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While soliton microcombs offer the potential for integration of powerful frequency metrology
and precision spectroscopy systems, their operation requires complex startup and feedback proto-
cols that necessitate difficult-to-integrate optical and electrical components. Moreover, CMOS-rate
microcombs, required in nearly all comb systems, have resisted integration because of their power
requirements. Here, a regime for turnkey operation of soliton microcombs co-integrated with a pump
laser is demonstrated and theoretically explained. Significantly, a new operating point is shown to
appear from which solitons are generated through binary turn-on and turn-off of the pump laser,
thereby eliminating all photonic/electronic control circuitry. These features are combined with high-
Q SisNy resonators to fully integrate into a butterfly package microcombs with CMOS frequencies
as low as 15 GHz, offering compelling advantages for high-volume production.

Optical frequency combs have found a remarkably wide
range of applications in science and technology [I]. And a
recent development that portends a revolution in minia-
ture and integrated comb systems is dissipative Kerr soli-
ton formation in coherently pumped high-quality-factor
(high-Q) optical microresonators [2H8]. To date, these
soliton microcombs [9] have been applied to spectroscopy
[T0-12], the search for exoplanets [I3] [14], optical fre-
quency synthesis [15], time keeping [16] and other ar-
eas. Also, the recent integration of microresonators with
lasers has revealed the viability of fully chip-based soliton
microcombs [I7), I8]. However, despite their enormous
promise, microcomb integration has faced two consider-
able obstacles.

First, complex tuning schemes and feedback loops
are required for generation and stabilization of solitons
[2, 19, 20]. These not only introduce redundant power-
hungry electronic components [I7, [I8], but also require
optical isolation, a function that has so far been challeng-
ing to integrate at acceptable performance levels. Indeed,
the omission of optical isolation between a high-Q res-
onator and a laser has been a subject of study for some
time. And semiconductor laser locking to the resonator
as well as line narrowing have been shown to result from
backscattering of the intracavity optical field[21]. These
attributes as well as mode selection when using a broad-
band pump have also been profitably applied to oper-
ate microcomb systems without isolation [17, 18] 22} 23].
However, prior studies of feedback effects have considered
the resonator to be linear. Here, we show that the non-
linear dynamic of the unisolated laser-microcomb system
creates a new operating point from which the pump laser
is simply turned-on to initiate the soliton mode locking
process. A theory and experimental demonstration of the
existence and substantial benefits of this new operating

point are presented.

A second issue impacting microcomb integration is the
realization of repetition frequencies that are both de-
tectable and that can be readily processed by CMOS
circuits. These features are essential to realize the pro-
cess of comb self-referencing that underlies many comb
applications[I]. While detectable repetition rates are
readily available in larger table top and fiber-based
combs, these rates have been much more challenging to
achieve in soliton microcombs owing to excessive power
consumption caused by the resulting enlarged optical
mode volume. To overcome this problem, ultra-high-Q
silica resonators [5l B1] and Damascene SizNy4 resonators
[25] provide effective pathways to reduce power consump-
tion. Even there, however, it has not been possible until
the present work to generate CMOS-rate solitons using
integrated pumps.

In the experiment, integrated soliton microcombs
whose fabrication and repetition rate (40 GHz down
to 15 GHz) are compatible with CMOS circuits [24]
are butt-coupled to a commercial distributed-feedback
(DFB) laser via inverse tapers (Fig. [[JA). The microres-
onators are fabricated using the photonic Damascence
reflow process [25H27] and feature Q factors exceeding
16 million (Fig[I[B), resulting in low milliwatt-level para-
metric oscillation threshold, despite the larger required
mode volumes of the GHz-rate microcombs. This enables
chip-to-chip pumping of microcombs for the first time at
these challenging repetition rates. Up to 30 mW of opti-
cal power is launched into the microresonator. Feedback
from the resonator suppresses frequency noise by around
30 dB compared with that of a free-running DFB laser
(Fig. [IIC) so that the laser noise performance surpasses
state-of-the-art monolithically integrated lasers [28] and
table-top external-cavity-diode-lasers (ECDL). Given its
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FIG. 1. Integrated soliton microcomb chip. (A) Rendering of the soliton microcomb chip that is driven by a DC power
source and produces soliton pulse signals that are detectable with CMOS circuits. Four microcombs are integrated on one chip,
but only one is used in these measurements. (B) Transmission signal when scanning the laser across a cavity resonance (blue).
Lorentzian fitting (red) reveals 16 million intrinsic Q factor. (C) Frequency noise spectral densities (SDs) of the DFB laser
when it is free running (blue) and feedback-locked to a high-Q SizN4 microresonator (red). For comparison, the frequency noise
SDs of ultra-low-noise integrated laser on silicon (gray) and a table-top external cavity diode laser (black) are also plotted. (D)

Images of a pump,/microcomb in a compact butterfly package.

compact footprint and the absence of control electronics,
the pump-laser /microcomb chip set was mounted into a
butterfly package (Fig. [ID) to facilitate measurements
and also enable portability.

In conventional pumping of microcombs, the laser is
optically-isolated from the downstream optical path so
as to prevent feedback-induced interference (Fig. )
And on account of strong high-Q-induced resonant build-
up and the Kerr nonlinearity, the intracavity power as a
function of pump-cavity detuning features a bistability.
The resulting dynamics can be described using a phase
diagram comprising continuous-wave (c.w.), modulation
instability (MI) combs and soliton regimes that are ac-
cessed as the pump frequency is tuned across a cavity res-
onance (Fig. )m This tuning through the MI regime
functions to seed the formation of soliton pulses. On ac-
count of the thermal hysteresis [29] and the abrupt intra-
cavity power discontinuity upon transition to the soliton
regime (Fig. [2C), delicate tuning waveforms [2, 20] or ac-
tive capturing techniques [I9] are essential to compensate
thermal transients, except in cases of materials featuring
effectively negative thermo-optic response [g].

Now consider removing the optical isolation as shown
in Fig. so that backscatter feedback occurs. In
prior feedback locking studies the resonator has been con-

sidered to be linear so that the detuning between the
feedback-locked laser and the cavity resonance is deter-
mined by the phase ¢ accumulated in the feedback path
[30]. However, here the nonlinear behavior of the mi-
croresonator is included resulting in a dramatic effect
on the operating point. Including the nonlinear behav-
ior causes the resonances to be red-shifted by intensity-
dependent self- and cross-phase modulation. The rela-
tionship between detuning dw (i.e. the difference of cav-
ity resonance and laser frequency) and intracavity power
of the pump mode Py can then be shown [27] to be ap-
proximately given by,

dw 10)
K_/Q_tan§+§P_m (1)

where x is the power decay rate of the resonance and
P,y is the parametric oscillation threshold for intracavity
power. This dependence of detuning on intracavity power
gives rise to a single operating point at the intersection
of Eq. (1) and the soliton hysteresis as shown in Fig.
[2E. Control of the feedback phase shifts the x-intercept
of Eq. (1) and thereby adjusts the operating point. Cu-
riously, this equilibrium is stable [27] but can lie on the
middle branch of the multi-stability curve, which is un-
stable under conditions of conventional soliton pumping
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FIG. 2. The turnkey operating point. (A) Conventional soliton microcomb operation using a tunable c.w. laser. An
optical isolator blocks the back-scattered light from the microresonator. (B) Phase diagram, hysteresis curve and dynamics
of the microresonator pumped as shown in panel A. The blue curve is the intracavity power as a function of cavity-pump
frequency detuning. Laser tuning (dashed red line) accesses multiple equilibria (middle point is unstable as indicated by blue
arrows). (C) Measured evolution of comb power pumped by an isolated, frequency-scanned ECDL. The step in the trace
is a characteristic feature of soliton formation. (D) Turnkey soliton microcomb generation. Non-isolated operation allows
back-scattered light to be injected into the pump laser cavity . Resonances are red-shifted due to self-phase modulation (SPM)
and cross-phase modulation (XPM). (E) Phase diagram, hysteresis curve and dynamics of pump/microresonator system. A
modified laser tuning curve (dashed red line) intersects the intracavity power curve (blue) to establish a new operating point
from which solitons form. The feedback phase ¢ is set to 0 in the plot. Simulated evolution upon turning-on of the laser at a
red detuning outside the soliton regime but within the locking bandwidth is plotted (solid black curve). (F) Measured comb

power (upper panel) and detected soliton repetition rate signal (lower panel) with laser turn-on indicated at 10 ms.

(Fig. 2B).

In the Supplement [27] it is shown that the system
converges to this equilibrium once the laser frequency is
within a locking bandwidth (estimated to be 5 GHz in
the present case). As verified both numerically (Fig. 2E)
and experimentally (Fig. 2F), this behavior enables soli-
ton mode locking by simple power-on of the pump laser
(i.e., no triggering or complex tuning schemes). Indeed,
an experimental trace of the comb power shows that a
steady soliton power plateau is reached immediately af-
ter turn-on of the laser. And the stable soliton emission is
further confirmed by monitoring the real-time evolution
of the soliton repetition rate signal (Fig. [2JF). Numeri-
cal simulation of this startup process is provided in the
Supplement [27]. Finally, using this form of soliton turn-
on, the thermal nonlinearity does not frustrate soliton
generation and the system is highly robust with respect
to temperature and environmental disturbances. Indeed,
soliton generation without any external feedback control
was possible for several hours in the laboratory.

Figure |3| shows the optical spectra of a single-soliton
state with 40 GHz repetition rate and multi-soliton states
with 20 GHz and 15 GHz repetition rates. The pump
laser at 1556 nm is attenuated at the output by a fiber-
Bragg-grating notch filter in these spectra. The coher-
ent nature of these soliton microcombs is confirmed by

photodetection of the soliton pulse streams, and reveals
high-contrast, single-tone electrical signals at the indi-
cated repetition rates. Numerical simulations have con-
firmed the tendency of turnkey soliton states consisting
of multiple solitons, which is a direct consequence of the
high intracavity power and its associated MI gain dynam-
ics [27]. However, single-soliton operation is accessible
for a certain combination of pump power and feedback
phase.

To demonstrate repeatable turnkey operation, the
laser current is modulated to a preset current by a square
wave to simulate the turn-on process. Soliton microcomb
operation is reliably achieved as confirmed by monitor-
ing soliton power and the single-tone beating signal (Fig.
). More insight into the nature of the turnkey opera-
tion is provided by the phase diagram near the equilib-
rium point for different feedback phase and pump power
(Fig. ) The turnkey regime occurs above a thresh-
old power within a specific range of feedback phases.
Moreover, the regime recurs at 27 increments of feed-
back phase, which is verified experimentally (Fig. )
Consistent with the phase diagram, a binary-like behav-
ior of turn-on success is observed as the feedback phase
is varied. In the measurement the feedback phase was
adjusted by control of the gap between the facets of the
laser and the microcomb bus waveguide. A narrowing of
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FIG. 3. Optical and electrical spectra of solitons. (A) The optical spectrum of a single soliton state with repetition
rate fr = 40 GHz. (B)-(C) Optical spectra of multi-soliton states at 20 GHz and 15 GHz repetition rates. Insets: Electrical

beatnotes showing the repetition rates.
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FIG. 4. Demonstration of turnkey soliton generation. (A) 10 consecutive switching-on tests are shown. The upper panel
gives the measured comb power versus time. The laser is switched on periodically as indicated by the shaded regions. The lower
panel is a spectrogram of the soliton repetition rate signal measured during the switching process. (B) Phase diagram of the
integrated soliton system with respect to feedback phase and pump power. The pump power is normalized to the parametric
oscillation threshold. (C) Turnkey success probability versus relative feedback phase of 20 GHz (upper panel) and 15 GHz
(lower panel) devices. Each data point is acquired from 100 switch-on attempts.

the turn-on success window with an increased feedback
phase is believed to result from the reduction of the pump
power in the bus waveguide with increasing tuning gap
(consistent with Fig[B).

Besides the physical significance and practical impact
of the new operating point, our demonstration of a
turnkey operating regime is an important simplification

of soliton microcomb systems. Moreover, the application
of this method in an integrated CMOS-compatible sys-
tem represents a milestone towards mass production of
optical frequency combs. The microwave-rate soliton mi-
crocombs generated in these butterfly packaged devices
will benefit several comb applications including minia-
turized frequency synthesizers [I5] and optical clocks



[16]. Moreover, the recent demonstration of low power
comb formation in ITI-V microresonators [37] suggests
that monolithic integration of pumps and soliton micro-
combs is feasible using the methods developed here. A
phase section could be included therein or in advanced

versions of the current approach to electronically con-
trol the feedback phase. Finally, due to its simplicity,
this approach could be applied in other integrated high-
Q microresonator platforms [7, [8, B1] to attain soliton
microcombs across a wide range of wavelengths.
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FIG. S1. (A) Photo of SizN4 microresonator chip devices. (B) Scanning electron microscope (SEM) image of the smooth facet
of SigNy chips. The SigNy inverse taper for butt coupling is blue-colored. (C) Microscopic image of a chip with 10 DFB lasers.
(D) Light-current curve (blue) and the wavelength response (red) of the DFB laser.

Appendix A: Silicon nitride chip fabrication

The SizNy [32] chip devices were fabricated using the photonic Damascence reflow process [33]. Deep-UV stepper
lithography is used to pattern the waveguides as well as the stress-release patterns [33] to prevent SigNy film cracks
from the low-pressure chemical vapor deposition (LPCVD) process. The waveguide patterns are dry-etched into the
SiO4 substrate from the photoresist mask. The substrate is then annealed at 1250°C at atmospheric pressure, such
that SiOq reflow happens which reduces the waveguide sidewall roughness [34]. Afterwards, LPCVD SizNy is deposited
on the substrate, followed by chemical-mechanical polishing to planarize the substrate top surface. The substrate is
further annealed to remove residual hydrogen contents in SigNy, followed by thick SiOs top cladding deposition and
SiO; annealing.

To separate the wafer into chips of 5 x 5 mm? size, deep reactive ion etching (RIE) is used to define the chip facets
for superior surface quality, which is particularly important in order to achieve good contact for the butt coupling
between the SizN,4 chip and the laser chip. Commonly, dicing of SiOs and silicon together is widely used, however
this method has challenges to achieve smooth SiOs facets due to the very narrow operational window of SiO5 dicing.
In our fabrication process, AZ 9260 photoresist of 8 pum thickness is used as the mask for the deep RIE to create
chip facets. The RIE is composed of two steps: dry etch of 7-um-thick SiOs using He/Hs/CyFg etchants, and Bosch
process to remove 200 um silicon using SFg/C4Fg etchants. The deep RIE thus can create a smooth chip facet for
butt coupling as shown in Fig. [SIB. After the deep RIE, the wafer is diced into chips using only the silicon dicing
recipe.

Appendix B: DFB laser characterization

The DFB pump laser fabricated by Freedom Photonics [35] has high-reflection coatings at the back side facet and
anti-reflection coatings at the front side facet. It has a 50 mA threshold current, and the total output power of the
laser can reach 120 mW with a slope efficiency around 0.24 mW/mA (Fig. [SID). The peak wall-plug efficiency is
inferred to exceed 20%. The lasing wavelength also shifts from ~ 1554.5 nm to ~ 1556.5 nm with an increase of bias
current (~ -1.4 GHz/mA).



Appendix C: Experimental details

The laser frequency noise is obtained using the homodyne method by analyzing the electrical beat signals of two
beams derived from a single laser source. One beam is sent into a long fiber delay and then combined with the other
beam whose frequency has been shifted. Coherence between two beams is removed by the fiber delay. The linewidth
of the laser can be inferred from the noise of the electrical beatnote signal. A fiber-Bragg-grating filter is used for
picking out the single pump line when the laser is injection locked and comb is generated. The table-top ECDL used
for frequency noise measurement in Fig.1B is 81608A from Keysight.

The soliton beatnote is down-mixed with a local oscillator to measure its real-time evolution. The frequency of the
local oscillator is set slightly lower than the repetition rate of the solitons. A high-speed oscilloscope is used to record
the trace from which the power spectrum is obtained by fast Fourier transform. The time window of the spectrograph
is 20 ps and the resolution bandwidth is 50 kHz.

The relative feedback phases are estimated from the gap between the facets of the laser and the bus waveguide,
which can be adjusted by a open-loop piezo micro-stepping motor (PZA12 from Newport). The step size of the
actuator was calibrated by the reference mark on the chip.

Appendix D: Theory of turnkey soliton generation

The injection locking system consists of three parts: the soliton optical field Ag, the backscattering field Ag, and
the laser field Ayr,. The complete equations of motions are [30), [36]:

0As K 2(9 Ag _H|A3|2+2|AB|2 K :

— = ——Ag — A — A —Ap — +/ i¢B A
5 5 As 10wAg +1 > 902 +1 5 o s+ 5B KRKLE L

dds K, | Apl +2 07 [As?d6/(2m) ok

=2 — _ZAp —idwAp +i= 0 A ) (S1)
0 5B 10w B+Z2 FoL B+lﬁ2 S
A A2 )

ddTL = 0w, A1, — 10wAL + M(l + iag)AL — \/KJRKJL61¢BAB

where the field amplitudes are normalized so that fo% |As|?df/(27), |A|? and |Ap|? are the optical energies of their
respective modes, t is the evolution time, # is the resonator angular coordinate, k is the resonator mode loss rate
(assumed to be equal for Ag and Ap), dw is the detuning of the cold-cavity resonance compared to injection-locked
laser (0w > 0 indicates red detuning of the pump frequency relative to the cavity frequency), D2 is the second-
order dispersion parameter, iy is the parametric oscillation threshold for intracavity energy, 8 is the dimensionless
backscattering coefficient (normalized to x/2), ¢p is the propagation phase delay between the resonator and the
laser, kg and k1, are the external coupling rates for the resonator and laser respectively, wy, is the detuning of the
cold-cavity resonance relative to the free-running laser frequency, g is the net intensity-dependent gain, and oy is

the amplitude-phase coupling factor. The average soliton field amplitude Ag = OQW Agdf/(2m) is also the amplitude

on the pumped mode, and by using Ag in the equation for Ag we have assumed that only the mode being pumped
contributes significantly in the locking process, which can be justified if a single-frequency laser is used.

We will introduce some dimensionless quantities to facilitate the discussion. Define: normalized soliton field am-
plitude as ¢ = AS / /B, normalized amplitude on the pumped mode as p = Ag/+v/Fyy,, normalized total intracavity

power as P = f |As|?df/ (27 Eyy), normalized detuning as o = 26w/k, normalized evolution time as 7 = xt/2 and
normalized pump as F' = —2./KRkLe'?B Ar/(kvV/Ew). The equation for Ag can then be put into the dimensionless

form
o - Dy 32'1/1 2 2|AB|
o —(1+ia)y + 177892 +1 <|¢| )

F +F (S2)

To simplify the equations we also consider the following approximations. We assume that backscattering is weak
(B < 1) so that nonlinearities caused by |Ag|? are negligible. Also, the coupled amplitude from Ap to Ag is small
and can be neglected. The propagation phase ¢p depends on the precise frequency of the locked laser and material
dispersion, but we assume that the feedback length is short (L < ¢/(nk), where ¢ is the speed of light in vacuum
and n is the refractive index of the material) so that ¢p can be treated as constant. Finally, we assume that gain
saturation is strong enough (9g/9|AZ| > Bv/|A%|, where v is the laser mode loss rate) so that the laser operates at
constant power (|Ar| is constant) and is not affected by the feedback.



With these approximations, the stationary solution for Ag can be found as

B iBp
Ap = m\/ Eiy (S3)

and the stationary equation for Ay, reduces to an algebraic equation for dw (i.e., @« = 20w/k) after eliminating the
gain g,

i3

p
m(l —iag)— (S4)

2 ’ A 4KkRK ,
= Z i —ia 2B = PRAL 2i¢
a—aL—HIm VErkLEe B (1 zag)AL] = ar, + = Im {e B -
where Im]-] is the imaginary part function and we have defined the normalized detuning for the free-running laser

ar, = 25wL/Ii.
Based on these equations, We define the locking strength, which is proportional to the locking bandwidth,

K= 4I£RI£L

I 1Bly/1+ag (S5)

and the feedback phase

¢ = 2¢p — arctan(coy) + Arg[s] + g (S6)

where Arg[-] is the argument function and the /2 is added for later convenience. Now the above equations can be
reduced to a conventional Lugiato-Lefever equation with an additional algebraic equation that describes the dynamics
of injection locking:

oy . 0%
5 = —(1+za)z/J—HD2W +il|*Y + F
1 p

—ap +KIm|e¥— P
@S A 2P F

(S7)

It is known that combs and solitons will emerge from a continuous-wave (CW) background when its power exceeds
the parametric oscillation threshold (|p| > 1), and it is desirable to first study the CW excitation of the system
by setting Dy = 0. In this case, the Lugiato-Lefever partial differential equation reduces to an ordinary differential
equation with ¢ = p and P = |p|?. The steady state solution can be found from

F=[1+i(a—|o*)]p (S8)
and the locking equilibrium reduces to

1 1
1+i(a—2P)1+i(a— P)

O(:O(L—i-KIHl ei‘b :CYL+KX(P,OC,¢) (Sg)

where we have defined the CW locking response function:

(3P —2a)cos ¢ + (1 — 2P% + 3Pa — a?)sin ¢

x(P,a,¢) = [+ (a— P)2[1 + (a — 2P)?]

(S10)

To obtain analytical results, we will also make the approximation of infinite locking bandwidth limit (i.e. K — 00).
The locking condition is then equivalent to setting the locking response function to zero:

(3P —2a)cos ¢ + (1 — 2P% + 3Pa — a?)sing = 0 (S11)

Fig. shows a plot for Eq. with different pumping powers F and Eq. with different feedback phases ¢.
The intersecting point of the two curves gives the CW steady state of the cavity. Note that there are two solutions to
the quadratic equation Eq. . Only the solution branch that satisfies dx/da < 0 is plotted; these are the stable
locking solutions. The opposite case Ox/da > 0 drives the frequency away from the equilibrium.

When a resonator is pumped conventionally, the intracavity power P will approach its equilibrium given by Eq.
(S8). In the case of feedback-locked pumping, such power changes will also have an effect on the locking response
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FIG. S2. Continuous-wave states of the injection-locked nonlinear resonator. Resonator characteristics are shown as
the blue curves, with F?2 = 1 (bottom) to 4 (top). Laser locking characteristics are shown as the red curves, with ¢ = —57/6
(upper left) to 57/6 (lower right).

function x, pulling the detuning to the new locking equilibrium as well (Fig. 2B and 2E in main text). A special case
is ¢ = 0, where the locking equilibrium can be simply described as

a= §P (512)
2
i.e. the detuning is pulled away from the cold cavity resonance, and the effect is exactly 3/2 times what is expected
from the self phase modulation. This is an average effect of the self phase modulation on the soliton mode and the
cross phase modulation of the backscattered mode from the soliton mode. More generally, the detuning can be solved
in terms of P as

V4 + P2Zsin® ¢

2sin ¢ (813)

3
azEP—cotqb—I—

where again only the solution satisfying dx/da < 0 is given. Neglecting the higher-order P?sin® ¢ term inside the
square root results in a lowest order approximation:

oa=tan- + =P (S14)

which splits into two additive contributions: one from the feedback phase and the other from the averaged nonlinear
shift. This is Eq. 1 in the main text when written using dimensional quantities.

When the dispersion term is considered, the CW solution is no longer stable, which leads to the formation of
modulational instability (MI) combs. These combs will evolve into solitons if the CW state is also inside the multista-
bility region of the resonator dynamics. By adjusting the pump power F2 and feedback phase ¢, we can change the
operating point of the cavity, and map the possible comb states to a phase diagram with F? and ¢ as parameters (Fig.
4B in the main text). It should be noted that the formation of combs will change the intracavity power (P > |p|?)
as well as the response function, which will slightly shift the operating point of the system. Contrary to conventional
pumping phase diagrams (with F? and « as parameters), where soliton existence regions only implies the possible
formations of solitons due to multistability, the soliton existence region here guarantees the generation of solitons as
the system bypasses the chaotic comb region before the onset of MI.

We have also performed numerical simulations to verify the above analyses (Fig. . The simulation numerically
integrates Eq. with a split-step Fourier method while fixing the amplitude of |Ar|. Noise equivalent to about
one-half photon per mode is injected into Ag to provide seeding for comb generation. Parameters common to all
simulation cases are Do/k = 0.015 and |3| = 0.05, while others are varied across different cases and can be found
in the caption of In the first case (Fig. ), conventional soliton generation by sweeping the laser frequency is
presented, showing the dynamics of a random noisy comb waveform collapsing into soliton pulses. This is in contrast
to the turnkey soliton generation in the second case (Fig. ), where solitons directly “grow up” from ripples in the
background. Such ripples are generated by MI in those sections of the resonator with local intracavity power above
the threshold. Each peak in the ripples corresponds to one soliton if collisions and other events are not considered.
The process of growing solitons out of the background will continue until there is no space for new solitons or when
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FIG. S3. Numerical simulations of turnkey soliton generation. (A) Conventional solitons are generated by sweeping
the laser frequency. Parameters are K = 0 (no feedback) and F' 2 = 4. The normalized laser frequency is swept from ag, = —2
to ar, = 6 within a normalized time interval of 400. Upper panel: Soliton field power distribution as a function of evolution
time and coordinates. Middle panel: Dynamics of the pump mode power (black) and comb power (blue). Lower panel: A
snapshot of the soliton field at evolution time 7 = 350 (a1, = 5), also marked as a white dashed line in the upper panel and
a black dashed line in the middle panel. (B) Multiple solitons are generated via feedback locking. Parameters are K = 15,
¢ = 0.15m, F? = 3 and a1, = 4.8. Upper and middle panels are the same as in (A). Lower panel: Snapshots of the soliton field
at evolution time 7 = 35 (gray dashed line) and 7 = 70 (black solid line), also marked as white dashed lines in the upper panel
and black dashed lines in the middle panel. (C) A single soliton is generated via injection locking. Parameters are K = 15,
¢ = 0.37, F? = 3 and ar, = 4.8. Upper and middle panels are the same as in (A). Lower panel: Snapshots of the soliton field
at evolution time 7 = 280 (gray dashed line) and 7 = 380 (black solid line), also marked as white dashed lines in the upper
panel and black dashed lines in the middle panel.

the background falls below the MI threshold, and such dynamics explain the tendency of the turnkey soliton state to
consist of multiple solitons. By carefully tuning the phase and controlling the MI gain, it is still possible to obtain a
turnkey single soliton state, as shown in the third case (Fig. [S3[C).

Appendix E: Additional measurements
1. Different types of microcombs in the injection locking system

There are several interesting solutions other than stable solitons that can be derived from the regular Lugiato-Lefever
equation (LLE) [36]. One is the breather soliton, which is the type of soliton whose shape oscillates in time. Another
example is the chaotic comb, which corresponds to the unstable Turing patterns or soliton state as the pump power
is increased. In addition, solitons can be self-organized and form an equidistant pulse train in the microresonator,
which is called a soliton crystal.

It is also possible to operate our system in different types of microcomb states under certain feedback phase and
laser driving frequency. Fig. [S4]shows the experimental spectra of the breather solitons, a chaotic comb and a soliton
crystal state, respectively. The turnkey generation of the chaotic comb is further shown in Fig. [S5A. The broad and
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FIG. S4. Optical and electrical spectra of different microcomb types. (A)-(B) Optical spectra of breather solitons

and a chaotic comb. Inset: Electrical beatnote signals. (C) Optical spectrum of a soliton crystal state.

noisy RF spectrum indicates that it is not mode-locked.

2. Tuning of turnkey soliton microcomb system

To further explore the performance of the turnkey soliton microcomb system, the frequency of the pump laser
is driven by a linear current scan (Fig. ,C). The scan speed of the driving frequency is around 0.36 GHz/ms,
estimated from the wavelength-current response when the laser is free running. When the laser is scanned across
the resonance, feedback locking occurs and pulls the pump laser frequency towards the resonance, until the driving
frequency is out of the locking band. As shown in Fig. [S5B, the power steps indicate that soliton states with different
soliton numbers can be accessed as we tune the driving current. It is worth noting that the soliton microcombs can be
powered-on when the laser is scanned from red-detuned side (Fig. ), which seldom happens under conventional
pumping, except in cases of an effectively negative thermo-optic response system [8]. The comb evolution during laser
scanning is a useful tool to assess the robustness of the turnkey soliton generation.
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FIG. S5. (A) Turnkey genertion of a chaotic comb. Upper panel: Comb power evolution. Lower panel: Spectrograph of RF
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