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Abstract

Dissipative Kerr solitons from optical microresonators, commonly referred to as soliton microcombs, have been
developed for a broad range of applications, including precision measurement, optical frequency synthesis, and ultra-
stable microwave and millimeter wave generation, all on a chip. An important goal for microcombs is self-referencing,
which requires octave-spanning bandwidths to detect and stabilize the comb carrier envelope offset frequency.
Further, detection and locking of the comb spacings are often achieved using frequency division by electro-optic
modulation. The thin-film lithium niobate photonic platform, with its low loss, strong second- and third-order
nonlinearities, as well as large Pockels effect, is ideally suited for these tasks. However, octave-spanning soliton
microcombs are challenging to demonstrate on this platform, largely complicated by strong Raman effects hindering
reliable fabrication of soliton devices. Here, we demonstrate entirely connected and octave-spanning soliton
microcombs on thin-film lithium niobate. With appropriate control over microresonator free spectral range and
dissipation spectrum, we show that soliton-inhibiting Raman effects are suppressed, and soliton devices are fabricated
with near-unity yield. Our work offers an unambiguous method for soliton generation on strongly Raman-active
materials. Further, it anticipates monolithically integrated, self-referenced frequency standards in conjunction with
established technologies, such as periodically poled waveguides and electro-optic modulators, on thin-film lithium
niobate.

Introduction critically relies on the detection and stabilization of both

Integrated optical frequency combs'™®, based on
microresonator dissipative Kerr solitons (DKS)®’, have
shown promise in providing portable and efficient solu-
tions to a variety of applications, including stable optical®,
millimeter wave’, and microwave'*™"® frequency genera-
tion, precision spectroscopyls’”, astrophysical spectro-
meter  calibration'®®, and  massively  parallel
communications®®~>*, computing® %/, and ranging®®.
These technological developments motivate the explora-
tion of fully stabilized microcombs, which can provide
low-noise and phase coherent frequencies over broad
bandwidths, on a chip. Achieving such microcombs
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the comb carrier envelope offset frequency and the comb
spacing®. Octave-spanning bandwidths coupled with
second harmonic generation is required for self-
referencing of the carrier envelope offset frequency, and
electro-optic modulation is used to convert terahertz
comb spacings, typical of octave-spanning DKS, down to
the gigahertz (GHz) regime. While the Si3N, and AIN
photonic  platforms have realized octave-spanning
DKSs*°~%, full stabilization of them remains challen-
ging. Current stabilization efforts still require off-chip
lasers®****, frequency doublers®**?°, cascaded chains of
bulk electro-optic modulators®*3”®, and dual comb
sources®>®, due to the small electro-optic effect in AIN
and the absence of intrinsic second-order nonlinearity in
SizNy.

The ultra-low loss thin-film lithium niobate (TFLN)
photonic platform®*~** offers a promising solution for
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realizing fully stabilized microcombs, featuring strong
electro-optic effect®®™* for dividing large comb spa-
cings, efficient x® interaction®’~* for frequency dou-
bling, and large x® Kerr effect®® for broadband DKS
generation. However, while high-speed electro-optic
modulation and efficient second harmonic generation
are established on TFLN, an entirely connected and
octave-spanning DKS is hard to realize. The primary
challenge lies in the low threshold Raman lasing driven
by high Raman gain over significant bandwidths®"*?,
which inhibits DKS formation and drastically compli-
cates systematic fabrication and testing of DKS devi-
ces”. Previously, TFLN has been used to demonstrate
uniquely self-starting and bidirectionally accessible
DKS>**°, dispersion-engineered DKS*® spanning up to
four-fifths of an octave®’, photorefraction-enabled free-
running DKS®®, breather DKS®’, gain-empowered
DKS®°, monolithic DKS and resonant electro-optic fre-
quency combs®, electro-optically tunable microwave-
rate DKS®?, and electro-optically modulated DKS®,
Stimulated Raman scattering (SRS) has been suppressed
by using 2 um light to pump the DKS, though only
narrowband combs were achieved in this approach due
to dispersion engineering challenges. Other SRS sup-
pression methods based on pulley and self-interference
couplers have also been explored, with limited success.
For example, the former led to an octave-spanning DKS
but suffered from severe undercoupling over a large
DKS bandwidth®, while the latter has not resulted in
broadband DKS nor single-DKS states®®. Despite
numerous aforementioned milestones, conclusive design
rules for SRS suppression that support entirely con-
nected and octave-spanning DKS spectra, as well as the
realization of DKS devices in a high-yield fashion,
remain outstanding.

Here, we demonstrate octave-spanning soliton
microcombs on TFLN and provide detailed guidelines
for achieving a high yield of DKS supporting devices,
over various design parameters. We show that octave-
spanning DKS can be realized by systematic dispersion
engineering and effective SRS suppression using two
different methods: (i) the free spectral range (FSR)
control method that relies on precise management of
the microresonator FSR and (ii) the dissipation engi-
neering method that creates strongly frequency-
dependent microresonator to bus waveguide cou-
pling. While the FSR control method can result in an
entirely connected DKS spanning 131-263 THz with a
comb spacing of 658.89 GHz, it places stringent con-
straints on microresonator FSRs due to the large
Raman gain bandwidth I' ~ 558 GHz®*%". Further, we
find that in the FSR > I" regime, DKS generation is not
deterministic and device yield worsens as the FSR
decreases. Conversely, the dissipation engineering
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method is robust against FSR variations and con-
sistently provides high yield: more than 88% of reso-
nance modes across 94 devices support DKS states.
Using this method, we also generate entirely connected
DKS spanning 126-252 THz with a comb spacing of
491.85 GHz.

Results
DKS on TFLN

In our work, a DKS is initiated by a red-detuned,
continuous wave (CW) pump coupled to a micro-
resonator, where self-phase modulation of the pump is
counter-acted by anomalous dispersion, and the
microresonator loss is compensated by third-order
parametric gain. These double-balancing conditions
give rise to a DKS that features a mode-locked fre-
quency comb spectrum with characteristic sech® spec-
tral envelope’. The microresonators employed here are
dispersion-engineered ring resonators (microrings)
with radii in the 30—60 pm range (Fig. 1a), fabricated on
Z-cut TFLN (Z-TFLN) on insulator wafers. The
microrings support fundamental transverse electric
(TE) modes in the telecommunications C-band, fea-
turing intrinsic quality factors (Q;) in the 1-2 million
range. The simulated and measured integrated disper-
sion (Dyy,,) of a typical 50-pm-radius microring is shown
in Fig. 1b. This microring is evanescently coupled to a
bus waveguide using a pulley coupler, which leads to a
modal dissipation profile (coupling quality factor Q.)
with strong frequency dependence, as shown in Fig. 1c
(for detailed study of the Q. dependence on pulley
coupler parameters, see Supplementary information). A
CW laser source, providing 100 mW of on-chip power,
is used to pump one microring resonance resulting in
single and multi-DKS steps in the generated comb
power trace (Fig. 1d). Here, DKS states can be accessed
by sweeping the pump laser in both directions, owing to
the unique interplay between the photorefractive effect
on one hand, and thermo-optic and Kerr effects on the
other. Their combined effects also stabilize the laser-
resonance detuning against laser frequency fluctuations
in the DKS regime, enabling excellent free-running
stability of DKSs on TFLN. An optical spectrum cor-
responding to the single-DKS (multi-DKS) step in Fig.
1d is shown in Fig. le, f, with comb spacing of about
410.15 GHz and comb span of about 110 (112.4) THz.
Power dips in both spectra (around 203 THz) are due to
the anti-phase-matched condition of the pulley coupler
and correspond to the Q. peak in Fig. 1c. This coupling
condition allows critical coupling of the pump mode
and strong overcoupling of the Raman mode, thereby
suppressing resonance-enhanced stimulated Raman
scattering (SRS) in favor of four-wave-mixing (FWM)
and DKS generation, which we discuss next.
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Fig. 1 DKS device and operation. a Scanning electron microscope images of microring array (left), microring waveguide cross section (right, top),
and zoom-in of a pulley coupler used for dissipation engineering (right, bottom). The white outlines around the waveguide cross section are a guide
to the eye. A sidewall angle of 72° is achieved through an iterative dry/wet etching method, which provides an additional control knob to engineer
the microring dispersion. b Simulated (solid red line) and measured (blue dots) integrated dispersion (Dj) of a 50-um-radius microring, assuming bus
waveguide width 0.85 um, microring waveguide width 1.62 um, coupling gap 1.06 um, pulley interaction angle 45°, and waveguide height 0.33 um.
For definition of these parameters and detailed comparison between designed and fabricated devices, see Supplementary information. ¢ Simulated
coupling quality factor Q. for the same parameters used in (b). Measured data (blue dots) is obtained by extracting Q. from resonances in the
microring transmission. Black line labels Q;~1 million. d Comb power as a photodetector voltage when the pump laser is swept across a microring
resonance, from red to blue side of resonance and back (background color). Two discrete steps marked by black dashed lines correspond to single-
and multi-DKS states, indicating bidirectional access under a laser frequency sweep speed of 10 Hz. e Single-DKS and f multi-DKS spectra
corresponding to steps in (d). The comb spacing is about 410.15 GHz and the comb span is about 110 (112.4) THz for the single-DKS (multi-DKS) state.
The dips in both DKS spectra around 203 THz are in good agreement with the Q. peak around 201.5 THz, as predicted in (c)

Resonantly enhanced SRS vs. Kerr effect seeds sidebands must occur instead of SRS®®. To quali-
Z-TFLN is known to exhibit strong SRS associated with  tatively describe the competition between SRS and DKS
the y®-mediated coupling between the fundamental TE  formation, we consider the ratio between the resonance-
mode and the crystalline E(LOg) vibrational mode®®. Asa  enhanced power thresholds of these processes, given by
CW pump enters a microring resonance mode from the ¢ = P{% Lo gf,%f#} where PKer PSES are the FWM and
red-detuned side, if the SRS threshold is lower than those Py & e th th
of other nonlinear processes®"”?, then it will prompt an SRS power thresholds, QF, Qf are the loaded quality
immediate energy transfer from the pump mode to factors of the pump mode and Raman mode (Raman
unoccupied resonance modes around the Raman gain mode is defined as the microring resonance mode closest
band. Such Raman lasing behavior inhibits DKS genera-  to the Raman gain peak located at f P — A, where f* is the
tion despite appropriate laser-resonance detuning condi- ~pump frequency and A~1894THz is the Raman
tions. To enter DKS states, the Kerr FWM process which  shift°®®”), gk is the FWM gain coefficient, 2385(8) is the
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Fig. 2 FSR control and dissipation engineering methods for SRS suppression. a Schematic of FSR control and dissipation engineering methods.
In the FSR control method (top), empty microring modes are far detuned from the peak Raman gain (red shaded region), lowering the effective
Raman gain coefficient. This method prefers large microring mode spacings (dark blue line) compared to the Raman gain bandwidth. Otherwise,
small microring mode spacings (dashed red line) provide low loss conditions for the Raman gain which lowers the Raman lasing threshold. The

dissipation engineering method (bottom), on the other hand, strongly overcouples modes near peak Raman gain and introduces significant loss. This
leads to suppression of SRS irrespective of microring FSR. b Transmission spectrum of an FSR-controlled, 40-um-radius microring with

FSR ~491.7 GHz close to T and satisfying A/FSR ~ 38.5. Shaded gray region indicates the bandwidth of the optical amplifier (191.5-194.7 THz range)
used in the experiment. ¢ Transmission spectrum of a dissipation-engineered, 50-um-radius microring with FSR~410.6 GHz. High-frequency modes
are undercoupled due to the Q. peak placed around 200 THz, and consequently, modes within the amplifier bandwidth are critically coupled while
Raman modes are strongly overcoupled. d, e Spectra generated by pumping modes marked by red crosses in (b), (c), respectively. In (d), four modes
generating distinct nonlinear states are selected (unmarked modes generate SRS), while in (e), four consecutive modes supporting nearly identical
DKS are shown (unmarked modes support DKS)
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Raman gain function, and & =f% — (f* — A) is the
detuning between the Raman mode and the Raman gain
peak. When { < 1, DKS formation is favored over SRS.

. SRS (§=0
However, since St I(@, )
g

~31> 1, the { > 1 regime is typi-
cal, and SRS is routinely observed. Importantly, { may be
lowered by explicitly engineering Q, QF, g585(5), and
g5". Among these parameters, g = 4mm,f” /c, where ¢
is the speed of light and n, is the nonlinear coefficient
(proportional to x), is not easily tunable. On the other
hand, microring resonance frequencies can circumvent
the Raman gain band through careful mode placement
and FSR control, such that § is large for the Raman
mode™® and g385(9) is reduced from its peak value.
Alternatively, introducing a highly dissipative channel for
the Raman mode while maintaining efficient coupling for

62,65

the pump mode reduces g—§ greatly. The former

method we refer to as “FSR control method” and the latter
“dissipation engineering method”. Both methods effec-
tively lower { and are conceptually described in Fig. 2,
along with representative nonlinear states obtained by
pumping four different modes in each case. Further, Fig. 3
statistically analyzes the efficacy of both methods for DKS
generation and SRS suppression in Z-TFLN, by pumping
396 modes across 94 microrings with four distinct radii in
the 30-60 pm range.

FSR control method

In the FSR control method, we minimize spectral
overlap between the Raman gain band and adjacent
microring Raman modes, thereby tuning § away from 0
and reducing the effective Raman gain g38°(8). Optimized
modal positions in the vicinity of the Raman gain are
schematically illustrated in the top panel of Fig. 2a. The
peak Raman gain is centered between two unoccupied
modes, A/FSR is a half-integer, and § = FSR/2. When § is
not large enough (red dashed line in Fig. 2a, top), Raman
lasing conditions are fulfilled before FWM can occur.
Since § is proportional to FSR, the larger the FSR (blue
solid line in Fig. 2a, top), the smaller the g5:°(8)”°. To
date, this approach has been effective for Kerr comb
generation in crystalline materials with small I, such as
diamond (I~ 60 GHz) and silicon (I"~ 105 GHz)**°. In Z-
TFLN, I associated with the E(LOg) vibrational mode is
558 GHz, thus a large FSR is required. This restricts the
utility of the FSR control method since frequency combs
with large FSR have limited usability. Further, large FSR
requires rings with small radii (<40 pm), which are subject
to increased bending losses resulting in larger thresholds
PKem~(QP) ™%, as well as from scattering-induced mode
couplings that lead to Qf and QR variations across dif-
ferent modes. This may be detrimental to the consistency
of SRS suppression and renders this approach less
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deterministic, especially when FSR>>I cannot be
achieved due to fabrication limitations. To test this
method, we fabricated a microring with 39.84 um radius
and measured FSR of about 491.7 GHz, satisfying A/
FSR ~38.5 and FSR~ I'. The transmission spectrum of
this device is shown in Fig. 2b. Four resonance modes (red
crosses) were separately pumped with about 100 mW on-
chip power, and two out of four resonances yielded
exclusively single or multi-DKS states, as shown in Fig. 2d.
The other two resonances produced strong Raman lasing
(single and cascaded Raman shifts of the pump light) and
Raman-assisted modulation instability (Raman light cou-
pled with chaotic sideband generation) which are not
mode-locked frequency combs. Results collected across
many microrings by pumping their modes indicate that,
while the FSR control method can produce DKS states,
the outcome is hard to predict, and it is not robust in
suppressing SRS on TFLN, down to the smallest
microring dimensions that may still achieve low loss.

Dissipation engineering method

In the dissipation engineering method, we utilized a
pulley-shaped microring to bus waveguide coupler, which
tailors the dissipation rates of microring modes near the
Raman gain band relative to those within the C-band
(optical amplifier operating band). This significantly
increases the SRS threshold while maintaining a low
FWM threshold for the pump. The amount of dissipation
per mode, in addition to intrinsic material absorption and
scattering losses (reflected by the intrinsic quality factors
Q" and QV), is determined by the coupling to external
channels which extracts energy from that mode (reflected
by the coupling quality factors Q° and Q). The overall
loaded quality factor is then (Q) ' = (Q) '+ (Q) ™"
which enters the expression for {. Assuming QiP ~ QiR (a
good approximation since f* and f* are sufficiently close

and far from the material band gap), we have g—§<<1
L

provided 8—5 < 1. If this ratio is small enough, it may offset

&)

gl(err

completely for arbitrary § and enforce the DKS

generation condition {<1. This method thus requires
R

engineering Q" relative to QP such that %« 1. Impor-
R
tantly, standard point couplers provide %~1/ 5 for a cri-

tically coupled pump, while pulley couplers may enable 8—§
<1/40 (Supplementary information). The latter is attrib-
uted to strongly frequency-dependent Q. near anti-phase-
matched coupling resonances (realized as in Fig. 1c)”".
When such coupling resonances are just higher frequency
than the pump band (C-band), pump modes may be cri-
tically coupled while Raman modes are strongly over-
coupled. Therefore, (<1 is possible even considering the
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(solid) or SRS (dashed), utilizing the FSR control method (red) and
dissipation engineering method (blue). Microrings with radii 30, 40, 50,
and 60 um (FSRs of about 660, 492, 400, and 335 GHz, on average)
were measured. Dissipation-engineered microrings with radius 30 um
were not attempted (star). If the comb power trace of a pump mode
indicates clear evidence of DKS steps (as in Fig. 1b and Supplementary
information), it contributes to a DKS count. Otherwise, it contributes to
an SRS count. The number of modes resulting in DKS and SRS, for
each microring radius and each SRS suppression method, is labeled. A
total of 396 modes across 94 microrings have been tested, where all
microrings selected approximately satisfied design guidelines

£ (0=0)

worst case e ~31, thereby lifting all restrictions on

microring dimensions in principle. This is schematically
illustrated in the bottom panel of Fig. 2a, where Raman
mode loss cannot be balanced by Raman gain regardless
of the FSR, and Raman lasing is always suppressed. The
transmission spectrum of a dissipation-engineered
microring with 50-um radius is shown in Fig. 2c. It has
a measured FSR of about 410.6 GHz, resulting in A/
FSR~49.2 and 6~0.2-FSR=822GHz. We note that
without dissipation engineering, such § would likely result
in SRS with high probability based on FSR control argu-
ments. The undercoupled modes around 198 THz indi-
cate presence of a Q. peak just higher frequency than the
C-band, which ensures critically coupled modes in the
C-band and strongly overcoupled Raman modes, con-
sistent with our dissipation engineering design strategy.
Four consecutive resonances (red crosses) were separately
pumped with about 100 mW on-chip power. All reso-
nances yielded a single-DKS state, as shown in Fig. 2e. In
fact, these resonances also support many multi-DKS steps,
indicating suppressed SRS over a wide range of laser-
resonance detuning. Applying this method, a much more
complex DKS phase space can be revealed, and multi-
DKS states with higher pump-to-comb conversion effi-
ciencies are readily accessible on TFLN.

Comparison of methods and DKS yield
To carefully verify our proposed methods and evaluate
DKS yield statistics, we tested 94 microrings (applying
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either method for SRS suppression) and a total of 396
modes across these rings, as shown in Fig. 3. We confirm
that engineering the microring dissipation spectrum can
significantly increase DKS yield up to 96% (50-um radii)
and greater than 88% for all other microring dimensions
tested. The deviation from 100% vyield is likely due to (i)
pumping near mode crossings or (ii) Q. sensitivity to
frequency, where for some microrings a few modes in the
amplifier bandwidth were undercoupled (and did not yield
DKS) while the rest of the modes were critically coupled
(and yielded DKS). In the FSR control method, we note
that occasional DKS generation is possible even when the
FSR is a fraction of I', or when the half-integer condition
is imperfect resulting in § < FSR/2. This may be explained
by dissipation rates of the fundamental TE modes further
altered by scattering-induced mode coupling and possibly
crossings between mode families, which in turn decreases

g—g and lowers , though in an inconsistent way.
Dispersion engineering and octave-spanning DKS

Finally, in conjunction with the SRS suppression
methods developed, we engineer the microring wave-
guide cross section by controlling the waveguide height,
width, sidewall angle, bending radius, and cladding
properties to achieve dispersions suitable for octave-
spanning DKS (Fig. 4a). DKS states and their spectra are
determined by integrated dispersion Di(y), where pu
denotes the comb line number relative to the pump
mode (4 = 0), expressed as Dine(st) = Y oo, 224", When
the pump experiences small anomalous dispersion (D,
2 0), higher order contributions (D, for n=>3) become
non-negligible and are responsible for broadening sin-
gle- and multi-DKS states into frequencies of normal
dispersion®®, significantly extending the comb band-
width through dispersive wave emissions at yp where
Dint(#pyw)~0. Using the FSR control method, we
showcase three microrings with 30.3-um radius
resulting in measured FSRs in the 658—659 GHz range
(Fig. 4b—d). While A/FSR ~28.7 is not perfect half-
integer, we found the reduction in g35°(8) to be suffi-
cient in practice, owing to the large FSR and thus large
d. For these devices, we showcase a DKS with proto-
typical sech® spectrum, a DKS broadened by one dis-
persive wave, and an octave-spanning DKS
(131-263 THz, pumped with about 363 mW on-chip
power) broadened by two dispersive waves. Using the
dissipation engineering method, we fabricated a pulley-
coupled microring with measured FSR of 491.85 GHz,
which also supports an octave-spanning DKS
(126-252 THz, pumped with about 375 mW on-chip
power). Importantly, we show that dissipation engi-
neering in this way does not necessitate sacrificing a
significant portion of the extracted comb spectrum.
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Discussion

In summary, we demonstrated dispersion-engineered
DKS states spanning up to an octave on Z-TFLN, using
two distinct SRS suppression methods: microring FSR
control and dissipation engineering. Our work is com-
plemented by a statistically-validated understanding pro-
ducing DKS instead of Raman-scattered light from TFLN
microrings. With symmetrized dispersion profiles about
the pump frequency, DKS spectral bandwidths may be
further improved by extending dispersive waves to be an
octave apart, simplifying carrier envelope offset frequency
detection and stabilization by offering powerful comb
lines with high signal-to-noise ratio. Their powers may be
further enhanced with the self-balancing effect®® and may
generate even stronger beating signals for f-2f self-
referencing. Such an improvement in comb span would
require microring waveguides with larger anomalous
dispersion. This is necessarily accompanied by a higher
DKS threshold, which must be offset by improving Qf and
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thus Q. The Qf typical to microring dimensions in this
work is between 1 and 2 million for modes in the C-band,
mainly limited by initial 600 nm Z-TFLN requiring shal-
low etched waveguides for optimal Dji,. Simulations
suggest that film thicknesses between 480 and 500 nm
may allow fully etched waveguides to yield Dj, with
octave-separated dispersive waves (Supplementary infor-
mation), while a recent report has shown the tight con-
finement provided by ridge waveguides on Z-TFLN may
increase Q¥ up to 4.9 million for microring dimensions
considered in our work®®. Further, the on- and off-chip
facet losses may be reduced from 6 dB per facet (single
mode waveguides exposed through manual cleaving) in
our proof of concept demonstrations down to 1.7 dB per
facet using inverse taper couplers’?, greatly improving
DKS extraction from the chip, as well as reducing external
pump power requirements to be compatible with butt-
coupled distributed feedback laser sources for higher level
of integration. Further, we utilized a fabrication workflow

a oo
é ] /
& o
S o1/ LS N\
b -10 T T T T T T T
5 FSR: 658.45 GHz H:0.40 um
2 I e SR
8%
i (A
g™ ™)
o i T .milmum J 4 “Wu
c T T T T
5 FSR: 659.05 GHz ‘ H: 0.37 um
£2 “}UUMUH .ﬁ-i W-1.68 pm
8% |
Eh Il H“M JM H (frm ,
U™ |
° g I TV W ¥ W WJ
T T T
126 131 252 263
d [ Octave-spanning DKS on TFLN | |
5 FSR: 658.89 GHz v H:0.35
83
i i a
a \
3¢ 1 ™ .|
e T T T T T T T
5 FSR: 491.85 GHz . H: 0.34 um
25 MJU [ ] Wi60um
8% |
RS ™
=0 =
o 11 i L .
Al I
1 T T T T T T
140 160 180 200 220 240 260
Frequency (THz)
Fig. 4 Dispersion engineering and octave-spanning DKS on TFLN. a Integrated dispersion (Din;) of four microring resonators. b Single-DKS state
from a 658.45 GHz FSR microring with large anomalous dispersion. No dispersive waves are produced at a moderate pump power of about 50 mW
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based on iterative dry/wet etching of Z-TFLN (“Materials
and methods”), providing control over the microring
waveguide sidewall angle. This additional degree-of-
freedom for dispersion engineering expands the disper-
sion landscape and may enable a variety of nonlinear
optics realized on TFLN, such as soliton quiet point’?,
parametrically driven solitons’*, Raman solitons’>”®, and
so on. In addition to FSR control and dissipation engi-
neering methods, mode crossings and other spectral
defects that may have locally lowered QF were not
explored here but may have contributed to DKS genera-
tion. Such features can be explicitly engineered through
matching effective indices between the fundamental TE
mode and other mode families at the Raman-shifted fre-
quency, though any detrimental effects on Djy () must be
evaluated. Defect mode engineering utilizing photonic
crystal microrings may achieve similar ends, where side-
wall corrugations strongly couple oppositely propagating
modes at specific frequencies”’~”* and may induce high
loss at a mode near the Raman gain peak.

The DKSs demonstrated and methods introduced here
enable direct integration of octave-spanning optical fre-
quency combs with existing advancements on the TFLN
platform. Combined with high-speed electro-optic mod-
ulation and efficient second harmonic generation on-chip,
fully stabilized integrated frequency standards are realiz-
able, through the detection of near-THz comb spacings
using electro-optic down-conversion, and detection of
carrier envelope offset frequency using f-2f inter-
ferometry. Towards this goal, reproducible fabrication of
the octave-spanning DKS source is critical to bench-
marking such a large-scale system combining various
photonic integrated components, also a core proponent of
our work which may accelerate future system develop-
ment. Such systems could provide a complete microwave
to optical link with significant potential for application.
For example, making use of integrated laser technol-
ogy®*~®, small form factor optical frequency synthesizers
and frequency-precise spectroscopic light probes are
possible. Considering the mutual synergies of second- and
third-order nonlinearities on TFLN for comb generation
and stabilization, we envision TFLN frequency comb
systems to meet technology’s growing needs for compact
generators of an equidistant grid of ultra-stable and
mutually coherent optical frequencies.

Materials and methods
Device fabrication

Dissipative Kerr soliton (DKS) microrings are fabri-
cated on commercial Z-cut thin-film lithium niobate
(Z-TFLN) on insulator wafers (NanoLN). The wafer
stack consists of 600 nm Z-TFLN and 2 um thermal
oxide atop a 0.525mm silicon handle. Bus and
microring waveguides are patterned on hydrogen
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silsesquioxane (HSQ) resist using electron-beam litho-
graphy. An optimized etching process alternating
Ar*-based reactive ion etching and wet etching in SC-1
solution is utilized to steepen waveguide sidewalls (72°
used in our devices), which symmetrizes the anomalous
dispersion profile about the pump frequency. Periodic
wet etching removes redeposition buildup acting as an
effective etch mask, which is responsible for typical
shallow sidewalls below 60° without angled etchers.
The HSQ resist is stripped with dilute hydrogen-
fluoride solution and the devices are annealed in a
high-temperature, oxygen-rich environment. Finally,
bus waveguides are exposed through manual cleaving,
resulting in 6 dB loss per facet, on average. We note that
our fabrication process reduces device dimensions
compared to their initial design, due to extensive wet
etching. For integrated dispersion (Dj,) comparisons,
the measured Dj,; for an as-designed microring wave-
guide top width is always compared against a simula-
tion assuming a 0.1 pm-reduced top width. For Q.
design, we experimentally fine-tune the bus waveguide
width and coupling gap around a simulated
optimal point.

Dispersion simulation and measurement

Integrated ~dispersion Din(y) = > oo, 24" of a
microring waveguide is simulated by computing the
eigenmodes of its cross section, using a commercial
eigenmode solver (Lumerical MODE). Broadband effec-
tive index information is obtained and used to calculate
Dint(¢). The assumed microring waveguide sidewall angle
is 72°, owing to the etching process described above. The
Din(#) of a microring is measured experimentally by
scanning a tunable, C/L-band external cavity diode laser
and fitting the microring resonance mode positions from
device transmission. Such transmissions are normalized,
and their frequency axes determined using a fiber-based
Mach-Zehnder interferometer reference (191.3 MHz
fringe spacing near 1.55 um). This fringe spacing is cali-
brated by a near 1.55 um carrier frequency and its electro-
optic sidebands. The resonance positions in the C/L-band
are located, and the fitted FSR (D;) at the pump frequency
is removed. Such a measurement gives access to the
experimental Diy(¢#) expanded about ¢ = 0 and enables
direct comparison against simulation.

DKS generation experiment

DKS states are generated by a single-tone, continuous
wave pump laser (Toptica CTL-1550) amplified by an
erbium doped fiber amplifier (Pritel FA-33). The amplified
pump passes a polarization controller and is coupled into
the Z-TFLN chip by a lensed fiber. A 10 Hz electrical
ramp is fed into the laser’s piezo-actuated frequency
control to locate microring resonances and map comb
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power vs. laser-resonance detuning (Fig. 1b and Supple-
mentary information). Once DKS steps are identified, the
ramp signal is turned off and the pump frequency is
manually tuned into the DKS existence range starting
from blue side of resonance. Note that DKSs may occa-
sionally be triggered with an initially red-detuned pump.
Once the DKS state is entered, no additional locking
mechanism is required. The generated comb spectra are
collected by a lensed fiber and detected using two optical
spectrum analyzers (Yokogawa AQ6370D, AQ6375). A
tunable fiber Bragg grating filter (FLT FBGT-1550-C) is
used to remove the pump frequency when monitoring
comb power or taking select spectra.

SRS suppression calculation

SRS is a parasitic nonlinear process that inhibits DKS
generation from Z-TFLN microrings. We proposed two
strategies to bias microrings in favor of DKS generation,
based on Raman mode placement in conjunction with
large FSR, and dissipation engineering of Raman modes.
Such strategies are conceived by comparing the threshold

powers of SRS against four-wave-mixing (FWM): P3RS =

w . Veii_ Hzng(fl’f . Veit

c2g§fl';5 (5) QE QE’ CZgKerr (QE ) 2y
pump mode effective index, Vg = 2mRA is the effective
mode volume, A is the effective mode area, R is the

and Pﬁf” = where ng is the

microring radius, fX, f* are the Raman and pump mode
frequencies, g = 47n,f* /c ~0.146 cm-GW ! is the
FWM gain coefficient, n; =1.8 x 107" m2wW! is the
nonlinear index, g55° () is the effective SRS gain function
for the E(LOg) vibrational mode (peak gain g35°(8 = 0)
~4.51 cm-GW !, scaled to 1.55 um using measured values
at 1 um®*), and ¢ is the detuning between peak SRS gain
and the nearest microring resonance mode. The g58°(8)
has a center A ~18.94 THz away from the pump and a
bandwidth ~ I'~558  GHz**®. A  ratio  of
( = 2w ~ Q_g giﬁ;e(f)
Py Q¢
of SRS. Without special considerations, {>1 for the
fundamental transverse-electric mode at C-band pump
frequencies in Z-TFLN. The FSR control and dissipation
engineering methods tune the terms in { so that ( is
maximally decreased.

PKerr

<1 supports DKS generation instead

Coupler simulation for dissipation engineering

The microresonator coupling is defined by the coupling
rate k. between the microresonator and the bus wave-
guide. The structure which facilitates evanescent coupling
is called the coupler. The k. of the coupler is represented
by k. = |¢|*-FSR, where ¢ is the cross-coupling transmis-
sion of the coupler. Coupler design is important for DKS
generation on TFLN as parasitic SRS, also based on the
third-order nonlinear optical response, has a stronger
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effective gain coefficient (in most cases) than the Kerr
nonlinear gain. The dissipation engineering method
employs pulley couplers to increase the SRS threshold and
suppresses Raman lasing in favor of DKS generation at all
optical pump powers. These couplers are designed such
that the pump frequency is critically coupled, while the
Raman mode f* is strongly overcoupled compared to the
pump. In terms of coupling rates, «;i(f") ~ k(f'),
Kc<fp) < k(f?) and Ki(fp) ~ Ki(fR) < Kk(f®). This set
of conditions allows efficient resonant enhancement of
the pump field while increasing the lasing threshold for
microresonator modes near f~, favoring DKS generation.
The design of these couplers thus focuses on the x, (fP)
and «(f R) contrast arising from strongly frequency-
dependent ¢, where ts are directly accessed using 3-D
electromagnetics simulations of the coupling structure
using a commercial finite-difference time-domain solver
(Flexcompute Tidy3D). Coupling quality factors Q,(f) =
Kf(Ljfr) are inversely proportional to the coupling rates.

Additional note
During the manuscript review stage, we became aware

of another work reporting octave-spanning DKS on
TFLN®.
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