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Flat soliton microcomb source

Xinyu Wang!f, Xuke Qiu?f, Mulong Liu3’, Feng Liu?, Mengmeng Li?,
Linpei Xue?, Bohan Chen?, Mingran Zhang* and Peng Xie?>*

Mode-locked microcombs with flat spectral profiles provide the high signal-to-noise ratio and are in high demand for
wavelength division multiplexing (WDM)-based applications, particularly in future high-capacity communication and paral-
lel optical computing. Here, we present two solutions to generate local relatively flat spectral profiles. One microcavity
with ultra-flat integrated dispersion is pumped to generate one relatively flat single soliton source spanning over 150 nm.
Besides, one extraordinary soliton crystal with single vacancy demonstrates the local relatively flat microcomb lines when
the inner soliton spacings are slightly irregular. Our work paves a new way for soliton-based applications owing to the rel-

atively flat spectral characteristics.

Keywords: ultra-flat integrated dispersion; flat spectral profile; soliton microcomb
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Introduction

Optical microcavity provides the abundant nonlinear in-
vestigations owing to the strong field enhancement. The
emergence of optical frequency comb in the high-quality
microcavity brings to the optical ruler to chip-scale in-
tegration and mode-locking pulse with ultrahigh repeti-
tion rate. Dissipative Kerr solitons (DKSs) emerged from
the balances of cavity dissipation and gain, as well as
nonlinearity and dispersion maintain their temporal
waveform during propagating in the Kerr medias'-°. This
chip-scale optical soliton source is envisioned to play the
essential roles in integrated microwave photonics’, high-
speed accurate ranging measurements® !, dual-comb
spectroscopy'!~1* , and optical information processing as-
wavelength  division

sisted by multiplexing

techniques'*-'. To date, various techniques have been in-

troduced to generate the coherent soliton microcomb
sources, including fast frequency tuning', power-kick-
ing®, self-injecting solitons?!, auxiliary modes??, auxili-
ary lasers heating the cavity®’, photorefractive effects®,
and extraordinary soliton states>2.

Optical amplifier is one fundamental path of adapting
the light signal power to the demands of engineering and
scientific applications. Signal-to-noise ratio (SNR) is one
important criterion for exploring the soliton-based ap-
plications when external amplifiers are introduced to en-
hance the microcomb power. The amplifier spontaneous
emission (ASE) can significantly impact the noise level of
the microcombs and microcomb lines with lower power
are challenging to be utilized. One feasible method is fo-
soliton  transformation

cused on increasing the

efficiency, e.g. platicon or dark pulse at the normal
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dispersion regime?, periodic or quasi-periodic arranged
soliton sequences termed as soliton crystals (SCs)¥, and
solitons in coupled dual microcavities**°. However,
these strategies still result in the power attenuation when
the microcomb lines are far away from the pump laser,
all the microcomb lines are still not efficiently used. An
alternative approach is constructing one specifical solion
which is not sensitive to the cavity dispersion or soliton
source with large-scale flat spectral profiles. The wide-
spread optical source with flat spectral profile is widely
prepared in electro-optics modulation combs?!, disper-
sion-less fiber cavities assisted by dispersion optimiza-
tion*?, microcomb coherent combining®, artificial intelli-
gence-driven meta-microcavities*** and micro-cavity
with near-zero dispersion characteristics’**’. Microcav-
ity with dispersion-less characteristics at a larger
wavelength domain could facilitate the soliton with a
large-scale, relatively flat spectral profile.

In this paper, we present two schemes for forming a
soliton microcomb (SMC) source with the relatively flat
spectral envelope. One special microcavity with an ultra-
flat integrated dispersion spanning from 1500 nm to
1650 nm is pumped by the counter-propagating dual-
color lasers. Single soliton at this dispersion-less regime
demonstrates the relatively flat spectral envelope. Be-
sides, microcavity with pure quadratic dispersion also
ensures the implementation of local relatively flat spec-
trum via forming one-defected SC with irregular inter-
soliton spacings. Our work not only presents novel
soliton dynamics but also offers a high SNR microcomb
source, which is crucial for exploring soliton-based
applications.

Numerical explorations and experimental
results

A numerical model suited to describe the microcomb
formation can be modelled by the Lugiato-Lefever
equation (LLE)*:

DA (O, 1 D, A (0, t
oAl _ <g+16)A(®,t)+i72785Dz’ )
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kexP;
A(DtZA(Dt ex+ in
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where @ is the azimuthal domain along with the circum-

ference of the cavity, ¢ is the evolution time of the field
envelope. A (O, t) is the propagating field envelope circu-
lating in the microcavity. y, D,/2n and P,, denote as the

total dissipation rate, second-order dispersion and on-
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chip power, respectively. g is single-photon-induced
Kerr frequency shift. k. is the external coupling rate
between microcavity and waveguide. ¢ is the cavity de-
tune between the degenerate mode eigenfrequency w,
and the pump frequency w,. Figure 1 shows the simu-
lated optical spectrum of single SMC under different dis-
persion conditions. The simulation parameters for the
condition of anomalous dispersion regime are set as: in-
put wavelength 1,=1560 nm, second-order dispersion
D,/2m = 200 kHz, soliton repetition rate D,/2m = 200
GHz, single-photon-induced Kerr frequency shift
¢ = 1.2, total quality Q = 1.5 million and external quality
Qext = 6 million, on-chip pump power 150 mW. When
the micro-cavity is located at the anomalous dispersion
regime (red line in Fig. 1(b)), a bright soliton with a
sech? function profile exhibits a prominent power atten-
uation with a power variation of approximately 10 dB in
the 160 nm range, as shown in Fig. 1(a). As shown in
Fig. 1(b), by adjusting the local dispersion to 0 (from the
—50th resonance mode to 50th resonance mode), a single
soliton microcomb with a local relatively flat spectrum
(blue line in Fig. 1(a)) is achieved, demonstrating ~2.5
dB power variation at the same 160 nm wavelength
range. Furthermore, we also investigate the spectral en-
velope of single soliton at the normal dispersion regime
in Fig. 1(c). The second-order dispersion (D,/2m) is
—-200 kHz and one frequency shift of —200 MHz on the
pump mode is introduced to achieve the local anomal-
ous dispersion. A typical dark platicon is observed with
high local power levels (red curve in Fig. 1(c)) but still
exhibits the significant power variations in one larger
frequency domain. When local integrated dispersion is
tuned to zero (from —100th resonance mode to 100th
resonance mode as shown in Fig. 1(d)), the stable single
soliton (blue line in Fig. 1(c)) has one relatively flat do-
main with about 320 nm spectrum width. At this region,
the maximum power variation is ~6 dB. Meanwhile,
temporal waveform of single soliton demonstrates the
typical bright pulsed waveform owing to the implement-
ations of large-scale weak anomalous dispersion. The
presence of large-scale ultra-flat integrated dispersion
promotes the formation of flat solitons, offering the feas-
ibility to achieve the high-SNR microcomb sources when
the external amplifier is introduced.

To overcome the strong thermo-optic effect, an auxili-
ary laser is constructed by using a commercial acoustic
optical modulator and an external radio-frequency (RF)
signal. Both the pump laser and auxiliary laser are
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amplified by using a polarization-maintaining amplifier sponsible for microcomb generation is a CMOS-compat-
and counter-coupled in the micro-resonator. The output ible all-pass micro-ring resonator (MRR), fabricated on
signals are monitored by using an optical spectrum ana- high-index doped silica glass platform, as is shown in
lyzer (OSA), an electrical spectrum analyzer (ESA), and Fig. 2(b). The micro-resonator is coupled with a com-
an oscilloscope (OSC) (Fig. 2(a)). The core device re- mercial standard fiber-array with a coupling loss of 3 dB
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Fig. 1 | Optical spectrums of single SMC source and dispersion curves. (a, ¢) and (b, d) are the simulated optical spectrums of single soliton
and dispersion curves, respectively. Blue line and red line in dispersion curves correspond to the conditions of local flat integrated dispersion and
initial dispersion. Large-scale flat dispersion reduces the microcomb power variations at the ultra-weak dispersion regime.
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Fig. 2 | Experimental setup. (a) Experimental setup for the robust single SMC formation. An auxiliary laser is introduced for the stable soliton
formation. ECDL, External cavity diode laser; EDFA, Erbium-doped fiber amplifier; OSA, Optical spectrum analyzer; OSC, Oscilloscope; ESA,
Electrical spectrum analyzer; MRR, Micro-ring resonator; PD, Photodetector; Cir, Circulator. (b) Microscope image of the high-index doped silica
glass micro-ring resonator with a radius of 148.1 uym (lower panel). Butterfly-packaged device (upper panel). (c) Dispersion characteristic of the
MRR. The green line (Dint=0) is one referenced integrated dispersion curve. The micro-cavity demonstrates the ultra-flat dispersion characterist-
ic. The red-dot is the soliton mode. (d) The transmission spectra of the soliton mode.
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per facet. One thermoelectric cooler (TEC) chip is used
for temperature stabilization. The MRR has a radius of
148.1 pm and the free spectral range (FSR) is 190 GHz.
The dispersion curve is shown in Fig. 2(c). A specific in-
tegrated dispersion curve (green line in Fig. 2(c)) serves
as one reference, and over 40 modes are closed to the
green reference line, indicating an ultra-flat or ultra-
weak integrated dispersion characteristic ranging from
1500 nm to 1650 nm. This ultra-flat integrated disper-

sion covers the S, C, and L bands, enabling relatively flat
SMC generation across a wide spectral range. The pump
mode is marked by a red dot in Fig. 2(c) and has a Q-
factor of 1.18 million as shown in Fig. 2(d).

To verify the dynamics of the single SMC evolution in
the flat integrated dispersion regime and ensure the im-
plementation of thermal balance, the initial modulation
frequency on the acoustic optical modulator (AOM) is
set to 100 MHz, and the pump laser wavelength is 1564.2
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Fig. 3 | Experimental results at the flat dispersion regime. (a) Power trace of microcomb evolution from the continuous wave (CW) state to

single soliton state. MI: Modulation instability. I: Turning pattern. 1l: Dual-soliton microcomb. Ill: Single soliton microcomb. (b) Radio frequency

spectrum of single soliton state. (c) Optical spectrums of Turning pattern (1), dual-soliton microcomb (I1) and single SMC source (lll). Via introdu-

cing the perfect rectangular spectrum as one standard reference, the single SMC demonstrates the trapezoidal spectrum with weak power-var-

ied spectral profile. (d) Long-term power trace of single SMC.
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nm. The pump laser and auxiliary laser maintain the
identical polarization. Figure 3(a) shows the power trace
from the continuous wave (CW) state to the single SMC
state. Thermal tuning of the operation temperature of
microcavity to make the pump laser entry into the reson-
ance mode and the accumulated intra-cavity power
gradually meets the threshold of four-wave mixing
(FWM) as shown in Fig. 3(c). The first parametric side-
bands (state I) are 25-FSR away from the pump. Con-
tinuously decrease the operation temperature of the
MRR, soliton steps are observed in Fig. 3(a). Once the
soliton existence regime is reached, a typical bi-direc-
tional tuning technique is employed: the modulation fre-
quency of the AOM is increased, and the pump laser fre-
quency is decreased by using piezoelectric (PZT) control.
Typical soliton switching as shown in Fig. 3(a) leads to
the generation of a single SMC (IlI) from the dual-
soliton microcomb (II') with typical dual-pulse interfer-
ence characteristics in Fig. 3(c). After obtaining a stable
single SMC, the modulation frequency on the AOM is
backward tuned to 100 MHz to enhance the stability of
micro-soliton, and the beat signal is demonstrated in Fig.
3(b). The ideal generated single SMC exhibits a rectangu-
lar spectrum, marked by the green line in Fig. 3(c), and
the experimental spectrum shows the trapezoidal profile.
The power of the spectrum shows some fluctuations due
to irregular mode shifts*. These fluctuations can be mit-
igated through better optimization methods in the dis-
persion curve and loss control, resulting in flatter micro-
combs. Long-term stability of soliton is of vital import-
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ance for exploring soliton-based applications. Figure
3(d) shows the long-term power traces by the feedback
on the laser frequency and the single SMC has higher
stability toward the environment.

Soliton crystal (SC) is an extraordinary soliton state
characterized by collectively ordered soliton sequences,
which is known for enhancing the microcomb power
due to their high conversion efficiency. The formation of
SCs relies on the interference between the modulated
background wave and the chaotic modulation instability
(MI) field. Intracavity modulated background wave
could be constructed by perturbation on the local disper-
sion. Figure 4 shows the experimental results for SC with
local relatively spectral lines. The core device is a high-
index doped silica glass MRR, which has a FSR of 48.9
GHz for the fundamental TM mode. The microcavity is
designed with anomalous dispersion and has the cross
section of 2 um x 3 um. Figure 4(a) shows the dispersion
curve of TMyy mode and the second-order dispersion
(D,/2m) is 141.35 kHz. Typical mode-crossing effect is
around 1514.4 nm. In our experiments, the wavelength
of the pump laser is 1556.4 nm. The spacing between
pump laser and mode-crossing mode is 105 FSR. The
on-chip power is about 850 mW. Via controlling the op-
eration temperature of microcavity, various SCs could be
formed. SCs exhibit various temporal structures, includ-
ing periodic arranged solitons termed as perfect soliton
crystals, vacancies, superstructure and other complex ar-
ranged structure. Among these SC states, a specific de-
fected soliton crystal with slight irregular inter-soliton

1450 - 1500 1550 1600 . 1650
Wavelength (nm) k. Wavelength (nm) A
>
c °
. Q s
— s}
=] °
& ©
£ g
= c
| 1545 1550 1555 1560 1565
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Fig. 4 | Experimental results for SC formation with local relatively flat spectrum. (a) Dispersion characteristic of microcavity. (b) Soliton

crystal with irregular inter-soliton spacings. Zoom-in local spectrum. At this frequency region, the microcomb demonstrates the relatively flat spec-

tral profile. (c) Temporal evolution of SC with local relatively flat spectral lines.
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spacings provides the local flat spectral lines, as shown in
Fig. 4(b). In this case, 34 solitons stably exist in the
micro-cavity as shown in Fig. 4(c), and the local flat
spectral range covers approximately 25 nm. The local
perturbations of microcomb power in this type of SC are
mainly induced by different dissipation rates and Ra-
man-induced frequency shifts*. This specific SC can be
converted from a soliton crystal with one defect by
slightly tuning the operation temperature or laser
frequency’!.

Conclusion

In conclusion, we have demonstrated two methods for
generating the coherent mode-locked microcomb source
with the local relatively flat spectral profile in the micro-
ring resonator. One micro-cavity with large-range ultra-
flat integrated dispersion is verified and single SMC at
this ultra-flat dispersion regime demonstrates relatively
flat spectral lines from 1480 nm to 1650 nm, effectively
covering the S, C, and L bands. Besides, we explore the
generation of local flat microcomb lines using a single-
defected soliton crystal with slightly irregular soliton spa-
cing. This WDM-compatible flat soliton microcomb is
an excellent candidate as multi-wavelength source for
parallel high-capacity informational processing and par-
allel photonic neuromorphic computing.
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