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ABSTRACT
High-speed laser frequency actuation is critical in all applications employing single frequency lasers or

frequency combs, and is prerequisite for phase locking, laser stabilization and stability transfer among mul-
tiple optical carriers. Here, we demonstrate such capability for initiation, tuning and stabilization of soliton
microcombs, by monolithically integrating piezoelectric AlN actuators on ultralow-loss Si3N4 photonic circuits.
The integrated AlN actuators feature bi-directional tuning with high linearity, operate with only 300 nW
power and exhibit flat actuation response up to megahertz frequencies, significantly exceeding bulk piezo
tuning bandwidth. This capability can be used to demonstrate soliton-based source for parallel continuous-
wave frequency-modulated LiDAR, via synchronously tuning laser and microresonator. Our approach endows
soliton microcombs with integrated, ultralow-power-consumption, and fast actuation, significantly expanding
the repertoire of technological applications.
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INTRODUCTION

In recent years there has been major progress in soliton microcombs which constitute chip-scale, broadband,
high-repetition-rate coherent frequency combs. Silicon nitride (Si3N4) [1], [2] has emerged as a leading platform
for integrated soliton microcomb generation, based on which several system-level applications have been
demonstrated. For many applications of frequency combs, the ability to achieve megahertz locking-bandwidth
of comb teeth (i.e. the repetition rate), is critical. This includes e.g. optical frequency synthesis, low-noise
microwave generation via frequency division, or dual-comb spectroscopy. While femtosecond laser combs have
developed a wide range of high-bandwidth actuators within the laser cavity, measurement-based feedback of
chip-based soliton microcombs still relies on off-chip, bulk AOM or EOM that actuate on the pump laser.
There have been limited solutions for optical modulation on Si3N4 waveguides, e.g. based on electro-absorptive
graphene and ferroelectric lead-zirconate-titanate (PZT) [3], [4], [5]. However these methods have not been able
to maintain or achieve simultaneously ultralow optical loss (∼ 1 dB/m) in Si3N4 waveguides. Therefore, currently
employed integrated actuation techniques for soliton microcombs rely primarily on metallic heaters [6], [7],
which have only kilohertz actuation bandwidth. In addition, heaters exhibit uni-directional tuning, and typically
consume electrical power exceeding 30 mW, comparable to the threshold optical power for soliton formation
in state-of-art integrated devices [8], [9], [10], and are not compatible with cryogenic operation.

RESULTS

Here we overcome the challenges mentioned above, and demonstrate integrated piezoelectric actuators based
on aluminium nitride (AlN), a commercial MEMS technology to build microwave filters and oscillators. The
AlN actuators are monolithically integrated on ultralow-loss Si3N4 waveguides fabricated using the photonic
Damascene reflow process [11]. In this hybrid structure, the Si3N4 microresonators feature a preserved, intrinsic
quality factor (Q0) exceeding 15× 106, similar to previous reported value in bare Si3N4 microresonators [11].
Figure 1(a) shows the microscope image of the fabricated device, and the schematic of soliton microcomb
generation in this device. A frequency-fixed or narrow-band tunable CW laser is coupled into the Si3N4

microresonator, and soliton is initiated by inducing and tuning the strain in the Si3N4 waveguide. Such strain is
generated by applying a voltage and deforming the AlN actuator by the inverse piezoelectric effect. Figure 1(b)
shows the low-speed (DC) tuning curve, and the average linear tuning coefficient at DC is δν/δV = 15.7 MHz/V.
Note that, this resonance tuning is bi-directional, determined by the sign of the applied voltage, in contrast to
the thermal tuning using heaters which is uni-directional.

We next demonstrate that the AlN actuator enables voltage-controlled soliton initiation, switching, and
tuning. Figure 1(c) shows the recorded effective laser-resonance detuning and soliton detuning using a vector
network analyser. The resonance is initially forward-tuned to the laser (0 V→ 71 V), and subsequently generates
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Figure 1. (a) Microscope image of the sample, and schematic of soliton generation this device. (b) Resonance shift versus applied voltage
of a TE00 resonance at 1556 nm. (c) Soliton detuning control via AlN actuation. (d) Different soliton states with different voltage applied
on the AlN actuator.

a primary comb (PC, 71 V), modulation instability (MI, 81 V), and finally a multi-soliton state (MS, 85 V).
Next, the AlN voltage is reduced such that the backward tuning enables switching to the single soliton state (SS,
79 V). The soliton detuning, as well as the spectral bandwidth, is further increased by increasing the voltage
(90 V), as shown in Fig. 1(d). Because the AlN actuator is an excellent capacitor, the current to operate the
AlN actuators at high voltage is measured as ∼ 2 nA, corresponding to less than 300 nW power consumption
at 150 V voltage.

Finally, we show that the AlN actuator allows fast modulation of the microresonator, and can be utilized to
stabilize the soliton repetition rate. As the soliton repetition rate, νrep = 191 GHz, is not directly measurable, we
utilize an electro-optic frequency comb (EO comb) of 14.6974 GHz line spacing, and measure the beat signal
between the first line of the soliton microcomb and the 13th line of the EO comb. The schematic is shown in
Fig. 2(a). Both combs, the microcomb and EO comb, are generated with the same pump laser. The measured
beat signal is further compared to a reference microwave signal of 60.0 MHz, and the error signal is applied
directly on the AlN actuator, such that the actuation on the microresonator stabilizes the soliton repetition rate
to the EO comb line spacing. Figure 2(b, c) compares the measured phase noise of the beat signal between the
first line of the soliton microcomb and the 13th line of the EO comb, in the cases of free-running and locked
states. The locking bandwidth, determined by the merging point of two phase noise curves, is 600 kHz. It is
important to emphasize that this is a record bandwidth for piezoelectric optical frequency actuators, compared
to conventional lasers where the piezo response is typically limited to few kHz (similar to integrated heaters of
few kHz bandwidth).

As an application, the AlN actuator can be a key component for a soliton-based, parallel, frequency-
modulated continuous-wave (FMCW) LiDAR [12]. This is realized by using the AlN actuation on the mi-
croresonator, such that the microresonator resonance νc is modulated synchronously to the pump frequency νL.
This results in transferring the pump frequency chirp to all soliton comb teeth. Combined with diffractive optics
that disperses multiple frequency lines, this approach to FMCW LiDAR allows high-speed parallel acquisition
of both velocity and position in each pixel. The experimental details and results are found in Ref. [13]
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Figure 2. (a) Schematic of soliton repetition rate stabilization using an EO comb with 14.6974 GHz line spacing. (b) Measured beatnote
signal of the first line of the soliton microcomb and the 13th line of the EO comb, in the cases of locked and unlocked (free-running)
states. (c) Measured phase noise of the beat signal.



CONCLUSION

In conclusion, we demonstrate integrated piezoelectric control of soliton microcombs, by monolithically
integrating AlN actuators on ultralow-loss Si3N4 waveguides. This novel capability not only benefits existing
applications, but also allows synchronous scanning of the pump laser and photonic microresonator, as required
for massively parallel FMCW LiDAR. While polycrystalline AlN is used in our current work, the operation
voltage can be reduced by more than ×2 using scandium-doped AlN. By future co-integration of CMOS
electronic circuitry on a closeby die, compactly packaged soliton microcombs with rapid electronic actuation
is attainable.

The full results of this work are available in Ref. [13].
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