UC Santa Barbara
UC Santa Barbara Previously Published Works

Title
Integrated Pockels laser

Permalink
https://escholarship.org/uc/item/301849cq

Journal
Nature Communications, 13(1)

ISSN
2041-1723

Authors
Li, Mingxiao
Chang, Lin
Wu, Lue

Publication Date
2022

DOI
10.1038/s41467-022-33101-6

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/301849c6
https://escholarship.org/uc/item/301849c6#author
https://escholarship.org
http://www.cdlib.org/

nature communications

Article

https://doi.org/10.1038/s41467-022-33101-6

Integrated Pockels laser

Received: 26 April 2022

Accepted: 1 September 2022

Published online: 12 September 2022

M Check for updates

Mingxiao Li®"¢, Lin Chang ®2¢, Lue Wu®3, Jeremy Staffa®?, Jingwei Ling®",
Usman A. Javid ®4, Shixin Xue', Yang He', Raymond Lopez-rios?,

Theodore J. Morin?, Heming Wang ® 3, Bogiang Shen?, Siwei Zeng®, Lin Zhu®,
Kerry J. Vahala®3' , John E. Bowers®2| & Qiang Lin"*

The development of integrated semiconductor lasers has miniaturized tradi-
tional bulky laser systems, enabling a wide range of photonic applications. A
progression from pure IlI-V based lasers to IllI-V/external cavity structures has
harnessed low-loss waveguides in different material systems, leading to sig-
nificant improvements in laser coherence and stability. Despite these suc-
cesses, however, key functions remain absent. In this work, we address a
critical missing function by integrating the Pockels effect into a semiconductor
laser. Using a hybrid integrated IlI-V/Lithium Niobate structure, we demon-
strate several essential capabilities that have not existed in previous integrated
lasers. These include a record-high frequency modulation speed of 2
exahertz/s (2.0 x 10" Hz/s) and fast switching at 50 MHz, both of which are
made possible by integration of the electro-optic effect. Moreover, the device
co-lases at infrared and visible frequencies via the second-harmonic frequency
conversion process, the first such integrated multi-color laser. Combined with
its narrow linewidth and wide tunability, this new type of integrated laser holds
promise for many applications including LiDAR, microwave photonics, atomic

physics, and AR/VR.

The field of integrated semiconductor lasers has made many advances
over the last few decades, spanning information technologies to fun-
damental science'™. Using wafer-scale fabrication processes, these
devices dramatically reduce the form factor of traditional bench-top
laser equipment, and offer much lower power consumption and cost.
Early laser designs were based entirely upon IlI-V semiconductors®,
configured either as Fabry-Perot cavities emitting multiple wave-
lengths, or as distributed-feedback (DFB) designs for single frequency
emission>. Besides providing coherent light generation across many
applications, these devices serve as the key building block in on-chip
systems by driving photonic integrated circuits (PICs)’.

With the continuing success of silicon photonics, integrated
lasers have adopted passive cavities that are coupled to a IlI-V gain
section. Endowed with enhanced photon lifetimes as well as

reconfigurability, these integrated external-cavity-diode-laser
(ECDL) structures®*?, by mimicking their bulk counterparts™**,
have significantly improved coherence and tunability in integrated
photonics'®*?, Even more recently, with remarkable progress in
fabrication of low loss Si/SiN waveguides'®™, the linewidths of
integrated lasers are now comparable to those of state-of-the-art
bench-top ECDLs and even fiber lasers. Such advances in coherence
dramatically improves data capacity in communications® as well as
accuracy in on-chip sensing and frequency metrology systems’.
However, despite these impressive achievements, key functions
are missing in current integrated lasers. One outstanding problem lies
in fast tuning and reconfigurability. Applications such as LiDAR require
frequency modulation of a narrow-linewidth laser with high linearity
and speed beyond the MHz level®. In bench-top laser systems, these
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Fig. 1| Concept and structure of the integrated Pockels laser. a Schematic of the
hybrid integrated laser structure. b Photo of the setup with an RSOA edge coupled
to the device and sitting on heat sinks. A lensed fiber couples the light out from the
device. The substrate is assembled by a thermoelectric controller (TEC) for

N Chip

environmental temperature tuning. ¢ Scanning electron microscope image of a
fabricated device. False colors are applied to the zoomed-in figures highlighted by
red dashed outlines.

are usually realized by fast mechanical motion of components in an
external cavity®", but similar strategies in integrated photonics are far
more challenging. Most often, frequency tuning of integrated lasers
relies on the thermo-optic (TO) effect', which is relatively slow (kHz-
level speed). And even while MHz-level frequency tuning can be
achieved by current sweep of PN junctions of IlI-V or silicon wave-
guides, this carrier-induced effect produces unwanted intensity
modulation® as well as additional loss that are not compatible with
narrow linewidth lasers. As a result, currently in integrated photonics,
frequency modulation of laser has to rely on a modulator that is
external to the laser**~* or optical pumping®°. This limitation is more
severe at short wavelength below silicon’s bandgap wavelength, where
currently only thermal tuning can be used for external cavities of
integrated lasers. As an example, in atomic physics, where switching
speeds up to MHz level are required for ion/atom manipulation at
visible and near visible bands, no integrated photonic solution of laser
exist to provide this function. All current experiments have to rely on
additional tuning provided by external modulators. In fact, even gen-
erating coherent light using integrated photonics in these wavelength
is quite challenging. In contrast to free-space laser cavities where
nonlinear media can be readily implemented within the resonator to
generate short-wavelength light by frequency conversion*®*, an inte-
grated nonlinear cavity suitable for electrical pumping has so far
remained elusive. In these visible/near-visible applications, integrated
photonics must rely on very challenging design, growth, and proces-
sing developments using new gain media. The resulting difficulties
have presented a bottleneck to on-chip solutions in a wide range of
evolving applications.

In this work, we propose and demonstrate a new family of lasers,
the Pockels laser, to fill these long-standing gaps in the integrated
photonics paradigm. By using lithium-niobate-on-insulator (LNOI)
waveguide elements to form an external cavity, we unite a IlI-V gain
section with the Pockels effect in an integrated laser. This adds several
new capabilities to the toolbox of on-chip lasers including fast on-chip
reconfigurability of a narrow linewidth laser (fundamental linewidth
11.3 kHz) with laser-frequency tuning at a record speed of 2.0 EHz/s, as
well as fast switching at a rate of 50 MHz. On account of the low
required drive voltages, these functions can be directly driven by
complementary metal-oxide semiconductor (CMOS) signals. Further-
more, using an intracavity periodically-poled lithium niobate (PPLN)
waveguide section embedded in one of the Vernier rings, we demon-
strate the first multi-color integrated laser that emits high-coherence
light at telecommunication wavelengths and in the visible band. It is
also the first narrow-linewidth laser with fast reconfigurability at
visible band.

Results

Laser design

The laser structure is shown in Fig. 1a, where a IlI-V reflective semi-
conductor optical amplifier (RSOA) is edge-coupled to an external
cavity on a LNOI chip, forming a hybrid integrated laser™". Lithium
niobate (LN) is well-known for its superior capability in optical mod-
ulation and frequency conversion*? *, A laser cavity built upon it would
enable intriguing laser functionalities significantly beyond the reach of
conventional integrated lasers, as we will show in detail below. To
avoid mode mismatch between the RSOA and LNOI chip, a spot-size
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converter is adopted in the system, obtaining a minimal mode mis-
match between a IlI-V waveguide and a 5-um-wide 600-nm-thick LNOI
waveguide, whose mode profiles are shown in the Methods. To mini-
mize facet reflection, the III-V facet is coated with anti-reflective (AR)
layers, and LNOI's input-facet coupling waveguide is angled by 10
degrees to achieve a reduced reflectivity (around 10% simulated by
FDTD Lumerical) and match the angle of injected light. The reflectivity
can be further reduced by applying AR coating to LNOI’s input-facet.

The LNOI external cavity is a Vernier mirror structure consisting of
two racetrack resonators. The geometry of racetracks and bus wave-
guides are tailored to minimize the number of coupled mode families
to avoid multi-mode lasing. The coupling is carefully selected by taking
the lasing power, laser linewidth, and the tuning speed of the cavity
into consideration. The free spectral range (FSR) of the resonators is
set to be 70 GHz, with a 2 GHz difference between the two resonators,
which corresponds to a Vernier FSR of 2.4 THz'. The shape of the
racetrack is optimized with the trade-off between the electro-optic
(EO) modulation efficiency that requires a long straight section, and
the optical scattering loss that requires a large curvature radius. As a
result, an Euler curve profile is employed to minimize the scattering
loss while maximizing the length of the racetrack. The polarization of
the fundamental quasi-transverse-electric (quasi-TE) mode is aligned
to harness the large Pockels effect of LN (r33 =30 pm/V, d33=19.5 pm/
V*) at the straight section of the racetrack.

To combine versatile functions into one laser structure, each of
the resonators is designed for a different purpose. The first one is
incorporated with a micro heater for broad wavelength tuning via the
TO effect, while the second one is integrated with driving electrodes
designed for high-speed EO tuning. Moreover, the second resonator is
tailored to be compatible with the second harmonic generation (SHG)
process, with a PPLN section embedded directly inside the resonator.
Furthermore, a tunable phase control section is also implemented in
the cavity to align the longitudinal laser cavity mode with the Vernier
mode'’. Benefiting from the large EO Pockels factor in LN, the phase-
control section is operated via the EO effect instead of the commonly
used TO effect’. In contrast to the conventional TO approach that is
slow (kHz-speed), power hungry and suffers from the thermal cross-
talk problem, the EO Pockels approach enables high-speed, energy
efficient, and independent control of individual functionalities as we
will show below. Finally, a Sagnac loop ring is placed at the end of the
device to function as the output end mirror of the laser cavity with the
reflectivity of 30%. The output-facet waveguide is designed for opti-
mized coupling to a tapered fiber for performance characterization, as
shown in Fig. 1b.

Linear performance
A fabricated device is shown in Fig. 1c (see Methods for the details of
device fabrication). The intrinsic quality (Q) factors of the racetrack
resonators are around 1.2 million, while the external coupling Qs are
much lower, varying from 5.0 x 10* to 1.5 x 10°, which determine the
loaded Qs of the device. The laser light-current-voltage (LIV) curve
measurement is performed for the lasing mode at 1581.12 nm, which
has a threshold current of 80 mA and an on-chip power of around
3.7mW at 200 mA, as shown in Fig. 2a. The highest on-chip power
measured from this device can reach more than 5.5 mW by adjusting
the Vernier mirror conditions.

The two racetrack resonators use different coupling structures:
the first one uses a Pulley coupler, but the second racetrack adopts a
straight waveguide coupler for SHG operation at both telecom and
near-infrared wavelengths. Both bus waveguides are designed to work
only for the fundamental quasi-TE mode. Figure 2b shows the details of
these two structures, together with their recorded transmission
spectra. A pulley coupling structure benefits the bandwidth of the
lasing spectrum, but also raises the risk of multi-mode lasing (Fig. 2b,
lower left). Here, the use of the straight coupling design for one

resonator significantly suppresses the mode that is one Vernier FSR
away (Fig. 2b, lower right). With this design, single-mode laser is
achieved, with a high side-mode suppression ratio (SMSR) greater than
50 dB, as shown in Fig. 2c. The coarse wavelength tuning is realized by
thermo-optical tuning a Vernier ring resonator as described above,
with a tuning range of ~20 nm from 1576 nm to 1596 nm which agrees
with the designed Vernier FSR (2.4 THz). The high SMSR is maintained
over the entire tuning range.

The linewidth of the laser is first characterized by a delayed self-
heterodyne method*, with a setup shown in Fig. 2d (details in
Methods). The recorded data is fit by a combination of Lorentzian
and Gaussian distributions, resulting in a Lorentzian linewidth of
15.0 kHz, as shown in Fig. 2e. To confirm the linewidth, we further
applied the correlated delayed self-heterodyne phase noise
method”*® (details in Methods). The recorded phase noise is shown
in Fig. 2f, with the corresponding frequency noise shown in the inset.
The white noise floor of -1.8 x10*Hz*/Hz is found at a frequency
around 3 MHz, which corresponds to an intrinsic linewidth (or Lor-
entzian linewidth) of 11.3 kHz for the laser, further confirming the
narrow-linewidth performance.

Ultrafast frequency tuning and switching of the laser

There is an urgent demand for high-speed frequency modulation
(chirping) of a narrow linewidth laser in various applications. For
example, the current frequency-modulated continuous-wave (FMCW)
LiDAR uses MHz-level laser-frequency-modulation rate with GHz-level
chirping range. Even higher speed reconfigurability is demanded in
applications such as the frequency modulation spectroscopy*’. The
Pockels laser is ideal for this purpose, where the laser frequency can be
fast tuned by electro-optically tuning the phase shifter section. Such
EO tuning of the phase shifter only changes the effective optical path
length of the laser cavity without introducing any loss, offering an
elegant approach for fast frequency tuning without linewidth degra-
dation or parasitic intensity modulation.

To show this capability, we apply a high-speed driving electrical
signal to the phase shifter and monitor the laser-frequency tuning by
beating the laser output with a reference narrow-linewidth laser whose
frequency has a 8.0-GHz initial offset (details in Methods). For a better
illustration of the fine tuning performance via the EO Pockels effect,
the driving electrical signal is in a triangular waveform with a mod-
ulation frequency ranging from 0.1 MHz to 1 GHz and an amplitude of
Vp=3.0V. The heterodyne beat note is recorded and processed by a
short time Fourier transform (STFT). Recorded data are shown in
Fig. 3a for the modulation frequency ranging from 1 MHz to 500 MHz,
together with the deviation of laser-frequency modulation linearity
(details in Methods). As shown in the figure, the waveform of laser-
frequency modulation follows faithfully that of the driving electrical
signal (dashed curves) at all frequencies, with a nonlinearity less than
10% for the modulation frequency up to 500 MHz. As shown in Fig. 3b,
with a lower driving voltage of Vp=2.0V, the nonlinearity of laser-
frequency modulation can be reduced to 3%. In Fig. 3a, the resolution
of the spectrogram degrades with increased modulation speed, which
is simply due to the limited sampling rate of the oscilloscope used to
record the laser beating signal.

As shown in Fig. 3¢, the amplitude of laser-frequency modulation
remains at a fairly constant level across the broad range of modulation
frequency up to 600 MHz, with a value in the range of (1.6-2.0) GHz
that corresponds to a tuning efficiency of (0.26-0.34) GHz/V. As a
result, the laser-frequency modulation rate increases nearly linearly
with modulation speed, as shown in Fig. 3d, reaching a value of
2.0 EHz/s (2.0 x10'® Hz/s) at the modulation frequency of 600 MHz.
The frequency modulation rate starts to saturate when the modulation
frequency increases beyond 700 MHz, simply because the modulation
speed reaches the photon lifetime limit of the laser cavity (estimated to
be -0.2 ns), leading to a degradation of EO tuning efficiency (Fig. 3c).
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Fig. 2 | Power, linewidth, and wavelength tuning characteristics of the laser.
aMeasured LI and IV curves of the laser. b Schematic of the Vernier ring structure:
the left one with pulley coupling and the right one with straight coupling repla-
cing the output pulley bus waveguide. Second row: Measured transmission
spectrum of both pulley and straight coupling. Third row: Simulated transmission
spectrum of the Vernier structure output. Left: with pulley coupling applied to all
ports. Right: with output port replaced by straight coupling. Red dashed lines
show the power transfer limited by the coupling rate. ¢ Thermal-optic tuning
spectrum of the laser wavelength recorded by an optical spectrum analyzer.

d Setup schematic of delayed self-heterodyne phase noise measurement. AOM:

acoustic-optical modulator. OSC: real-time oscilloscope. ESA: electrical signal
analyzer. e Noise spectrum of laser measured by sub-coherence delayed self-
heterodyne measurement. The curve is fit by a combination of Lorentzian and
Gaussian distribution. y is the half width of the half maximum of Lorentzian
distribution. f Noise spectra of laser measured by correlated delayed self-
heterodyne measurement. The dark blue line is the phase noise signal measured
by a real-time oscilloscope. The light blue line in the inset shows the frequency
noise signal derived from the phase noise. A white noise floor is highlighted by the
dashed red line correspondingly in both plots. The dashed rectangular box
indicates the frequency range corresponding to the inset figure.

The laser-frequency modulation of our laser is fairly independent
of intensity modulation, since with direct phase modulation inside the
cavity, the intensity variation of the laser is merely caused by the mode
mismatch between the cavity longitudinal mode and the Vernier
mode, which is fairly small within the bandwidth of the Vernier mode.
This feature is shown in Fig. 3e, which also plots the time-frequency
spectrogram with a zoom-in amplitude range. It shows clearly that a
continuous signal is observed, with a small amplitude variation less
than 10%. This is in strong contrast to other frequency modulation
approaches such as current modulation of diode laser that suffer from
the considerable coexisting intensity modulation, undermining the
quality of related applications. The residual intensity modulation in
our laser can be further suppressed by a coordinated EO tuning of both
the phase shifter and the Vernier ring resonator.

In addition to the pure frequency modulation shown above, the
Pockels laser also allows a fast on-off switching of the lasing mode. This
pure intensity modulation is realized by applying a square wave to
electro-optically drive the racetrack resonator (instead of the phase
shifter as done above. Details in Methods). The consequential mode
mismatch between two resonators introduces rapid degradation of

Vernier mode, resulting in drastic change of the intracavity loss, which
enables an on-off behavior of laser, acting as a high-speed switch. As
shown in Fig. 3f, with applied modulating frequencies ranging from
0.1 MHz to 50 MHz, both on- and off-states can be observed distinctly
with a 10-90% rise and fall times around 3 ns, limited by the speed of
the applied driving signal (see Methods). The switching performance
degrades when the modulation frequency increases beyond 50 MHz,
which is likely due to the oscillatory nature of the laser during cavity
mode stabilization®.

Further increase of the amplitude of the driving electrical signal
would trigger the second adjacent lasing mode, leading to intriguing
fast laser mode switching. Fig. 3g shows this phenomenon, where the
amplitude of the driving square wave is increased to Vp=4V, a value
adequate to switch the laser between two lasing modes with one FSR
apart. To observe the switching behavior, the laser output is separated
by a wavelength-division multiplexer (WDM) into two channels at
different wavelengths to monitor the dynamics of the individual lasing
modes (details in Methods). As shown in Fig. 3g, the switching between
the adjacent laser modes is observed with a clear rising edge around
3ns. The quality of signal is limited by the requirements of
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Fig. 3 | High-speed tuning and switching characteristics of the laser. a Time-
frequency spectrograms of the beat note between the Pockels laser and a reference
diode laser, at different modulation frequencies. The red dashed lines show the
triangular waveforms of the driving electrical signal (with an amplitude of Vp=3V)
(The slight waveform distortion is induced by the limited bandwidth of a RF
amplifier used to boost the electrical signal. See Methods for details). The lower
panel shows the deviation of signal compared to the modulating triangular ramp.
b Time-frequency spectrogram of the beat note with a smaller driving voltage of
Vp=2V. ¢ The recorded laser-frequency (LF) tuning efficiency of the laser fre-
quency. The red shaded area indicates the frequency range beyond the photon
lifetime limit of the laser cavity. The error bars indicate the processing uncertainty

of STFT at high frequency caused by the measurement setup limitation. d Recorded
laser frequency modulation rate. Red dashed line highlights the level of 1EHz/s.

e Time-frequency spectrogram of the beat note signal with a modulation frequency
of 600 MHz and a driving voltage of V=3 V. The lower one shows the same
spectrogram but with a zoom-in amplitude range of 90-100%. f On-off intensity
switching waveform of the laser (top row) at different modulation frequencies. The
corresponding driving electrical signal is shown in the bottom row, with an
amplitude of Vp=3 V. g Left: Schematic shows the switching between adjacent
Vernier lasing mode in red and dark blue curve with the applied electrical signal
shown on the bottom. Right: Recorded waveforms of the two lasing modes, at a
modulation frequency of 1MHz and 50 MHz.

synchronous control on the phase shifter for longitudinal mode
alignment, which can be implemented in future work. The fast wave-
length switching demonstrated here is of great potential for applica-
tion in data communication and access networks.

Dual wavelength laser

In traditional integrated photonics, SHG can only be pumped using an
external laser, which is complicated to operate, and difficult to achieve
fast reconfigurability. Here, for the first time, we incorporate PPLN
directly into the integrated laser cavity, which enables inherent SHG by
the integrated laser itself, significantly reducing the system complexity
as shown in Fig. 4a. Moreover, the strong intracavity laser power
compared to the laser output can further enhance the SHG process.
The resonance matching between the fundamental frequency (FF) and
second harmonic (SH) modes for the SHG process is precisely con-
trolled by the temperature of the laser chip (TEC in Fig. 1b). As soon as
the device starts to lase at 1581.12 nm, the produced SH is readily visible
at the output facet of the laser chip, as shown in Fig. 4b. The spectra of
the fundamental telecom laser and the frequency-doubled visible wave
are shown in Fig. 4c, showing a dual-wavelength lasing behavior. The
recorded laser output at both wavelengths are plotted in Fig. 4d, which

shows a clear quadratic power dependence between the two colors, an
intrinsic nature of the SHG process™.

One great advantage of Pockels laser is the capability to incor-
porate wavelength converters inside the laser cavity, thus offering fast
reconfigurability of the visible light simply by manipulating its telecom
pump laser as shown in the previous section. Here we show the MHz-
level switching of visible light that is particularly important for atomic/
ion trapping experiments to conduct the imaging light controlling,
optical pumping and brief laser cooling steps, but didn’t exist in pre-
vious integrated photonic approaches. In this experiment, we apply a
square-wave driving signal to modulate the lasing cavity, as done in
Fig. 3f, and monitor the waveform of the frequency-doubled light
(details in Methods). As shown in Fig. 4e, the on-off switching is clearly
observed with a modulation frequency from 0.1 MHz to 10 MHz, with
waveforms closely following those shown in Fig. 3f. Such a switching
speed can satisfy the speed requirement of almost all the atom/ion
manipulating experiment.

The current two-color laser exhibits a wavelength tunability of
~10 nm. The details are provided in the Method section. The intracavity
PPLN can be further engineered for broadband phase matching to
cover the entire lasing wavelength range of the fundamental wave,
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Fig. 4 | Performance of the dual-wavelength laser. a Schematic of the SHG pro-
cess implemented in the resonator. b Optical microscope image of the produced
SHG light at the output facet of the laser chip. ¢ Optical spectra of the fundamental-
frequency lasing mode (top) and the up-converted light at the second harmonic

(bottom). d Recorded power dependence between the laser outputs at the telecom
wavelength and in the visible. The solid curve shows a quadratic fitting to the
recorded data (solid dots). e On-off switching waveform of the SH light at different
modulation frequencies.

which would enable a broadly tunable operation of the two-color laser.
On the other hand, the power of the produced SH light can be further
increased by optimizing the coupling efficiency between the RSOA
and the LN chip, which is currently relatively low and limits the intra-
cavity lasing power at the fundamental frequency. The SH power can
also be increased by implementing longer sections of PPLN inside the
cavity to enhance the SHG efficiency. Moreover, the SHG efficiency can
be increased by optimizing the external coupling Q of the resonator at
both fundamental and second harmonic wavelengths.

Discussion

Besides the performances we presented here, the implementation
of the Pockels effect into integrated laser can lead to more novel
functionalities compared to previous integrated lasers. The cap-
ability of fast laser-frequency reconfigurability by the EO effect,
combined with the intensity modulation by varying the current,
potentially can enable fully integrated optical arbitrary waveform
generator (AWG) on chip for communications and microwave
photonics. The cavity design can be further optimized by engi-
neering the quality factors of the ring resonators to support much
higher speed modulation, while maintaining a narrow linewidth at
the same level with those of current ECDLs. Furthermore, by
changing the design of the PPLN inside the resonator, the pump
can be frequency converted to a much broader spectrum range,
through cascaded sum frequency generation to shorter wave-
length at green or blue, or optical parametric oscillator to mid-IR
wavelength. Such flexible wavelength generation on-chip can
significantly relieve the difficulties in material growth and device
processing of different laser epi structures. We also expect that,
with the advance of fabrication in increasing the integration level
(heterogeneous integration), a fully integrated, foundry-based
solution for this new type of laser will show up in the near future.

In summary, by hybrid integration of a LN external cavity with alll-
VRSOA, we demonstrated the first integrated Pockels laser. The device
exhibits a great reconfigurability based on the EO effect, featuring a
record-high laser-frequency modulation speed of 2.0EHz/s and
switching speed up to 50 MHz. This exceptional performance affords a
promising solution to LiDAR and many other applications. Moreover,
by incorporating the high nonlinear frequency conversion capability of
LN, the first integrated multi-color laser with telecom and its SHG
wavelength output is realized. The further combination of these two
functions helps to demonstrate fast switching of the wavelength
converter with up to 10 MHz speed, paving the path to applications of
integrated light sources for atomic physics, AR/VR and sensing.

The demonstrations in this work not only extend the applications
of the LNOI platform, but more generally, provide a solution to various
problems in nanophotonics. They also provide a design path to multi-
color fully integrated systems with various functionalities. Such sys-
tems have many potential applications in nonlinear optics, optical
signal processing systems, quantum photonics and optical
communications.

Methods

Device fabrication

The devices were fabricated on a 600-nm-thick x-cut single-crystalline
LN thin film bonded on a 4.7-um silicon dioxide layer sitting on a silicon
substrate (from NanoLN). The waveguide and racetrack structures are
patterned by ZEP-520A positive resist via electron-beam lithography;
an Ar* plasma milling process is used to transfer the pattern to the LN
layer with the etch depth of 300 nm. The resist was removed by the
solvent 1165 resist remover afterward. The metal electrode layer
(10 nm Ti/500 nm Au) was patterned by PMMA and deposited by an
electron-beam evaporator, then formed by an overnight lift-off pro-
cess. Finally, the devices were diced and polished to minimize the edge
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Fig. 6 | Characterization of the linearity of laser frequency modulation. The first
row shows the recorded waveform of the electrical signal used to drive the phase
shifter, together with its deviation to a perfect triangular waveform (induced by an
RF amplifier) defined as Deviation 1. Because of the periodicity of the signal,
Deviation 1 is fully represented within one modulation period, which is obtained by
averaging it over multiple modulation periods to have a better accuracy. The

periodic waveform of Deviation 1 is thus obtained by duplicating it over multiple
modulation periods in time, as shown in the shaded region. The second row shows
the waveform of laser frequency modulation retrieved with STFT from the recor-
ded laser beat note. Deviation 2 shows its difference from a perfect triangular
function, normalized by the peak-peak amplitude. The last row plots the difference
between Deviation 2 and Deviation 1.

coupling loss. The propagation loss is measured to be ~0.3 dB/cm at
telecom band and -~1.5 dB/cm at visible band (calibrated at 760 nm),
derived from the optical Qs characterized in both bands.

Spot size converter

The mode mismatch can cause enormous insertion loss between the
RSOA and LNOI chip, which degrades the output power of laser ser-
iously. To resolve this potential issue, we introduce a spot-size con-
verter to the system to match the mode profile at the edge of the
RSOA. A minimal mode mismatch is found by the implementation of
an input waveguide with 5 um width and 600 nm thickness of LN thin

film, simulated by an FEM software, as shown in Fig. 5. With an etch
depth of LN over 200 nm, minor variation of the matching efficiency is
observed, allowing us to employ it to various designs simply. The
estimated edge-coupling loss is around 3-4 dB.

Laser linewidth measurement

As shown in Fig. 2d, the lasing signal passes a 50:50 splitter. One optical
path is delayed by a 40-km-long fiber delay line, while the other is
modulated by an acoustic-optic modulator (AOM) at 55 MHz. The 40-
km delay line realizes a low linewidth measurement down to 5kHz,
while the AOM is used to apply a frequency detuning to the signal,

Nature Communications | (2022)13:5344



Article

https://doi.org/10.1038/s41467-022-33101-6

. t
a Lasing \_\g‘f‘%

M Triangular Wave —
T o I
- |
g %— T T >
= €4 ! Beat-note !
S
Zz <

| |

> [ I
224 STRT !
v c
1% |
v i ; !
. Time

A

Square Wave

5 2 | Modulated Signal
gL LI La
S<tb-—m-- T . s

I S S

Time
Lasing Light In Lasing Light In (- ©00o0oO0
ECDL ' 00 o0o0o0
50 : 50 High Speed Real Time High Speed Real Time
Splitter ~ Detector Oscilloscope WDM Detector Oscilloscope

Fig. 7 | Experimental setup for high-speed tuning and switching of the laser.
a Right: Schematic of device with probes placed for high-speed characterization.
Dashed lines are used to highlight the operating units. Up Left: Schematic of signal
waveforms for laser frequency modulation. Top: triangular electrical signal to drive
the phase shifter; middle: laser beat note; bottom: time-frequency spectrogram
retrieved by the STFT. Down Left: Schematic of signal waveforms for laser-mode

switching. Top: square-wave electrical signal to drive the Vernier ring resonator;
Bottom: the produced waveforms at two lasing modes. STFT: short time Fourier
transform. b, ¢ Schematic of experimental setup to record the laser beat note and
the laser-mode switching, respectively. ECDL: external cavity diode laser; WDM:
Wavelength-division multiplexer.

resulting in a radio frequency after recombination, which is relatively
free from technical noise from electronics, vibrations, and other
environmental factors. The signals are recombined by a 50:50 coupler
and detected by a high-speed photodetector, then analyzed by an
electrical signal analyzer. The recorded data is fit by a combination of
Lorentzian and Gaussian distributions, resulting in a Lorentzian line-
width of 15.0 kHz, as shown in Fig. 2e.

For the correlated delayed self-heterodyne phase noise
measurement'”*%, The experiment setup is similar to the previous one
as shown in Fig. 2d, except that the optical path is delayed by a 1-km-
long fiber line, and the signal is processed using a real-time oscillo-
scope. The measured phase noise is shown in Fig. 2f. The frequency
noise is calculated from the phase noise, as shown in the inset of Fig. 2f.
The white noise floor of -1.8 x10*Hz*Hz is found at a frequency
around 3 MHz. This value can be multiplied by 2m to indicate the
intrinsic linewidth, or Lorentzian linewidth of the laser, which is
11.3 kHz in this case. The loaded optical Q of this device is measured to
be ~7.0 x 10*. As a comparison, we recorded a larger laser linewidth of
41kHz for another laser device with a lower optical Q of -2.5x10% A
higher loaded Q results in a narrower laser linewidth, which can be
further improved in the future work.

Characterization of the linearity of laser frequency modulation
The laser frequency modulation is realized by electro-optically mod-
ulating the phase shifter of the device. The electrical driving signal with

atriangular waveform is generated by a high-speed arbitrary waveform
generator (AWG) (Keysight M8196A) and is amplified to aimed voltage
amplitudes by a wide-band RF amplifier before it is applied to the
phase shifter. Its waveform is shown in the first row of Fig. 6. Due to the
limited bandwidth, the RF amplifier introduces certain distortions to
the signal waveform. We first characterize such distortion by com-
paring the signal waveform with a perfect triangular waveform. Their
difference, normalized by the peak-peak amplitude, is defined as
Deviation 1 and is shown in the first row of Fig. 6, which quantifies the
magnitude of waveform distortion of the electrical driving signal.
Deviation 1 serves as the reference to characterize the linearity of laser
frequency modulation (see below). Since the signal waveform is purely
periodic, the waveform of Deviation 1 can be fully represented within
one modulation period. To have a better accuracy, it is obtained by
averaging over multiple modulation periods.

The beat note between the Pockels laser and the reference ECDL is
recorded by a real-time oscilloscope (Keysight UXR0334A), as illu-
strated in Fig. 7b. The recorded signal is processed by STFT to retrieve
the time-frequency spectrogram which is shown in the second row of
Fig. 6. It is compared with a perfect triangular waveform, and their
difference, normalized by the peak-peak amplitude, gives Deviation 2
which is also shown in the second row of Fig. 6. The difference between
Deviation 2 and Deviation 1 thus characterizes the linearity of laser
frequency modulation. The waveform is shown in the third row of Fig. 6
(also in Fig. 3a, b of the main text). As can be seen from the figure, the
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net deviation is less than 10% at all measured frequencies, indicating a
high linearity of laser frequency modulation over a large frequency
tuning range. Moreover, of one’s preference, a higher linearity can be
achieved by sacrificing the tuning range as shown in the first column of
Fig. 6, where a 3% deviation is obtained with a 1.2-GHz detuning range.

Switching performance characterization
The lasing mode switching behavior is explored by the setup shown in
Fig. 7. A square wave is produced by a function generator (Keysight
22621A) and applied to the electrodes sitting beside the resonator. By
controlling the wavelength mismatch between two resonators, the las-
ing mode can be switched from one to another at minimum and max-
imum values of the square wave respectively as shown in Fig. 3g. The
laser output signal is then divided by a WDM into separated wavelength
channels which are then converted to electrical signals by two inde-
pendent photodetectors and recorded by a real-time oscilloscope.
The dual-wavelength switching experiment is implemented with a
similar setup in which the WDM now separates the fundamental and
SH light and one of the photodetectors works for the visible band
(Thorlabs APD130A). For the recorded switching signals, the rise/fall
time of the fundamental wave is defined by the bandwidth of the
function generator. However, the rise/fall time of the SH wave is lim-
ited by the bandwidth of the visible-band detector (-15 ns) which is also
responsible for the overshoot/undershoot on the recorded waveforms
shown in Fig. 4e.

Wide bandwidth dual wavelength laser

Our laser exhibits wide tunability realized by thermal optical effect,
allowing uniform lasing power as show in Fig. 2c and the top of Fig. 8. To
further achieve wide tuning range at visible wavelength, we tailored the
design of PPLN resonator, and obtain a theoretical phase matching
window at 1575 nm with over 20 nm bandwidth. By combining them
together, the fundamental and second-harmonic modes in the reso-
nator are quasi-phase matched over a broad band, leading to an
extremely strong nonlinearity effect within the cavity. The generated
visible lights are observed and recorded from the same device in the
bottom of Fig. 8, which proves the wide tunability of our laser at visible
band over 10 nm. The slight power variation of the SH light can be
further optimized in the future by modifying the coupling strength at
SH resonances of the PPLN resonator.

Data availability
All data are available in the main text or the Methods.
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