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The wide range of functions that are possible with lithium niobate (LN) waveguide devices, including phase and
intensity modulation, second-harmonic generation, and difference-frequency generation, makes it attractive as a
potential microcomb material. LN microcombs would combine essential comb self-referencing and control functions
with the pulse generation process in a single microresonator device. Here, we demonstrate a soliton microcomb in a
monolithic high-Q LN resonator. Direct frequency doubling of the soliton spectrum is observed inside the same
cavity. The LN soliton mode-locking process also self-starts and allows bi-directional switching of soliton states, effects
that are shown to result from the LN photorefractive effect. The Kerr solitons exhibit a self-frequency shift resulting
from the Raman effect of LN. This microcomb platform can dramatically simplify miniature time keeping, frequency
synthesis/division, and spectroscopy systems. Moreover, direct generation of femtosecond timescale pulses within LN

microresonators can benefit quantum photonics and signal processing systems.
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1. INTRODUCTION

On-chip generation of optical frequency combs via Kerr nonlin-
earity has attracted significant interest in recent years [1], and the
use of these devices for comb systems on a chip is being studied
across a wide range of applications, including spectroscopy [2,3],
communications [4], ranging [5,6], frequency synthesis [7], astro-
combs [8,9], and optical clocks [10]. The recent realization of
mode locking of Kerr microcombs [11], wherein the comb lines
are mutually phase locked to form a stable soliton pulse train
in time, is crucial for all of these applications. First observed
in optical fiber systems [12], these coherently pumped solitons
have now been demonstrated in microresonators made from silica
[13,14], magnesium fluoride [11,15,16], silicon [17], and silicon
nitride [16,18-21].

In this work, we report generation of Kerr solitons in high-Q
lithium niobate (LN) resonators [22]. LN is of considerable in-
terest for its versatile properties, including electro-optic as well as
nonlinear optical effects [23—32]. The combination of these prop-
erties with stable soliton mode locking significantly amplifies the
functionality of soliton microcombs and could potentially enable
monolithically integrated comb systems as shown in Fig. 1(a).
Moreover, another property of LN that has attracted somewhat
less attention (the photorefractive effect [33,34]) is shown to
provide important new soliton microcomb features including
bi-directional switching control of multi-soliton states as well
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as self-starting. Finally, the Raman-induced self-frequency shift
of soliton pulses is characterized.

2. MODE-LOCKED SOLITON STATES

To demonstrate both soliton generation as well as the self-starting
feature, we employ a z-cut LN microresonator [Figs. 1(b) and
1(c)] with a loaded optical Q factor of 2.2 x 10° and a free-spectral
range (FSR) of 199.7 GHz. Devices were dispersion engineered by
control of a waveguide cross section to create anomalous group-
velocity dispersion of D, /(27) = 1.76 MHz in the telecom band
[Fig. 1(d)]. Details on the experimental setup as well as device
characterization are provided in Supplement 1. Pump power of
33 mW is coupled onto the chip. The produced comb power
[Figs. 1(e) and 1(f)] is monitored for pump frequency scanning
in both tuning directions, which shows discrete steps, a signature
of soliton mode locking. Single and multi-soliton states were
readily observable—by stopping the laser at different steps. A
single-soliton spectrum (mode spacing matches the resonator FSR),
recorded at the first power step in Fig. 1(e), is shown in Fig. 1(g)
and exhibits a smooth sech’-shaped spectral envelope with a
3-dB bandwidth of ~27.9 nm. A two-soliton state spectrum is
shown in Fig. 1(h), measured at the second power step in Fig. 1(e).
It features a sinusoidal modulation with a period of 12 nm that
is super-imposed on the sech?-shaped spectral envelope.
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Lithium niobate microresonator and mode-locked Kerr solitons. (a) Conceptual schematic of a lithium niobate nanophotonic circuit that

enables all essential functions for a soliton comb system integrated on a single chip. These include soliton pulse generation, frequency doubling for
self-referencing, and potential electro—optical control of the pump. (b) Scanning electron microscope image of a z-cut LN microring with a radius
of 100 pm. (c) Schematic of the waveguide cross section of the microring. (d) Measured dispersion D, plotted versus mode number for the soli-
ton-forming mode family. See Supplement 1 for details. (e), (f) Comb power versus frequency tuning when the pump laser frequency is scanned from
red to blue (e) and blue to red (f) across the pump resonance. The laser power is 33 mW on chip. The shaded red and blue regions correspond to
approximate red-detuned and blue-detuned regions, respectively. (g), (h) Optical spectrum of the single-soliton (g) and two-soliton (h) state, respectively,
measured at the first and second steps of the comb power in (e) (indicated by gray arrows). In (g), the red curve is a fitting to the theoretical sech? soliton
spectral envelope. The left inset shows the corresponding FROG trace. The right inset shows the spectrum of a heterodyned beat note.

To further verify the single-soliton state at the first power
step, we characterized the temporal waveform of the output pulses
by frequency-resolved optical gating (FROG). As shown in the
left inset of Fig. 1(g), the recorded FROG spectrogram gives
pulse waveforms with a period of 5 ps, corresponding to the
round-trip-time of the microresonator. To further characterize
the coherence of the comb lines, a tunable external cavity diode
laser was heterodyned with a microcomb line at ~1566.8 nm.
The beat note exhibited a signal-to-noise ratio greater than
40 dB indicating the high coherence of the comb lines [right inset
of Fig. 1(g)].

Accessing the soliton regime from the red detuning side as ob-
served here has not been reported before and allows the soliton
regime to be entered without the need for triggering techniques
[1]. As we will show below, this is enabled by the photorefractive
effect of LN, which allows the soliton mode locking to self-start.
On the other hand, when the pump frequency is scanned from
blue-detuned frequencies across the resonance, the step formation
is not observed until the pump frequency enters into the red-
detuned regime [Fig. 1(f)], at which point the power steps
correspond to the first few steps in Fig. 1(e).

3. SECOND-HARMONIC GENERATION

LN exhibits a significant quadratic optical nonlinearity that can
enable frequency up-conversion of the Kerr solitons inside the
cavity, leading to a bi-chromatic soliton microcomb. This conver-
sion is readily visible in the light scattered from the resonator as
captured by a camera and spectrometer. As shown in Fig. 2(a),
before the soliton microcomb is produced, the pump laser
launched into the cavity generates only a small amount of
second-harmonic (SH) scattered light. However, when the
soliton is formed [Fig. 2(b)], its high peak power enhances the
up-conversion process, resulting in a brighter image of the scat-
tered SH light. Moreover, the SH spectrum exhibits an overall
sech? shape. Figure 2(c) shows the SH signal produced from
a soliton crystal [14] having a mode spacing of 6.4 nm
(~800 GHz), four times that of the single-soliton state. The over-
all power of the soliton crystal is higher inside the cavity resulting
in higher SH power generation and a considerably brighter image
of the scattered light. The SH spectrum again exhibits a clear
sech? shape. Frequency up-conversion of Kerr combs has been
explored in various microresonators [35-37]. However, so far,
up-conversion of Kerr solitons has not been demonstrated.
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Fig. 2. Second-harmonic generation. (a) Optical spectra and device image before comb generation. (b) As in panel (a) but for a single-soliton state.
(c) As in panel (a) but for a soliton crystal state. In all figures: left panel is the optical spectrum in the telecom band, recorded with a resolution of 0.05 nm;
middle panel is the optical spectrum of generated second harmonic, recorded with a resolution of 0.15 nm; and right panel is the optical microscope image
showing second-harmonic scattering from the resonator. The pump power is 23 mW on chip. In the produced second-harmonic combs (middle panels),
the comb line spacing is ~200 GHz and 800 GHz, respectively, for (b) and (c).

The bi-chromatic soliton microcombs observed here show that
the LN soliton resonators have great potential for realizing direct
on-chip f-to-2f signal generation, which is essential for comb
self-referencing.

The coupling waveguide in the current device was designed for
operation in the telecom band, and accordingly exhibits very low
coupling efficiency for the SH signal. This also makes it challeng-
ing to identify the exact nature of the cavity modes associated
with the produced SH combs. The SH coupling efficiency can
be significantly improved with future optimization of the
coupling-waveguide design [36].

4. SELF-STARTING AND BI-DIRECTIONAL
SWITCHING OF SOLITON STATES

The processes for triggering the soliton mode-locked state and for
switching between states having different soliton numbers are
complicated by the presence of a well-known thermo-optic effect
in high-Q resonators [38]. Accessing the soliton state has there-
fore prompted introduction of several techniques for power
and frequency control so as to trigger and stabilize solitons
[11,16,19,39]. Also, methods for deterministic control of soliton
number through backward tuning have been developed as a direct
result of the thermo-optic effect [16]. This form of tuning control
is, however, unidirectional, meaning that the soliton number can
be decreased only from an initial larger value that is itself deter-
mined by a stochastic process.

This situation is very different in the LN system. Here, the
photorefractive effect causes an intensity-dependent decrease in
refractive index [33,34] (opposite to that induced by the
thermo-optic effect), and moreover the thermo-optic coefficient
of the ordinary polarization in LN is relatively small around room

temperature [40]. Therefore, if a microresonator is fabricated on a
z-cut LN wafer, the quasi-transverse-electric (quasi-TE) cavity
modes [Figs. 1(b) and 1(c)] will exhibit an optical bistability that
stabilizes operation of the pump for red-detuned frequencies
relative to the cavity resonance, as illustrated by the blue curve
in Fig. 3(a). The inset of Fig. 3(a) shows a clear example. At
the higher power level, the resonance features a triangular shape
versus increasing pump frequency, opposite to that induced by
thermo-optic nonlinearity [38]. As described in more detail
below, this characteristic eliminates the well-known triggering
problem in soliton microcombs, enabling soliton generation by
tuning the pump directly into the red-detuned region [see
Fig. 3(a)], i.e., without the need for any external triggering or
high-speed frequency scanning mechanisms.

Of particular interest is that the stabilization introduced by the
photorefractive effect enables bi-directional switching between
different soliton states, a phenomenon that has so far been chal-
lenging in other soliton microcomb systems [1,41,42]. To dem-
onstrate this phenomenon, the laser frequency was scanned up
and down in frequency for red-detuned operation. As shown
in Fig. 3(b), when the laser frequency increases, the comb power
climbs up along discrete steps, indicating that the Kerr comb tran-
sits from a lower number to higher number of soliton states.
Then, when the laser frequency decreases, the comb power steps
down discretely, indicating a reverse transitioning of soliton states.
Interestingly, an increase in soliton number is frequently accom-
panied by a power spike, while decreasing steps have no spiking
behavior. Temporal resolution of the power spikes reveals a step-
like substructure as shown in Fig. 3(c), I-IV. These spikes become
less prominent when the laser scan speed is slowed as in Fig. 3(d).

The observed phenomena can be understood qualitatively by
considering the schematic in Fig. 4. Kerr solitons exist within a
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Fig. 3. Bi-directional switching of soliton states. (a) Schematic showing the resonance tuning induced by the optical Kerr effect, which shifts the
resonance towards the red (red curve) on a short time scale, and the photorefractive effect, which shifts the resonance towards the blue (blue curve)
on a much longer time scale. As a result, the stable soliton formation regime (shaded region) resides within the laser detuning regime that is stabilized by
the photorefractive effect, thereby enabling self-starting soliton mode locking. The gray curve represents the intrinsic cavity resonance (with a certain
photorefractive-induced tuning). The inset is measured power transmission versus pump frequency tuning (red to blue) for a quasi-TE cavity mode at two
pump powers. The higher power behavior here results from the photorefractive effect and stabilizes the system for red-detuned operation. (b) Comb power
measured as a function of time when the laser frequency is scanned forward and backward across a few soliton steps. The dashed lines give the number of
solitons. (c) Temporally resolved waveforms of the power spikes indicated as I-IV in (b). The dashed lines indicate the number of solitons corresponding
to those in (b). (d) Comb power measured as in (b) but using a slower laser frequency scanning speed.

specific red-detuning range of the pump frequencies relative to
the cavity resonance [11,16]. When the pump laser is scanned
towards the cavity resonance from the red-detuned side, it enters
the existence range of a certain soliton state, ultimately exits near
the resonance, and briefly enters a detuning regime where insta-
bilities exist leading to the onset of the power spike (dark blue
curve in Fig. 4). The photorefractive effect responds slowly
(see Supplement 1) in comparison with the cavity lifetime. As
a result, the accompanying increase in cavity power also causes
a slower photorefractive tuning of the resonance to shorter wave-
lengths and away from the pumping frequency, thereby returning
the system into the soliton existence detuning regime. Upon re-
entering the soliton existence regime, a soliton state is acquired
with a certain number N of solitons, which occurs very quickly on
a time scale set by the cavity lifetime. It is important to note that
temporary passage into the unstable regime of pump detuning is
critical for the soliton to form. Indeed, it allows the soliton states
to self-start. With increased cavity power, the slower photorefrac-
tive effect continues blue shifting the cavity resonance further

away from the pumping frequency. It causes the laser-cavity
detuning to exit the soliton existence range, thereby forcing
the system to acquire another soliton state. This process continues
until the resulting detuning of the pump relative to the photo-
refractive-shifted cavity resonance is consistent with the soliton
number that is inducing the photorefractive cavity shift.

The soliton dynamics described above are clearly visible in
the transient power spiking process shown in Fig. 3(c), where the
substructure can be readily associated with passage through the
meta-stable soliton states described above, as the system ulti-
mately achieves a self-consistent solution. The switching to a
higher number of soliton states can become more regular and
ordered if the laser scanning speed allows the photorefractive
effect to stably settle, as shown in the case in Fig. 3(d). Finally,
downward frequency tuning of the laser (red curve in Fig. 4)
occurs in a similar manner. However, here, because the system
is initially in a soliton state and because tuning occurs across the
far edge of the soliton existence boundary (i.e., larger pump—
cavity detuning), the system is never within the modulation
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instability regime so that power spiking does not occur. A detailed
study of these phenomena including numerical modeling is pro-
vided in Supplement 1.

5. SELF-FREQUENCY SHIFT OF KERR SOLITONS

The optical spectrum of the single-soliton state in Fig. 1(g) is not
centered around the pump frequency, but rather is slightly shifted
towards lower frequency. The effect is more evident in Fig. 5(a)
where a larger spectral bandwidth results in a larger frequency
shift. The frequency shift has been observed in silica and silicon
nitride microresonators [13,43,44] and is related to the well-
known soliton self-frequency shift (SSFS) induced by the intra-
pulse Raman scattering [45]. As shown in Fig. 5(b), the measured
SSFS exhibits a linear dependence on 1/7%, where 7, is soliton
pulse width, consistent with the theory [43]. Fitting the measured
linear dependence, we obtain the Raman shock time of congruent
LN to be 75 = 6.3 fs. However, some differences in the nature
of the Raman spectrum in LN versus other dielectrics require
more study, and this fitting should be viewed as preliminary.
Nonetheless, these results show the potentially crucial role of
the Raman effect on ultashort pulse propagation in LN devices.

6. DISCUSSION

We have demonstrated a soliton microcomb in a LN micro-
resonator. LN’s photorefractive effect enables self-starting of
soliton mode locking and bi-directional switching of soliton
states, and its quadratic nonlinearity enables frequency doubling
of the Kerr solitons and soliton crystals to produce bi-chromatic
soliton microcombs. LN exhibits a variety of outstanding proper-
ties that are fairly unique among optical media [46]. For example,
in addition to the Kerr, quadratic, and photorefractive optical
nonlinearities that are utilized here, LN exhibits a strong electro-
optic Pockels effect and a significant piezoelectric effect, which are
ideal for high-speed spatiotemporal modulation and electro-
mechanical tuning of nanophotonic circuits. Moreover, LN can
be conveniently doped with rare-earth ions [47] to provide optical
gain directly on chip. These important features would offer ver-
satile approaches for controlling, manipulating, and modulating
the soliton microcombs demonstrated here. Therefore, more gen-
erally, the demonstrations reported here open the door for reali-
zation of a multi-functional high-speed photonic signal processor
for metrology, frequency synthesis/division, information coding,
optical-optical/electro-optical waveband conversion, and other
functions, all directly integrated on a single chip.
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Note Added: During review of this paper, a report of soliton
generation in LN was reported by [48]. We also call attention
to our arXiv paper on LN solitons [22] cited in that report.
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