intensity noise (RIN)
measurements across the ECTL tuning range are also included in Supplementary Fig. 4c.
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Supplementary Fig. 4 Additional free running and coil-locked ECTL frequency noise measurements. a FN
measurements of the freerunning ECTL at various points across the tuning range plotted with the calculated TRN limit
of the ECTL rings (black-dashed). b FN of the ECTL stabilized to the 10-m coil reference cavity at various points
across the tuning range using two independent measurement techniques (stitched together at the black vertical line)
and plotted with the calculated TRN limit of the 10-m coil (blue-dashed). ¢ Measurement of relative intensity noise
(RIN) of the ECTL at various points across the tuning range.

Supplementary Note 5: Laser feedback measurements
To directly measure the effect of optical feedback on our ECTL we designed an optical feedback
setup, illustrated in Supplementary Fig. 5, where the ECTL output power is fed back to itself using
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a fiber circulator and a variable optical attenuator (VOA) to control the optical feedback level. The
full feedback circuit is on the order of 25 meters long. The power returned to the ECTL is
monitored by tapping 5% of the feedback power and measuring on a power meter. The power
returning to the PIC is polarization sensitive and must be adjusted to maximize the optical feedback
before making any measurements. A small portion of the ECTL output is diverted to an EDFA and
then to an OFD setup to measure the frequency noise of the laser at different feedback levels. All
losses in the circuit must be accounted for to most accurately determine the actual feedback power
to the laser. For a fiber-coupled ECTL output power of 2.4 mW the maximum estimated optical
feedback power was 0.5 mW.

VOA

Supplementary Fig. S ECTL feedback measurement. a Schematic of the experimental setup for measuring the
effect of optical feedback on the ECTL. The laser output power is initially split in two: the majority for feeding back
to the laser and a small portion to measure the laser frequency noise (FN). A variable optical attenuator (VOA) sets
the feedback power level that is monitored with a power meter. Polarization (POL) paddles ensure the returned optical
field is aligned properly with the silicon nitride waveguide. The FN is measured with an optical frequency
discriminator (OFD) and an optical spectrum analyzer monitors for the onset of coherence collapse.

Supplementary References

1. Liu, K. et al. Photonic circuits for laser stabilization with integrated ultra-high Q and Brillouin laser resonators.
APL Photonics 7, 096104 (2022).

2. Liu, K. ef al. 36 Hz integral linewidth laser based on a photonic integrated 4.0 m coil resonator. Optica 9, 770
(2022).

3. Liu, K. ef al. Common cavity waveguide coil-resonator stabilized hybrid integrated WDM laser with 89 Hz
integral linewidth. in 2024 Optical Fiber Communications Conference and Exhibition (OFC) 1-3 (2024).

4. Gundavarapu, S. et al. Sub-hertz fundamental linewidth photonic integrated Brillouin laser. Nature Photon 13,
60-67 (2019).

5. Chauhan, N. et al. Visible light photonic integrated Brillouin laser. Nat Commun 12, 4685 (2021).

24



