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Near-octave lithium niobate soliton microcomb
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Thin film lithium niobate (LN) is bringing renewed potential
to the realm of integrated photonics. Its strong quadratic and
cubic nonlinearities as well as wide transparency window are
ideal for realizing on-chip self-referenced soliton microcombs.
However, broadband Kerr cavity soliton generation in LN thin
films remains challenging due to limited dispersion control
and competition from strong stimulated Raman scattering
(SRS). Here, we demonstrate the generation of soliton micro-
combs in LN thin films featuring broad spectral spans up to 4/5
octaves with the emission of dual dispersion waves (2/3 octaves
apart) and sub-terahertz repetition rates (down to 335 GHz)
by suppressing strong SRS. Numerical simulations based on
coupled-mode equations that incorporate Raman effects fur-
ther elucidate the soliton dynamics in this highly Raman-active
material system. © 2020 Optical Society of America under the
terms of the OSA Open Access Publishing Agreement
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Broadband chip-based Kerr cavity solitons offer highly coherent
microcomb sources and have enabled a wide range of applications
[1,2]. Under micro-scale optical confinement and sharp refractive
index contrast, the soliton microcomb bandwidth can be widely
tuned through dispersion engineering [3]. Cherenkov radiations
resulting from higher-order dispersion [4] can be further utilized
to expand the soliton bandwidth [5,6]. While the dispersion con-
trol is effective in promoting soliton generation and increasing
its bandwidth, the competition between the soliton and other
nonlinear effects, such as stimulated Raman scattering (SRS)
[7-15], could become a limiting factor for broadband soliton
comb generation.

Among many comb materials, lithium niobate (LN)-on-
insulator has gained particular interest [9,14,16], owing to its
strong x ¥ and x ® nonlinearities as well as its broad transparency
window. Photonic components such as highly efficient frequency
doublers [17-19] and broadband electro-optic modulators [20]
have been integrated on this platform. Electrically assisted domain-
poling [17-19] provides an additional degree of freedom for
controlling the nonlinear coupling between fundamental and
harmonic modes. All of these advantages distinguish LN thin films
as a highly desirable platform to realize on-chip soliton microcomb
self-referencing viaeither the 2f — 3/ [21] or f — 2/ [22] scheme.

In this Letter, we demonstrate broadband soliton microcombs
in microrings patterned on z-cut LN-on-insulator thin films
(NanoLN). We show that by tailoring the microring geometry,
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especially its height, favorable dispersion can be realized for the
emission of dual dispersion waves (DWs) to expand the soliton
bandwidth to 4/5 octaves. Such broad bandwidth soliton makes
on-chip 2f — 3f self-referencing feasible. LN is highly Raman-
active, possessing multiple (up to 26) Raman modes [23], which
leads to low threshold SRS disrupting the soliton formation [9,16].
For effective mitigation of SRS, we establish an analytical model
to estimate the intracavity SRS threshold and identify suitable
microring-waveguide coupling strength [24] to raise the SRS
threshold and promote soliton generation. Numerical simula-
tions based on coupled-mode equations that incorporate the
Raman effect are carried out to elucidate the underlying intracavity
dynamics.

Broadband microcomb generation [3] critically relies on the
engineering of the microresonator dispersion profile, which
can be quantified by the integrated dispersion curve [25]
D=, 1" /(n))D,, with D, denoting the n-order dis-
persion coefficient. By optimizing the microring geometry,
higher-order dispersion has been successfully exploited in SizNy4
microrings to obtain dual DWs for efficient extension of the soliton
bandwidth [5,6]. We adopt the partially etched air-clad waveguide
structure and use numerical simulations to identify microring
geometries that favor broadband soliton generation. As illustrated
by the schematicin Fig. 1(a), a trapezoid delineates the upper cross-
sectional profile of the LN waveguide to factor in the sidewall angle
resulting from the plasma dry etch process [16] [estimated as 30°
from the scanning electron microscope (SEM) image in Fig. 1(b)].
Sitting beneath the trapezoid is a slab of ~200-nm-thick LN. The
microring radius is also considered in the dispersion simulations.

The main degrees of freedom used to obtain favorable disper-
sion profiles are the microring top width (W), the total thickness
of the LN layer (H), and the microring radius (R). A series of
simulated D, curves are presented in Figs. 1(c) and 1(d) with a
fixed radius of R =60 pm as examples to illustrate the optimiza-
tion process. As indicated by Fig. 1(c), the waveguide height A
significantly impacts the dispersion at lower frequencies, which
can lead to large frequency shift of the red-side DW (near the left
zero-crossing point of the Dy, curve [26]). The blue-side DW, on
the other hand, is pushed outward in a relatively steady manner as
H is increased. Although widely separated DWs can be achieved
from taller microrings, the huge hump of the D;, curve could
render the intermediate comb lines weak, as evidenced by the
simulated soliton output spectra shown in Fig. 1(e), where the
DWs intensities also drop considerably [27]. The simulated Dy,
curves with varying H suggest that when H is set near 0.56 um,
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Fig. 1. (a). Cross-sectional schematic of the z-cut LN waveguide. H,

LN layer thickness; W, microring top width; 6, sidewall angle; 4, LN slab
thickness. (b) Optical and SEM images of partially etched, air-cladded
devices. (c) and (d) Simulated D;,, curves as a function of frequency for
(c) different A’s) and (d) different W’s. (e) and (f) Simulated soliton out-
putspectra corresponding to the D, curves in (c) and (d), respectively. All
modes are set to have the same intrinsic decay rates «;/(27) = 190 MHz
and external coupling rates k. = k;. An on-chip pump power of 240 mW
was used. The Raman effect was neglected in the simulation.

the trade-off between the DW spacing and accessible comb line
power can be well balanced, leading to the emission of comparably
strong dual DWs 2/3 octaves apart. During fabrication, H was
tailored by an optimized plasma thin-down process [16]. After
selecting a suitable thickness A, one can then adjust W to tune the
DWs frequencies [Figs. 1(d) and 1(f)].

In addition to dispersion engineering, it is also necessary to
consider strong Raman effects in LN, where multiple (26) Raman-
active vibrational modes with different frequencies (4 to 26 THz)
and linewidths (10? to 10°GHz) are present [23]. The strong
Raman gain (up to 1.3 cm/GW at 1.55 pm [9]) leads to low
threshold SRS, which prohibits soliton generation [9,16]. To favor
the formation of a soliton over SRS in a microring, we need to
raise the intracavity pump mode threshold energy for SRS (g r)
above the threshold energy for a soliton (g4,s). This is achieved
by adjusting the external coupling rate (k) relative to the intrinsic
decay rate (k;). The values of ey, g and ey, s are estimated by the
analytical models described in Supplement 1.

For example, we attempt to generate a soliton microcomb with
a FWHM of 14 THz (2/3 octave bandwidth at 38 dB below the
peak of its envelope) from a straight-waveguide coupled micro-
ring (H =0.56 um, W=1.45 pm, R =60 pm). Assuming a
constant k; [(271)190 MHz] and k. over the modes of interest, k.
should be made smaller than 2.2«; in order to have &g ¢, > €5
(see Supplement 1 for a detailed calculation). In the experiment,
k. was adjusted by varying the coupling gap so that the microring
exhibited k. A 1.3k;, which favored soliton generation over SRS
[Fig. (2)]. In contrast, only SRS was generated in the microring of
the same geometry without the control of k. (see Supplement 1).
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Fig. 2. (a) Normalized output spectra of the single-soliton and the

two-soliton microcombs. Dashed line in the upper (lower) panel: a sech?
fitting curve (with sinusoidal modulation). Inset: relative positions of the
solitons inside the cavity (0 & 21°). On-chip pump powers of 240 mW
and 270 mW were used, respectively. (b) The extracted D, curve (yellow
circles) with the simulated one (blue line) around the pump versus mode
number . (c) Comb power trace versus pump frequency tuning. The
pump was scanned from the red side (shaded red region) to the blue side
(shaded blue region) of the resonance at a speed of 62.5 GHz/s.

The strong photorefractive effect in LN allows direct soliton
mode-locking with simple red-detuned laser scans as demon-
strated previously in z-cut LN microrings [14,16]. A broadband
single-soliton microcomb was obtained from a microring with
H=0.56 pm, W=1.45 pum,and R =60 um. The upper panel
in Fig. 2(a) shows its output spectrum possessing a sub-terahertz
(THz) repetition rate of 335 GHz and a total span of 112 THz.
This span corresponds to 4/5 of an octave above the noise floor of
the optical spectrum analyzer. A FWHM of 14 THz is extracted
by fitting the spectral envelope with a sech? function. The gen-
erated DWs, separated by the 2/3 octave, enhance the comb line
power near both edges of the spectrum and thus contribute to
the extension of the soliton bandwidth. The DW frequencies
are consistent with the predictions based on the simulated Dj,,
curve of the microring [Fig. 1(d)]. The dispersion profile of the
microring was measured [28] and shown in Fig. 2(b), which reveals
D, ~2.6 MHz. The abrupt change of the measured Dj,, curve
around the mode of ;t = —23 could be caused by a local avoided
mode crossing [29].

Moreover, multiple soliton states were excited, as indicated by
the step pattern in a measured comb power trace [Fig. 2(c)]. The
bottom panel in Fig. 2(a) presents an output spectrum of a two-
soliton microcomb, which features a typical sinusoidal modulation
over its envelope [25]. By fitting the modulated spectral profile, a
time interval of 0.17 ps between the pulses is inferred. Additionally,
the blue-side DW shifted toward higher frequencies in comparison
with the single-soliton case. An increase in the pump-to-comb
conversion efficiency was also observed [6].

For applications that demand strong comb line power at
targeted frequencies, e.g., building an on-chip interface with
an atomic system utilizing DWs [30], it is often desirable that
the platform allows fine adjustments of the DW frequencies.
We demonstrate that the spectral positions of DWs can be widely
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Fig. 3. (a) Simulated D, curves for microrings of A =0.55 um,

W=145um, R=065um (red); H=0.56um, W=1.55um,
R=70pum (green); and A =0.56 um, W=145pum, R=060um
(blue). (b) Normalized soliton output spectra obtained from microrings of
the geometries listed in (a). The peaks of the DWs are marked by arrows of
the same colors as the corresponding Dy, curves. On-chip pump powers
0f 165 mW, 200 mW, and 240 mW were used, respectively.

varied on this LN thin-film platform through dispersion engi-
neering. As shown by the simulations in Fig. 3(a), one can flexibly
alter the profile of the Di,, curve to yield different zero-crossing
points, i.e., approximate spectral positions for DW emission [26],
by varying the microring geometry.

Microcomb spectra with different DW emission frequencies
are shown in Fig. 3(b), obtained from microrings of the targeted
geometries. The spectral positions of those DWs trend well with
the predictions in Fig. 3(a). In total, a ~20 THz shift in the DW
frequency was achieved on both sides, while the comb bandwidth
increased significantly through the extension of DWs. Notable
blue shifts of the blue-side DWs relative to the zero-crossing points
of the D;,, curves were also observed and could be attributed to
Kerr self-phase modulation [26,30] as well as the Raman effect
[29]. Similar phenomena were also observed in our numerical
simulations presented in Fig. 4. To finely adjust DW frequency,
one can either vary the microring geometry using small increments
or electro-optically tune the effective index. The electro-optical
tuning can be implemented by applying electric fields along the
z axis (y33 =30 pm/V [20]) via suspended electrodes over the
waveguide without impacting its dispersion or by applying in-
plane electric fields along the y axis [31], which is less efficient than
tuning x-cut devices [20], but still benefits from a relatively large
Y22 = 5.6 pm/VofLN [31].

To simulate the dynamics of Kerr cavity solitons in highly
Raman-active LN microrings, we incorporate the Raman effect
into the coupled-mode equations [25] (see Supplement 1). The
simulation results presented in Fig. 4 reveal the impacts of the
Raman effect on the soliton spectrum. For the sake of comparison,
we first neglected the Raman effect to simulate the soliton output
spectrum. The spectral center of the soliton turned out to be close
to the pump frequency, while the DWs experienced a red shift
of ~1.9 THz and a blue shift of ~0.9 THz, respectively, relative
to the predicted positions (dashed vertical lines) under a linear
approximation (D, = 0) [26]. This can be understood by con-
sidering that the radiations from the DWs induce soliton recoils of

.’2\ 7 Exp
2 Sim, no Raman
@ T i Sim, Raman
= .
(S i
S
2 !
T T T T T T
140 160 180 200 220 240 260
Frequency (GHz)
Fig.4. Simulated soliton output spectral profile without/with Raman

effect (blue/orange) in comparison with the measured spectrum [green,
same as Fig. 2(a)]. Dash-dotted lines indicate the zero-crossing points
of the corresponding simulated D, curve. An on-chip pump power of
240 mW was used for all. Inset: zoom-in view of the simulated spectra
with dashed lines marking the spectral centers.

opposite directions that counteract each other [27]. Consequently,
the soliton spectral center remained around the pump frequency.

With the presence of the Raman effect in the simulation, intra-
pulse Raman scattering caused additional energy transfer from
higher to lower frequency components of the soliton [12-14],
which shifted the soliton spectral center toward the red side by
~5.3 THz. This frequency shift also introduced a decrease in the
soliton group velocity [13,27] and thus altered the DW phase-
matching condition [13]. As a result, both DWs were blue shifted.
In the end, the blue-side DW experienced larger net blue shift than
the red-side DW, agreeing well with the measured spectrum.

In conclusion, we demonstrate broadband (up to 4/5 octaves)
soliton microcombs with sub-THz repetition rates (down to
335 GHz) from LN microrings by leveraging the higher-order
dispersion induced dual DW emissions. We show that the spacing
between the dual DWs is widely variable through tailoring the
microring geometry on this platform. We also analytically estimate
the SRS threshold and identify suitable external coupling strength
to promote soliton generation.

We believe such broadband soliton microcombs with engi-
neered dual DW emissions and a relatively low free spectral range
(FSR) mark an important step toward on-chip soliton microcomb
self-referencing on a LN thin film platform. Meanwhile, we recog-
nize challenges in further broadening the microcomb bandwidth,
such as the rapidly increasing Dj,, in thicker LN films around the
red-side DW and the drop in intrinsic Q;, caused by the thin-down
process. We anticipate that octave spanning soliton microcombs
are attainable with increased Q;, (see Supplement 1) and appro-
priate external coupling strength to suppress SRS. Additionally,
there is also the possibility to extend our broadband soliton micro-
combs into the visible band via intracavity x ®-doubling and
X (3)—tripling effects, as shown in [32,33].
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