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dmoss@swin.edu.au

Abstract: The deterministic generation of robust soliton comb has significant meaning for the optical frequency
combs to be widely used in various applications. As a novel form of microcomb, Soliton crystal holds the
advantages of easy generation, high conversion efficiency, and excellent thermal robustness. Here, we report the
turnkey deterministic generation of “Palm-like” soliton crystal with a free-running scheme. The robustness of the
turnkey soliton crystal generation is also investigated in multiple aspects, including the success rate, the thermal
robustness, and the long-term stability. The experiment results reveal our turnkey soliton crystal can achieve
nearly a 100% success rate with a power variation less than +1.5 dB over one hundred trials of two samples, is
insensitive to thermal effects, and is robust to the environment during four-hour laboratory time.
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1. Introduction

It has been over two decades since octave spanning optical frequency combs (OFCs) were
developed, [1,2] enabling absolute frequency referencing. Kerr microcombs [3] — OFCs realized
in micro-resonators — offer the possibility of realizing combs in a compact footprint, and the first
reports [4-6] of fully integrated microcombs in CMOS compatible platforms triggered a
tremendous wave of activity that has captured the imagination of the community since [7-10]
and is still an extremely active field of research [11-13]. Beyond this, high repetition rates, high
efficiencies and broad spectral coverage have made OFCs attractive for demonstrations focused
on applications that span optical communications [14-16], frequency synthesis [17,18], quantum
optics [19-23], microwave photonics [10-13,24-27], astronomical detection [28], and artificial
intelligence [29-32]. Among many different types of microcombs of microcombs that have been
reported, soliton microcombs are especially preferred for their high coherence and low noise
[33], and these properties are linked to solitons being self-reinforcing waves. There are various
categories of soliton microcombs, such as bright dissipative Kerr solitons (DKSs) [34,35], dark pulses,
[36] soliton crystals (SCs) [15,37], and laser-cavity solitons [38,39].

Bright DKS microcomb states were the earliest discovered soliton microcomb that could be
generated in micro-ring resonators (MRRs) [34,35], and operate in the red-detuned regime of
MRRs having anomalous dispersion. However, when generating these soliton states,
overcoming the fast resonance drift caused by the sudden decline of intracavity power that
occurs at the onset of soliton generation, can be extremely challenging unless mitigated. Various
control schemes have been applied to do this, such as fast frequency sweeping [40], power-
kicking [41], integrated thermal-tuning [42], auxiliary laser pumping [43], self-injection locking
[44], and forward and backward frequency sweeping [45]. Moreover, the typical internal
conversion efficiency of DKSs is still only around 1% [46].

Using a shifted resonant mode within a microresonator, either through coupled resonators
or through mode interactions in a single resonator, enables higher efficiency microcomb
generation [47,48]. These mode shifts can enable bright single solitons [48], dark pulses [47,49]
and SCs [15]. Bright, single soliton states have been demonstrated recently with efficiencies
up to 54% [48], although this is achieved by reducing the pump power after soliton generation,
which means that the per-line power is not increased significantly. Dark pulse states have
reached up to 50% [49], but lack the intrinsic self-reinforcing nature of bright states. Laser cavity
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soliton microcombs have achieved the highest efficiency of all microcombs to date, [38,39] with
the capability of reaching 100% since they do not operate via the LLE and so do not require a
CW background that limits the efficiency. They have also achieved self-starting and self
recovering, and operate by embedding a microring resonator in a nested cavity fiber loop
configuration.

SCs are self-organized ensembles of co-propagating solitons that fill the resonator in the
angular domain, and can show efficiencies up to 40% [15]. Their generation is a function of pump
power, pump wavelength, cavity dispersion, and modes shifted by an avoided mode crossing
(AMX) which is characterized by its wavelength location and strength. For SCs, the AMX enables
an extended background wave into the soliton waveform in the resonator, which forms an
attractive soliton-soliton interation, in turn enabling the ensemble of solitons to stably form
[50,51]. A key property of SCs is that there is little intracavity power change when forming
the SC state, so the intracavity temperature (and hence optical the resonance undergoing
pumping) does not have the significant shift that is associated with DKS states. Therefore, no
complex pumping scheme is needed, and the robust SCs can be obtained by slow frequency
sweeping or temperature tuning of the pump wavelength. This greatly simplifies the system
required to generate a SC state, which can be experimentally obtained by slow frequency
sweeping of the pump laser or temperature tuning of the resonator.

Recent years have witnessed a surge in research on Kerr comb generation and applications
with the aim moving microcombs out of the laboratory. This has been highlighted by advanced
integrated photonics fabrication processes and packaging methods in order to greatly reduce the
system size, weight, and power consumption (SWaP) as well as investigating the autonomous,
deterministic, and robust generation of soliton combs. While deterministic generation has been
shown for DKS states [43,52-59], other than for nested-cavity LCS microcombs, it has not been
conclusively shown for high efficiency microcombs.

Attempts to demonstrate deterministic, and robust generation of SCs have focused on so-
called “perfect” soliton crystals (PSCs) that have been deterministically generated with a 100%
success rate [60] by forward tuning with low pump power. Here, the mode shift is synthesized
using an auxiliary laser [51], to generate SCs with a mode spacing of 1 to 32 FSRs when soliton
number is over 10 (490 GHz FSR repetition rate), the success rate of the PSC state generation is
100%, and when soliton number is below 10, the success rate, while not 100%, is still over 50%,
which reduces with decreasing soliton number. However, PSCs tend to have wide comb line
spacings, or relatively low numbers of comb lines with significant power, which limits their use
in many applications. Soliton crystals with defects, in contrast, can have comb lines at the
resonator FSR, and many comb lines with significant power — leading to many different proof-
of-concept demonstrations for a wide range of applications [15,37,61-63] These can be generated
with a high likelihood of success, with [50] showing a probability of over 60% for certain SC
state. In [64], the desired SCs, with s line spacings of 48.9 to 150 GHz, can be generated by
employing genetic algorithms as part of a closed-loop feedback control algorithm. However,
these techniques for deterministic generation involve challenges such as complex setups
resulting in wide mode spacings. Hence, while soliton crystals featuring defects look to be
promising microcomb states, there has so far not been a simple, turn-key set up to generate
these on demand.

The pump-to-comb conversion efficiency (CE) of the soliton combs is also important for
turnkey operation. Dark pulse turnkey generation using two coupled SiN ring resonators was
previously reported [53] witha CE of 41%. In addition, self-injection locking [57] has achieved
a CE of 40% and 25% for bright solitons with repetition rates of 3 THz and 1.2 THz respectively.
This wide comb line spacing greatly reduces their range of applications. In contrast, bounded
bright solitons have been generated in zero-dispersion rings with a CE of 26% [58], but there the
comb spectrum led to flaws — either highly structured spectra featuring a broad bandwidth with
a considerably lower power, or arelatively smooth spectrum with a less structured shape but with
a much more limited bandwidth. To date, there have been no demonstrations repeatability
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generating the same soliton state simultaneously with stable comb line powers, together with
turnkey operation.

In this work, we demonstrate deterministically generated turnkey ‘Palm’ like 100 GHz
(single FSR) SC microcombs using a free-running scheme. The turnkey SC generation is repeated
100 times using two different devics, both achieving a 100% success rate. Further, we repeat the
experiments over a range of operating temperatures, still maintaining turnkey comb
generation. Finally, we show that these states are robust to typical laboratory environmental
variations, with line-by-line power variations lower than *0.5 dB over the course of several
hours, at the same time achieving a high efficiency of over 49%. This is the first report of
deterministic turnkey generation of robust SCs using an open-loop (no feedback) system,
demonstrating perfect consistency. These results conclusively show that turnkey deterministic
generation of ‘Palm-like” SC combs, in different devices, at different temperatures, and robust
over significant time frames can be achieved.

2. ‘Palm-Like’” SC Generation and Simulation

In this work we generate ‘Palm-like” SCs in two different 100 GHz FSR 4-port (add-drop)
MRRs fabricated on a complementary-metal- oxide-semiconductor (CMOS) compatible high-
index doped silica glass platform. These ‘Palm-like’ states have supported a number of
applications [15,37,61-63], demonstrating that they are very useful microcombs. The radius of
the MRRs is 270 ym with a waveguide that is is 3 ym wide and 1.5 um thick. The device is
pigtailed with a single mode fiber array to ensure the MRR is portable and reliably fiber coupled
with very low loss — typically 1.0 - 1.5dB/facet. To help understand how ‘Palm- like” SCs can be
generated in these devices, the dispersion of the MRRs was measured to determine the AMX
wavelength and strength.

The dispersion measurement setup is depicted in Figure 1(a). The tunable pump laser was
swept across the MRR resonances as well as the Mach-Zehnder interferometer (MZI) and
H13C14N (HCN) gas cell slowly at low power to eliminate effects of thermal drift on the MRR
resonances, with the oscilloscope triggered to record the traces when the pump laser started
sweeping. The MZI acted as a reference to find the resonances with high resolution while the
HCN cell was for the calibration of wavelengths. Using the data from MZI and HCN, the MRR
resonant wavelengths could be accurately calculated using a Lorentzian resonance profile fit.
The cavity mode (u) frequencies (®) are wu = o + uD1 + Diny, where the @o is the center
wavelength, D;/(2m) is the FSR of the cavity and the Din: the integrated dispersion of the MRR
which can be expressed as: Dint=® — @o — - - - etc. We chose the reference frequency (o) to match
the frequency of the resonance closest to 1550 nm. In the absence of any AMXs, the Dint is smooth
and approximately parabolic. With the perturbation of the AMX, Dint shows some
discontinuities around the AMX location. The measured dispersion of the two rings used in the
experiment is shown in Figure 1 (b) and (c). The AMX strength (the largest difference between
the Dint of the modes shifted by the AMX) of sample 1 with the TM mode and sample 2 with the
TE mode is 131.78 MHz and 109.80 MHz respectively, and the corresponding AMX locations are
1522.435 nm and 1587.970 nm. As an approximate indication of pump wavelength, past
experiments led us to link the AMX at 1522.435 nm of the TM mode and 1587.970 nm of the TE
mode, to the ability to generate a ‘Palm-like” SC state if pumped close to 1550 nm and 1560 nm.

The experimental setup for the ‘Palm-like’” SCs generation is shown in Figure 2 (a). The
device was mounted on a thermo-electric cooler (TEC) to stabilize the MRR resonances. The
continuous wave (CW) tunable pump laser was connected to an Erbium-doped fiber amplifier
(EDFA) directly to guarantee enough power (up to 2W CW) for the SC generation. The output
of EDFA was connected to a fiber polarization controller (FPC), which enabled the polarization
of the incident light in the MRR to be set to the desired state. An attenuator was added at the drop
port of MRR, then the light from the microcomb was passed into an optical spectrum analyzer
(OSA). The TEC temperature was fixed at 25 °C, and the wavelength of the CW laser manually
tuned from shorter to longer wavelength until a ‘Palm-like” SC was generated. When pumping the
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sample 1 (sample 2) with 950 mW (1.6W) at 1550.33 (1559.76) nm, the desired ‘Palm-like’ state was
generated, the experimental spectrum of two samples is depicted in Figure 2 (b) and (c) with blue.
Simulations were carried out using the normalized Lugiato-Lefever Equation (LLE) in Equation
(1) and the results are shown in Figure 2 (b) and (c) with orange, with the simulation broadly
replicating the features of the experimentally generated comb.
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Figure 1. The dispersion measurement setup and the results of 100 GHz MRR. TLS: tunable laser

source; OC:

optical coupler; FPC:

fiber polarization controller; MZI: Mach-Zehnder

interferometer; HCN: H;3C 4N calibration cell; PD: photodetector; OSC: oscilloscope. (a) The

dispersion measurement setup; (b) The integrated dispersion of sample 1 with TM mode; (c) The
integrated dispersion of sample 2 with TE mode.
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=2nfo/ Qis the total loss rate, E is the intracavity field and S is the normalized input field.
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Figure 2. The generation setup and results of ‘Palm-like’” SC. EDFA: Erbium-doped fiber
amplifier; TEC: thermo-electric cooler; OSA: optical spectrum analyzer; PC: personal computer.
(a) The ‘Palm-like’ SC generation setup; (b) The ‘Palm-like” SC generation and simulation results
of sample 1; (c) The ‘Palm-like’ SC generation and simulation results of sample 2.

3. Deterministic Turnkey Generation
3.1. Repeatable Turnkey SC Generation

Knowing that ‘Palm-like” SCs could be generated at 1550.33 nm for sample 1 and 1559.76
nm for sample 2 using manually tuning, a program was then applied to control the laser for
wavelength sweeping. To achieve turnkey generation, we set the start wavelength to 1540 nm
and 1557 nm, then swept the laser wavelength to 1550.33 nm and 1559.76 nm for the two samples,
respectively, resulting in the deterministic generation of the SC combs. To verify the
repeatability of the turnkey SC generation, 100 cycles were executed, with the results showing
that the same states were generated on completion of the laser sweep to the target wavelengths.
The power distribution from 1530 nm to 1570 nm of sample 1 with 100 cycles

3.2. Turnkey SC Characterization at Different Operating Temperatures

Is depicted in Figure 3 (a), where the color bar shows the power spectrum density, and it
can be seen that the power was ultra-stable over the 100 repeated experiments. Figure 3 (b) shows
the power variation map of resonances between 1530 and 1570 nm of sample 1 over 100 cycles,
where the variation is shown with respect to the mid-value of the 100-cycle resonance power as
a baseline, showing a variation within *1.5 dB. Figure 3 (c) shows the power distribution
between 1540 and 1580 nm for sample 2 over 100 cycles and Figure 3 (d) is the power variation,
which is also within £1.5 dB. The internal conversion efficiency (CE) was calculated for the two
samples, defined as the ratio between all the comb line powers minus the pump power, to the
total power. By analyzing the spectrum on OSA (1530-1570 nm for sample 1, 1540-1580 nm for
sample 2), a CE for both MRRs was 49.07% and 40.35% respectively, the high value representing
attractive performance for practical devices.

In addition to the repeatability, the long-term stability is also an important factor that is
important for practical microcomb operation. Measurements of the microcomb spectra over 4
hours were performed at 25 °C for sample 1 - the same conditions as for experiments described
above, with the turnkey generated ‘Palm-like” SCs spectra recorded every 3 minutes on an OSA.
Figure 4 (a) shows the temporal evolution of a SC optical spectrum, where the color bar
represents the optical power spectral density. Figure 4 (b) illustrates the variation of power in
the resonances over 4 hours showing a variation within 0.5 dB.
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Figure 3. The repeatable turnkey ‘Palm-like’ SC generation. (a) The spectra evolution of 100 times
deterministic turnkey ‘Palm-like” SC generation of sample 1; (b) The power variation of 100 times
for sample 1; (c) The spectra evolution of 100 times deterministic turnkey ‘Palm-like’ SC
generation of sample 2; (d) The power variation of 100 times for sample 2.

3.3. Turnkey SC Characterization at Different Operating Temperatures

Temperature changes cause an effective index change in the MRR, further shifting the
resonance and affecting the AMXs [65]. To investigate whether thermal drifts affected the
turnkey SC generation, a series of experiments were performed under a range of
temperatures from 20 °C to 45 ‘C with a step s of 5 °C. Here, only sample 1 was investigated
since the two devices had performed similarly. To determine the thermal properties of the AMX,
the dispersion was measured versus temperature [65]. As shown in Figure 5 (a) the AMX
wavelength shifted about
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Figure 4. The long-term stability of SC. (a) The temporal evolution of the SC optical spectrum;
(b) The power variation of the spectra within 4 hours.

0.38 nm to longer wavelength when the temperature changed from 20 ‘C to 45 °C,

representing a shift of much less than one FSR (0.8 nm), with the change in AMX wavelengths
between 12.37 MHz and 53.6 MHz. The pump wavelength was swept sto generate ‘Palm-like’
SC at different temperature after characterizing the dispersion, with the generated spectra
shown in Figure 5 (b). As the pump wavelength was tuned to longer wavelength, with


https://doi.org/10.20944/preprints202410.0207.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 October 2024 d0i:10.20944/preprints202410.0207.v1

increasing temperature the calculated slope of the pump wavelength shift with temperature drift
is 0.0169 nm/°C. During the dispersion measurements, the resonance shifts were also measured
simultaneously, being about 0.0166 nm/C and showing high consistency with the pump
wavelength shift. These results reveal the small change in AMXs caused by temperature shifts
did not affect the SC generation or the pump wavelength but rather can be predicted according
to the thermal coefficient, similar to [65].To further explore the turnkey generation of ‘Palm-like’
SCs at different temperatures, repeatable experiments as described in section 3.1 were
performed. The initial wavelength was kept at 1540 nm with the final wavelengths being the
target wavelength for each temperature. The repeatable turnkey experiments of the six
temperatures are illustrated in Figure 5 (c), and the spectra variation for different
temperatures for the 100 repetitions being smooth while the pump wavelength displayed a
minor drift. This work will benefit all microcomb based applications, [66-89] particularly
microwave photonics [90-124].
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Figure 5. The repeatable turnkey ‘Palm-like’ SC generation with different temperatures. (a) The
AMX measurement results with the temperature from 20 “C to 45 “C; (b) The generated SCs
spectrum under different temperatures; (c) Power variation of the 100-cycle deterministic
turnkey generation of ‘Palm-like” SCs under 20 °C, 25 °C, 30 °C, 35 °C, 40 °C and 45 °C.

4. Conclusions

In conclusion, we demonstrate turnkey generation of 100 GHz ‘Palm-like” SC combs with
open-loop control (no feedback) and investigate its repeatability and robustness. For 100
attempts at turnkey generation, with two different samples, we achieve a perfect 100% success
rate in generating ‘Palm-like’ states, with line-by-line power variations over the entire 40 nm
comb bandwidth being less than than £1.5 dB. The effect of temperature is investigated, showing
that SC combs can be generated in a turnkey way over a wide range of operation temperatures.
The temperature shifts have no influence on the deterministic generation of the SC combs and
its repeatability. Moreover, in a standard lab environment over the course of a 4-hour trial, line-
by-line power variations are within £0.5 dB, showing that the comb is stable under open-loop
controls built into a commercial-off-the-shelf (COTS) laser and TEC. Our work shows that we
achieved the deterministic generation of robust SC combs without any complex stabilizing
schemes, which guarantees simple, stable, repeatable and predictable the comb generation.
Deterministic generation of these soliton crystal combs opens up opportunities for these states
to be used in applications where highly robust combs are desired, and where complex control
loops would be problematic.
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