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The formation of temporal dissipative Kerr solitons in microresonators driven by a continuous-wave
laser enables the generation of coherent, broadband, and spectrally smooth optical frequency combs as well
as femtosecond pulse sources with compact form factors. Here we report the observation of a Raman-
induced soliton self-frequency shift for a microresonator dissipative Kerr soliton also referred to as the
frequency-locked Raman soliton. In amorphous silicon nitride microresonator-based single soliton states
the Raman effect manifests itself by a spectrum that is sech? in shape and whose center is spectrally
redshifted from the continuous wave pump laser. The shift is theoretically described by the first-order shock
term of the material’s Raman response, and we infer a Raman shock time of ~20 fs for amorphous silicon
nitride. Moreover, we observe that the Raman-induced frequency shift can lead to a cancellation or
overcompensation of the soliton recoil caused by the formation of a coherent dispersive wave. The
observations are in agreement with numerical simulations based on the Lugiato-Lefever equation with a
Raman shock term. Our results contribute to the understanding of Kerr frequency combs in the soliton
regime, enable one to substantially improve the accuracy of modeling, and are relevant to the understanding

of the fundamental timing jitter of microresonator solitons.
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Introduction.—Microresonator-based optical frequency
combs (Kerr combs) [1,2] enable optical frequency comb
generation from a continuous wave (cw) laser with repetition
rates in the microwave domain (>10 GHz) and broad
spectral bandwidth [3-5], and have been used in proof-
of-concept applications such as atomic clocks or coherent
telecommunications [6,7]. Recently, a qualitatively new
operation regime has been discovered [8], in which the
parametrically generated comb seeds the formation of
temporal dissipative Kerr solitons [9,10]. Such solitons
have been discovered to spontaneously form in crystalline
microresonators [8,11] and have recently also been gen-
erated in photonic-chip-based integrated silicon nitride
(Si3N,) resonators [5,12], as well as in silica wedge
resonators [12,13]. Soliton-based microresonator frequency
combs (soliton combs) have several attractive features, in
particular, being fully coherent, having smooth envelopes,
and giving access to femtosecond pulses.

Indeed, femtosecond solitons in microresonators have
intense peak power and ultrashort duration such that, in
principle, they could excite higher-order nonlinear effects
such as the self-steepening effect and intrapulse Raman
scattering (IRS). The latter usually exists and is broadband
in nature in amorphous materials such as silica and SizNy,
which relates to the vibrational material response of the
cubic nonlinearity. Material Raman studies revealed typical
active modes of, e.g., monosilicon bonds (520-cm™" shift),
silicon-oxygen bonds (450 cm~!, broadband) [14], and
silicon-nitrogen bonds (NSi; symmetric vibration mode,
380-430 cm~!; Si-N-Si symmetric bending modes,
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FIG. 1. (a) Diagram of the experimental setup: AFG, arbitrary

function generator; EDFA, erbium-doped fiber amplifier; OSA,
optical spectrum analyzer; OSC, oscilloscope; PD, photodiode.
(b) SEM image of Si;N, microresonator with a mode spacing of
100 GHz. (c) Illustration of the pump laser detuning excitation
scheme (reducing the pump frequency). The gray line shows the
Kerr-induced cw tilted resonance; the blue line shows the trace of
intracavity peak power with an increase of the cavity resonance-
pump detuning 276 = wy — w, (w, and w,, are the resonance and
pump frequency); the red line shows the single soliton existence
range. (d) Illustration of the Raman redshift on the frequency
comb spectrum.
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514 cm™") [15]. In silica fibers, IRS on ultrashort femto-
second pulses has been widely investigated [16,17] in the
context of fiber-based supercontinuum generation and sol-
iton propagation [18,19]. The observed phenomena include,
among others, the soliton self-frequency shift that continu-
ously shifts the whole pulse spectrum to the red wavelength
side upon propagation [20-24], soliton fission when a
higher-order soliton is split into fundamental solitons [25],
and Raman-induced pulse compression in dispersive media
[17]. While well studied in fiber, to date, however, the
Raman effects in microresonator frequency combs (and
more broadly for the class of dissipative Kerr solitons)
has not been observed experimentally. The case of soliton
formation in crystalline microresonators has not shown any
evidence [8,11]. For amorphous silica- and SizNy-based
microresonators, the Raman effects were estimated by
numerical simulations [26-28]. In particular, the work from
Milian et al. [26] demonstrated that dissipative Kerr solitons
can still form in the presence of the Raman effects [termed as
frequency-locked Raman (FLR) solitons]. Simulations also
predicted that a spectral redshift of a frequency comb can be
induced when a stable soliton state is formed. In this Letter,
we report for the first time, to our knowledge, the direct
experimental observation of the Raman-induced soliton self-
frequency shift in microresonators and investigate the
Raman-induced soliton physics in microresonators that is
distinct from the well-known fiber solitons [19].

Experiments.—The study is based on Siz;N, microreso-
nators [5,29] in which, recently, dissipative Kerr solitons
were generated [12]. The first set of samples was fabricated
by a newly developed “photonic Damascene process™ [30].
Samples have a free spectral range (FSR) D,/2z =
75-100 GHz for the fundamental TE mode family.
Resonators have a nominal waveguide height of 0.9 ym
and a width of 1.65 ym. The microresonator resonance
linewidth near 1550 nm corresponds to x/2z =~ 200 MHz
(i.e., a quality factor Q = 10°). Near 1550 nm, an anomalous
group velocity dispersion parameter D,/2z = 1-2 MHz
and a third-order dispersion D3/2z = O(1) kHz are mea-
sured (whereby the resonance frequencies near the central
mode @, are expressed in a series @, = wy + > ;5 Dip' /i,
where i € N, u € Z is the mode number).

Figure 1(a) shows the experimental setup. The cw pump
is red-tuned to sweep over a resonance with constant speed
(1 nm/s). The pump power is 1-3 W. As previously
reported, transitions to dissipative-Kerr-soliton states can
be identified from the power trace of the generated comb
light [8] that shows a steplike pattern [e.g., Fig. 1(c)]. Stable
multiple and single solitons are repeatedly achievable by
properly stopping the laser tuning on such steps [8]. Typical
single-soliton-based frequency combs are shown in
Figs. 2(a)-2(c). The comb spectral envelope exhibits a
symmetric and smooth sech? shape with a 3-dB bandwidth
of ~5.5 THz, despite minor irregularities (e.g., the spike at
198.5 THz) caused by avoided mode crossing [11]. One
striking difference to prior work in crystalline resonators
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FIG. 2. (a),(b) Experimentally generated single soliton combs

in a 100-GHz Si3;N, microresonator shown in linear scale. The
envelopes are from numerical simulations. The comb power (y
axis) is normalized to the cw pump power. For soliton comb
simulations, we wuse D,/2z =2 MHz, D;/2x =4 kHz,
x/2rx = 350 MHz, §; = 2.1 GHz. (c) Measured soliton combs
shown in logarithmic scale, the red comb [same as (a)] has
0 = 6; + 1.0 GHz, the green one 6 = §; + 0.5 GHz, and the blue
one [same as (b)] 6 = ;. (d) Variation of the comb spectral
redshift as a function of the detuning (x axis: § — §;) at three pump
powers: 1.9, 2.3, and 2.7 W. Note that the trend from the
simulation is discrete (gray line) as we mark the specific comb
line of highest power (the strong pump line excluded). Spacing
corresponds to the FSR (D, /2x). (e) Variation of the spectral
3-dB bandwidth and the (Fourier-limited) pulse duration of single
temporal dissipative Kerr soliton with the pump power of 2.7 W.

[8] is a global redshift of the comb spectrum compared to
the cw pump; cf. Fig. 2(a).

Once the single soliton state is formed, one can further
explore its laser detuning dependence by tuning the pump
either to red or blue wavelengths, while the soliton persists.
The range of laser detuning over which the soliton state
exists (i.e., the “soliton step length”) here corresponds to
~2 GHz (~10 x k/27r).

By choosing the blue end of the single soliton existence
range as the initial detuning (5;), we explore the tuning
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behavior of the pump wavelength over the entire soliton
existence range. With an increase of the detuning, the slowly
evolving comb spectrum shows two apparent trends: (1) the
spectral redshift of the soliton is increased [see Figs. 2(a) and
2(b)], and (2) the spectrum is broadened, which implies
soliton compression to shorter pulse duration and higher
peak power [8] [Fig. 2(c)]. For comparison, a high noise
frequency comb in the modulation instability (MI) operation
regime is also measured (see the Supplemental Material
[31]), in which the spectral redshift is absent. This is
explained by the lack of coherence (phase stability of the
comb modes) in this regime, which does not allow a coherent
self-seeding of the comb by the stimulated Raman effects.
The redshift of the comb envelope as a function of the
detuning for different pump powers is shown in Fig. 2(d).
We observed that the single soliton step length is enlarged
with an increase in pump power. The spectral shift (ranging
from 0.5 to 1.75 THz) is significant compared to the
resonator’s FSR (100 GHz) and exhibits a linear dependence
on the laser detuning. Meanwhile, the soliton pulse duration
is also tuned by the laser detuning; see Fig. 2(e). With an
increase of the detuning ¢ the soliton is compressed from 75
to 47 fs (sub-10 cycle). Both the spectral redshift and the
pulse compression are reversible and controllable.

The observed dynamics is in agreement with recent
theoretical predictions by Milidn et al. [26] who predicted
a soliton redshift in dissipative Kerr solitons due to the
Raman effects. In the first set of Si;N, microresonators, we
observed the Raman redshift on the soliton comb spectrum
that is unperturbed by higher-order dispersion. Indeed, a
highly symmetric comb envelope implies weak higher-order
dispersion effects [e.g., soliton Cherenkov radiation (also
called the dispersive wave (DW)) [36] and spectral recoil], as
well as weak self-steepening effects. It is noted that the
described experimental results represent (to the authors’ best
knowledge) the first demonstration of deterministic manipu-
lation of the soliton self-frequency shift and soliton duration
(3-dB spectrum bandwidth) in optical microresonators.

Numerical simulations.—In order to quantitatively under-
stand the observations, we perform simulations on Kerr comb
generation in Si3N, microresonators based on the Lugiato-
Lefever equation (LLE) [37-39]. The material Raman
response is included in the LLE as a fraction of the cubic
nonlinearity [26-28] (cf. Supplemental Material [31]).

We simplify the Raman response to first order for
amorphous Si3Ny, which is a reasonable approximation
provided that the soliton comb bandwidth (Awsgg) has
negligible overlap with the frequency of the Raman active
mode wg, on both positive and negative frequency axes,
i.e., Awsgg <2 X wp. Hence, the Raman response is
[40,41]

I|A|?
1
or ’ (1)

frhg ® |A|2 sz|A|2 = frTR

where f indicates the Raman fraction, hj is the Raman
response function, A is the temporal envelope of the

intracavity pulse, 7p indicates the Raman shock time,
and ® denotes the convolution. Both fr and 7, are free
parameters. The product f 7y indicates the material Raman
contribution on the soliton self-frequency shift.

Numerical simulations show excellent agreement to our
experiments with a Raman shock time of ~20 fs (when
fr =20%) that is determined from the fit; see Fig. 2.
Moreover, as independent verifications, this value is found
to agree between different Si;N, microresonators, includ-
ing those with significantly different structural geometries.
By linearly tuning 6, the comb evolution is simulated, and a
transition from the noisy MI comb to soliton comb is
identified. The trace of the intracavity peak power
[cf. Fig. 1(c)] shows the single soliton existence range
(2768) from 6k to 11k. Figures 2(a) and 2(b) show simulated
comb envelopes in the soliton state, both with significant
redshifts. Simulations also verify the trend of the comb
redshift as a function of the detuning J; see Fig. 2(e).

Soliton physics and moment analysis.—In a standard cw-
driven microresonator (without Raman, e.g., a crystalline
resonator), the temporal dissipative Kerr soliton is under-
stood as a self-consistent eigenpattern. This is the result of
both the energy balance between the drive and the cavity loss,
and the phase balance between dispersive and nonlinear
effects. In the presence of material Raman effects, solitons
still exist and reveal distinct behavior compared to the
solitons in fiber optics where IRS continuously transfers
the pulse energy from the short to long wavelength side (see
the Supplemental Material [31] for detailed discussion). In
microresonators, this leads to a new eigenstate of the
dissipative Kerr soliton. Specifically, in the presence of
the Raman effect, the energy balance is now among drive,
loss, the IRS-induced pulse energy transfer, and the possible
Cherenkov radiation [12] (energy shedding off from the
soliton). The soliton pulse profile is consequently distorted
and reveals a fixed amount of spectral redshift from the pump
wavelength, while in optical fibers, the IRS will induce a
continuous redshift on a local pulse that grows with propa-
gation distance. The observed Raman-assisted stable soliton
state was first numerically simulated and predicted by Milidn
et al. [26], where an asymmetric soliton pulse profile and
corresponding spectrum with redshifted carrier frequency
was also found (i.e., the FLR soliton). Our work further
reveals that the Raman redshift is linearly tuned with the laser
detuning.

To demonstrate the evolution of the soliton pulse and its
independence on the propagation distance (round-trips), we
simulate the intracavity pulse dynamics from the breather
state to the stable soliton state, accompanied with the
Raman effect. Figure 3 shows the evolution of both the
pulse and spectral profiles. The detuning () is fixed at the
initial stage of the simulation, and there is no spectral shift
being acquired over the round-trip propagation. When the
detuning is linearly increased from 4k to 9«, the spectral
redshift is also linearly increased, and the soliton contin-
uously evolves to the stable state. Finally, if the detuning is
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FIG. 3. (a) Simulation of a single soliton evolution from a
breather state to a stable state under the change of detuning ().
The green trace indicates the detuning and is referred to the top
axis. (b) Evolution of the frequency comb spectral envelope and
the Raman redshift acquired during the detuning change repre-
sented in (a). The red trace shows the central frequency of the
comb envelope and is referred to the top axis.

fixed again (in the stable soliton state), previously acquired
spectral shift remains unchanged.

In order to analytically investigate the Raman redshift and
give a more insightful explanation, we apply the moment
analysis as a perturbation method [22,42,43] to estimate the
Raman effects (mainly, the first-order shock term) on the
soliton dynamics in cw-driven microresonator frequency
combs. The analysis treats the intracavity soliton like a
particle and traces its energy, temporal position (in the
microresonator), and the carrier frequency shift. In particu-
lar, the spectral redshift of the soliton is derived to be (see
the Supplemental Material [31] for details)

6472 D%

Qcg ¥ ————
s 15 22D,

OfRTRs (2)

which shows linear dependence on the laser detuning &. The
negative sign implies the carrier frequency is redshifted. The
rate of the frequency shift is determined by the Raman
shock time (in terms of frzg), but is independent
on the pump power. These features agree with what we
observed in experiments [see Fig.2(d)].

Cancellation of the soliton spectral recoil by the Raman
shift—We next investigate how the Raman effect influences
cavity solitons in the presence of higher-order dispersion.
We use two other sets of SizN, microresonators with
different structural geometries that allow for shorter soliton
pulses (< 30 fs) and enable coherent DW generation via the
soliton-induced Cherenkov radiation process [36], as
recently demonstrated in Ref. [12]. Third-order dispersion
D5 /27 = O(10) kHz is characterized in the waveguide, on
the fundamental TM mode. We generate single soliton
combs in both samples, and, more important, a coherent
DW is identified at ~155 THz. Since the DW is situated in
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FIG. 4. Experimental generation and simulation of single
soliton combs with coherent DWs in two different Si3N, micro-
resonator geometries (both having a SizNy thickness of 0.8 ym
and FSR of ~190 GHz). (a) The sample with the Siz;N, core
width of 1.8 um (sample taken from Ref. [12]), the comb’s 3-dB
bandwidth is ~10 THz, D,/2x = 2.2 MHz, D;/2z = 18 kHz,
and the fourth-order dispersion D,/2z = —350 Hz. The pumped
resonance is at 1560 nm employing 1 W of power. (b) The sample
with Si3Ny core width of 2.0 ym, the 3-dB bandwith is ~8 THz
(amplified spontaneous emission (ASE) in the EDFA is not filtered
out), D,/2z=32MHz, D;3/2z=26kHz, and D,/2z =
—340 Hz. The pumped resonance is at 1554 nm, the power is
1 W. Dispersion and effective mode area are calculated by finite
element modeling using COMSOL, while D, /27 is also measured
[46], showing close agreement to simulations. Blue dashed lines
indicate comb envelopes without the Raman contribution.

the normal dispersion regime, the overall comb bandwidth is
significantly increased to ~75 THz. The comparison of the
two spectra in Figs. 4(b) and 4(c) shows the influence of the
resonator dispersion on the position of the DW frequency.

It is well understood that the emission of the DW will
lead to the soliton spectral recoil [36,44]. However, in the
above-mentioned Si;N, microresonators, the blue recoil
(resulting from the DW being on the red side) was
surprisingly not observed [12] [see Fig. 4(b)], and even
a redshift [Fig. 4(c)] of the comb profile was seen. The
explanation for this unexpected observation is that the
Raman-induced soliton self-frequency shift cancels and
even overcompensates the soliton blue recoil. Indeed, a
similar effect has been observed in the case of soliton
propagation in optical fibers [45]. We compare the two
spectra to numerical simulations including both the Raman
shock term and full dispersion, and we keep the previously
determined value of the Raman shock time (20 fs). The
simulations are again in good agreement and, in particular,
reproduce the experimentally observed cancellation and
overcompensation of the soliton spectral recoil by the
Raman-induced redshift.
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