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ABSTRACT

We demonstrate a heterogeneously integrated laser on silicon exhibiting a sub-20 kHz Lorentzian linewidth over a wavelength tuning range
of 58 nm from 1350 to 1408 nm, which are record values to date for E-band integrated lasers in the literature. Wide wavelength tuning is
achieved with an integrated Si ring-resonator-based Vernier mirror, which also significantly reduces the Lorentzian linewidth. Such a record
performance leverages a mature heterogeneous III-V/Si platform and marks an important milestone in E-band optical fiber communications
and in reaching visible wavelengths via second harmonic generation for optical atomic clock applications.

© 2023 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/10.1063/5.0133040

. INTRODUCTION

Historically, lasers operating in the telecommunication E-band
(1360-1460 nm) have lagged in development due to the increased
loss in optical fibers from water absorption." With the develop-
ment of dry fibers,” the optical attenuation in the E-band has fallen
below that of the O-band. Subsequent work on E-band quantum dot
lasers on GaAs substrates has renewed interest;” however, metamor-
phic buffers are required during growth, and coupling to low-loss
waveguides for complex photonic circuitry, such as wavelength tun-
ing and frequency noise reduction, has not been demonstrated.””
Beyond optical communications, E-band lasers find usage in emerg-
ing visible spectrum applications by frequency doubling with inte-
grated nonlinear photonics.”” While direct emission lasers in the
visible spectrum are being developed, they are also yet to demon-
strate optical gain coupled to low-loss waveguides on a common
substrate,” ' necessary to meet the linewidth and tuning require-
ments in atom-based applications.'” "> Heterogeneous integration
via wafer bonding addresses these issues on a scalable Si substrate,
while allowing for wafer-level integration of nonlinear materials
together with the laser pump source.'®'* Here, we combine III-V
optical gain and low-loss Si photonics and demonstrate a wide
wavelength tunability of nearly 60 nm from 1350 to 1408 nm
with Lorentzian linewidths below 20 kHz. We specifically target
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wavelengths of 1396, 1378, and 1358 nm to address the 698 (clock),
689 (red MOT), and 679 nm (repump) wavelengths of a neutral
strontium lattice clock.!” Together with similar work in the O-band
and S-C-L-bands, the heterogeneous Si photonics platform has
demonstrated a spectral tuning range from 1238 to 1605 nm.”"”*’
This range alone can cover nearly the entire spectral range of
low-loss fiber communications. The device used in this work was co-
processed together with heterogeneously integrated C-band lasers
(requiring no additional processing steps), showing the feasibility
of a tunable laser array covering the entire low-loss fiber commu-
nication spectral range on a single chip, as illustrated in Fig. 1.
By augmenting with integrated second harmonic generation, this
range can be extended to 600-800 nm for a host of visible light
applications, such as atom-based clocks and quantum sensors.” >’

Figure 1(a) shows a schematic of the device. Optical gain is
provided by the compressively strained aluminum gallium indium
arsenide (AlGalnAs) multi-quantum well (MQW) gain material tai-
lored for room temperature photoluminescence (PL) at 1370 nm
and grown on a 3” indium phosphide (InP) wafer by a commercial
vendor. This material was cleaved and bonded onto preprocessed Si
waveguides, allowing for precise lithographic alignment of the InP
and Si waveguides, as opposed to butt coupling of separate III-V and
Si chips.” InP/Si tapered waveguide transitions and Si waveguides
form the remainder of the cavity, with a Sagnac loop mirror and
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FIG. 1. Broadband tunable laser array concept covering the entire low-loss
fiber telecommunication window. (a) Schematic of Si ring-resonator mirror lasers
with the bonded |-V gain material in the O-band,'**' E-band (this work), and
S-C-L-bands®?*** on a common SOl wafer. The E-band laser used in this paper
was co-processed together with C-band heterogeneous lasers on a common
100 mm Si substrate, demonstrating the feasibility of such a tunable laser array.
(b) Microscope images of the ring resonators, phase shifters, and loop mirrors.

phase section on one side of the gain and a ring-resonator-based
mirror on the other side.'” > The two thermally tunable Si ring
resonators are arranged in a Vernier configuration to simultane-
ously enable wide wavelength tunability and narrow instantaneous
linewidth.” The MQW gain section is 2.4 mm long; the phase
section heater is 300 ym long; and the ring resonator radii are
60 and 62 ym. The ring resonators are point coupled with a 340 nm
gap between 650 nm wide bus and ring waveguides, resulting in
~5.8% cross-coupling [simulated via finite-difference time domain
(FDTD)]. These resonators are likely undercoupled but will need to
be confirmed by further waveguide loss investigation at these uncon-
ventional wavelengths. A 370 nm gap between the 650 nm wide
waveguides in the Sagnac mirror results in a simulated reflection of
about 8.6%. These relatively high mirror losses increase the thresh-
old current, compared to previous designs at 1550 nm.” Optimized
designs will favor a loop mirror reflectivity, yielding a higher out-
put power over a reduced laser threshold for more second harmonic
power with future nonlinear device integration.

The device was mounted on a temperature controlled stage and
held at 20 °C. Holding the ring 1 heater power at 10.1 mW and the
ring 2 heater power off, the gain current was swept, and the fiber-
coupled power and wavelength were measured, as shown in Fig. 2(a).
The aforementioned low Sagnac reflection and resultant loss from
the undercoupled rings explains the high threshold current of
175 mA. Despite high mirror losses in this first demonstration, these
devices still achieve a sufficient net gain for laser oscillation. With a
better understanding of the waveguide loss around 1396 nm, nar-
rower bus-coupling gaps can be optimized in future iterations to
increase the coupling in the rings and in the Sagnac reflector, which
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FIG. 2. Laser output power and wavelength tuning. (a) Fiber-coupled power
and monotonically increasing wavelength tuning at 1396 nm with gain current.
(b) Coarse wavelength tuning by individually sweeping each ring heater power.

will reduce the total mirror loss and significantly improve the thresh-
old, output power, side mode suppression ratio (SMSR), and laser
linewidth. Assuming a low but reasonable loss of 1 dB/cm and ring
coupling of 10%-20%, we expect to achieve lower threshold currents
around 70 mA (accounting for the longer gain section used here) and
output power exceeding 10 mW.’

A thermal roll-off is observed at around 600 mA and 3 mW
fiber-coupled power, with a tuning range of over 1 nm around
1396 nm. ~6 dB fiber coupling loss gives over 10 mW on chip, which
is comparable to output powers on similar devices in the O-band™”'
and in the C-band,” albeit at a higher threshold and pump current.
The dips in the power correspond to mode hops across adjacent
longitudinal modes, and the small jumps in the corresponding wave-
length (~15 pm) confirm the mode hops. However, due to the
current tuning and mode hops both shifting the wavelength higher,
increasing the gain current increases the wavelength monotonically.
Furthermore, since the mode-hop-free tuning and mode hop steps
are close within 10 pm (measured with a 1 pm resolution waveme-
ter), the tuning is effectively continuous, despite mode hops. Thus,
when the rings are tuned appropriately, the gain current can be used
as the frequency actuator in a Pound-Drever-Hall (PDH) locking
scheme.”” Tuning the ring resonators carefully can enable similarly
monotonic wavelength tuning with gain current at the remaining
target wavelengths. For continuous mode-hop-free tuning, the lon-
gitudinal cavity modes and Vernier ring modes must be aligned and
tuned synchronously (via the gain or phase heater current and ring
heater currents, respectively), adding tuning complexity.”®

Figure 2(b) shows the broad wavelength tuning by sweep-
ing each ring heater individually, while holding the gain current
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constant at 350 mA. Coarse tuning in this manner covers a wide
range of about 53 nm, from 1355 to 1408 nm. In both sweeps, the
wavelength is shifted higher with increasing ring heater power; it
then mode-hops higher for increasing ring 1 power and lower for
increasing ring 2 power. Multi-mode lasing is observed near many
mode hops and is attributed to undercoupled ring resonators and,
thus, poor Vernier side mode suppression. This is mitigated by
adjusting the intracavity phase with either the phase section heater
or the gain current. Increasing the ring coupling strength with a
smaller gap between the bus and ring waveguides can improve the
Vernier side mode suppression, thus improving side-mode sup-
pression at any given ring heater setting.” Multi-mode lasing and
mode-hopping across adjacent Vernier modes (~40 nm separation)
are observed at the edges of the tuning range, in which two adjacent
Vernier modes tuned to either edge of the gain spectrum experience
a comparable net gain. The difference between the two ring radii
can be decreased such that the Vernier free spectral range (FSR)
is slightly wider, thus ensuring that only a single Vernier mode is
within the gain bandwidth at any ring heater configuration.” For
both rings, around 75 mW is necessary to tune across a full Vernier
FSR. A higher thermal tuning efficiency can be achieved with a
thinner cladding between the Si waveguide and deposited heaters
at the expense of metal absorption loss; alternatively, undercut Si
waveguides can also be used for better thermal confinement.”’”

A tuning map and the selected optical spectra across the full
tuning range are shown in Fig. 3. For the tuning map, both ring
heaters are iteratively swept across a full Vernier FSR, while the gain
current is held at 300 mA. Optical spectra are recorded at each step,
and the dominant lasing wavelength is plotted as a function of heater
power in Fig. 3(b).

Figure 3(a) shows the post-process-selected spectra at ~1 nm
steps across a tuning range from 1350 to 1408 nm, all with a side
mode suppression ratio (SMSR) above 50 dB. Such a tuning map
can be used as a lookup table (LUT) to programmatically sweep
across the tuning range of nearly 60 nm. A wider Vernier FSR design
using rings with closer dimensions would enable even wider single
mode tuning range, as the MQW gain bandwidth is greater than the
Vernier FSR.” While the power variation is less than 10 dB, this can
be reduced by optimizing the phase tuner to better align the lon-
gitudinal and ring modes.”” The top panel in Fig. 3(a) shows the
spectra from this work together with that of previous fully integrated
tunable lasers demonstrated on the heterogeneous silicon photon-
ics platform. With a laser array shown in Fig. 1(a), the majority of
the low-loss fiber telecommunication spectral window can be cov-
ered on a single chip, with demonstrated tunability from 1238 to
1292 nm,”’ 1285 to 1330 nm,’' 1350 to 1408 nm (this work), and
1490 to 1600 nm.>’ These tuning ranges were demonstrated with
SMSRs greater than 45, 58, and 50 dB, respectively. Heterogeneously
integrated lasers using micro-transfer-printing have also yielded
impressive tuning ranges from 1495 to 1605 nm and 2305-2343 nm,
both with a SMSR greater than 40 dB.”**

Utilizing ring resonators not only allows for a wide tunability
via the Vernier effect but also significantly enhances the effective
cavity length at resonance, leading to a narrow Schawlow-Townes
(Lorentzian) linewidth.” The Lorentzian linewidth can be calculated
from the white noise floor of the frequency noise power spectral
density (multiplied by 7 for double sideband PSD), which we extract
here by averaging across the 20-100 MHz offset frequency range of
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FIG. 3. Spectra across the tuning range and tuning map. (a) Optical spectra of the
laser tuned from 1350 to 1408 nm with at least 50 dB SMSR, selected from the
tuning map shown in (b). The top panel shows the spectra in this work together
with that of similar tunable lasers on the heterogeneous silicon photonics platform,
covering 1238-1292,20 1285-1330,2! and 1490-1600 nm.2* (b) 2D sweep of ring
heater powers and the resultant lasing wavelengths extracted from the optical
spectra taken at each operating point.

the frequency noise spectrum.” For these measurements, the ring
heaters were manually tuned to achieve lasing across the entire tun-
ing range and, then, the ring heaters and gain current were iteratively
tuned to maximize the output optical power. Frequency noise was
measured with a commercial optical phase noise analyzer (OEwaves
OE4000) utilizing a quadrature-biased fiber Mach-Zehnder inter-
ferometer (MZI)-based frequency discriminator. Optical spectra
were also taken at each point, yielding the SMSR. Frequency noise
spectra for the four target wavelengths are shown in Fig. 4(a), with
the dashed lines corresponding to white frequency noise floors.
Technical (1/f) noise dominates at offset frequencies lower than
10 MHz, and packaging with designed electrical, thermal, and acous-
tic shielding would likely contribute to lower frequency noise at
these offsets. Self-injection locking to a high-Q resonator dramati-
cally reduces the frequency noise by >30 dB over an offset frequency
range within the resonator bandwidth,”" and such a resonator can
be integrated together with the laser through wafer-bonding.”"*
PDH-locking to a high-finesse cavity would further reduce the
low-offset frequency noise within the servo bandwidth.””*

8, 046114-3
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FIG. 4. Frequency noise spectrum and Lorentzian linewidth across the tun-
ing range. (a) Frequency noise power spectral densities at the target lasing
wavelengths of 1358, 1378, and 1396 nm. The dashed lines correspond to the
white noise floors extracted to calculate the Lorentzian linewidth. (b) Lorentzian
linewidths and SMSRs across the wavelength tuning range.

The Lorentzian linewidth is plotted with the lasing wavelength
in Fig. 4(b), together with the SMSR from the corresponding optical
spectrum. A Lorentzian linewidth of less than 20 kHz is demon-
strated across the full tuning range, with SMSRs of 55 dB and
above. To date, these are the narrowest Lorentzian linewidths and
widest tuning range reported in the literature for E-band integrated
lasers. In comparison, similar dual-resonator Vernier mirror-based
lasers in the O-band and C-band have demonstrated linewidths
in the range of 10-100 kHz""*""* and sub-10 kHz.”> Even nar-
rower Lorentzian linewidths are straightforward to obtain with
optimizations in the ring-resonator coupling to reduce mirror loss.
Fabrication optimization, such as photoresist reflow to reduce wave-
guide surface roughness and scattering loss, would similarly help in
improving the linewidth.

In conclusion, by combining commercially grown AlGalnAs/
InP MQW material and low-loss Si ring-resonator-based Vernier
mirrors, we demonstrate fully integrated, sub-20 kHz Lorentzian
linewidth lasers across a tuning range of nearly 60 nm in the tele-
com E-band. These lasers were bonded and processed together with
C-band lasers on the same 100 mm SOI wafer, and this approach can
be taken to integrate tunable laser arrays covering the entire low-loss
fiber telecom window on a single chip, which would greatly expand
the spectral bandwidth of fiber-based communications applications.
To fill in the gaps between tuning spectra in Fig. 3(a), the quantum
well and barrier widths can be adjusted during growth to shift and
flatten the gain spectrum; furthermore, multiple ring resonators can

APL Photon. 8, 046114 (2023); doi: 10.1063/5.0133040
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be used to widen the Vernier FSR and, hence, the tuning range.’
Because of the maturity of the heterogeneous III-V/Si platform and
previous commercial demonstrations using different locally bonded
gain materials for coarse wavelength division multiplexing, this
work provides a realistic path toward high-volume manufacturing
of such tunable lasers arrays.”* With promising developments in
integrated nonlinear photonics, these laser frequencies can be dou-
bled via second harmonic generation to visible wavelengths relevant
for atomic clocks.”” With second harmonic conversion efficien-
cies in periodically poled lithium niobate (PPLN) reaching up to
50% and low coupling losses from heterogeneous integration, we
expect several mW on chip in the second harmonic with the cur-
rent design and over 10 mW with optimized mirror coupling.’"”
By self-injection locking to a high-Q PPLN resonator, the second
harmonic can be generated while simultaneously suppressing the
frequency noise (determined by Q) and removing the need for an
isolator between the pump laser and frequency converter. With a
loaded Q of 400 k at the fundamental and 150 k at the second har-
monic, such a PPLN self-injection locked configuration is capable
of generating a second harmonic with a linewidth of 4.7 kHz.” Het-
erogeneous integration via wafer bonding provides a path for such
nonlinear materials to be integrated together with these tunable laser
arrays for fully integrated, narrow linewidth, visible light genera-
tion on a chip.'”'¥ For long term stability and Hz-level integrated
linewidths required for probing a strontium clock transition, further
PDH-locking the fundamental to a high-finesse reference cavity is
necessary.””° Together with the tremendous progress in compact
reference cavities for frequency stabilization and photonic integrated
planar metasurfaces to cool, trap, and probe atomic species,”” our
work demonstrates a crucial component in the construction of a
compact optical atomic clock for mobile, high-precision, GPS-free
navigation applications.
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