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Dissipative Kerr solitons (DKSs) in integrated microresonators have enabled breakthroughs in sensing, communica-
tion, and signal processing. So far, integrated DKS sources have relied exclusively on ring-type resonators where the
resonator’s dispersion is defined by its waveguide. Means of engineering the dispersion that go beyond modifying the
waveguide’s cross section are needed for accessing new wavelength and operating regimes. Here, we demonstrate DKS
generation from a continuous-wave driving-laser in an integrated Fabry—Perot microresonator. In this topology, the
dispersion is not dominated by the waveguide but by nanostructured photonic crystal mirrors. Leveraging wafer-level
fabrication, high intrinsic Q-factors of 4 million are achieved and unintentional avoided mode crossings that can pre-
vent DKS formation are absent. This establishes an integrated resonator topology for DKS generation and creates
opportunities for alternative wavelength domains and approaches such as dispersion managed solitons or Nyquist
solitons.
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1. INTRODUCTION

Dissipative Kerr solitons (DKSs) [1-4] in laser-driven dielectric
microresonators provide access to metrology-grade femtosecond
sources and broadband frequency combs with repetition rates
from tens of GHz to multiple THz. They are self-enforcing solu-
tions to the Lugiato—Lefever equation (LLE) and can emerge in
high-quality factor (Q) microresonators from the balance between
anomalous group delay dispersion (GDD), loss, and Kerr non-
linearity under (typically) continuous-wave (CW) laser driving.
Intriguing nonlinear dynamics including soliton crystals [5],
soliton molecules [6], synchronization between resonators [7],
and discrete photonic time crystals [8] have been observed. Owing
to their potential for compact photonic integration [4,9], DKS
sources are a transformative technology, impacting a wide range
of cross-disciplinary applications, including data transmission
[10] and processing [11], ranging [12,13], microwave photonics
[14], dual-comb spectroscopy [15], and astronomical spectro-
graph calibration [16,17]. To date, integrated DKS sources have
been pursued exclusively in traveling-wave ring-type resonators.
Here, criteria for DKS formation can be routinely met, including
high Q-factor, anomalous dispersion (negative GDD), as well as a
resonance spectrum free of unintentional avoided mode crossings
(AMXGs) [18]. Furthermore, the dispersion can be tuned (to some
extent) by adjusting the width and height of the resonator wave-
guide, with significant impact on DKSs and their spectra. Future
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extension of DKS technology, including extension to new wave-
length regimes (e.g., visible wavelengths), spectral engineering,
as well as exploration of new operating regimes (e.g., dispersion
managed [19-21], sinc-, Nyquist-, and zero-dispersion solitons
[22-24]), will critically rely on the development of new approaches
for dispersion engineering. Importantly, these modifications
should be broadband (across hundreds of resonator modes),
without jeopardizing the high Q-factor and without inducing
unintentionally AMXs.

Advanced techniques for narrowband dispersion modification
in DKS-generating ring-type microresonators have been demon-
strated including shifting of few resonance frequencies via mode
coupling between cross-polarized modes [25], fundamental and
higher-order transverse modes [26], counterpropagating modes in
corrugated resonators [27], as well as mode hybridization in con-
centric resonators [28] and between modes in distinct resonators
[29,30]; these techniques have led to deterministic initiation of
DKSs, higher-power efficiency, and novel nonlinear phenomena.
Recently, the approach of coupling between counterpropagating
modes in corrugated waveguide resonators has been extended, with
single-mode control, to tens of resonator modes through inverse
design [31] and Fourier synthesis [32], representing a significant
step in broadband dispersion engineering that may enable DKS in
the future.

Complementary to methods developed for ring-type devices,
Fabry—Perot (FP) microresonators with dispersive mirrors
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Fig.1. Soliton generation in chip-integrated photonic crystal Fabry—Perot cavities. (a) Illustration of a dissipative Kerr soliton (DKS) under continuous-
wave pumping inside a chip-integrated photonic crystal Fabry—Perot (FP) microresonator with reflector-induced anomalous dispersion. (b) Photograph of
a CW-driven FP microresonator. Scattered coincidental third-harmonic generation indicates the position of the PCRs. (c) Setup for exciting DKSs inside
the FP microresonator. A transverse magnetic (TM) polarized continuous-wave (CW) pump laser is tuned into resonance while the resonator is thermally
stabilized by an auxiliary continuous-wave laser (AUX) in the transverse electric (TE) mode. EDFA, erbium-doped fiber amplifier; CIRC, circulator; PBS,
polarizing beam splitter; PD, photodetector; OSC, oscilloscope; ESA, electrical spectrum analyzer; OSA, optical spectrum analyzer.

represent an attractive approach to broadband dispersion engi-
neering: nearly 30 years ago, the advent of suitably designed Bragg
mirrors for ultrafast lasers represented a breakthrough in the field
when faced with a similar challenge [33,34]. So far, Bragg mirrors
have also been applied to short-fiber-based FP microresonators
resulting in four-wave mixing and stimulated Brillouin scatter-
ing [35], as well as the first demonstration of pulse-driven DKS
[36]. Notably, recent advances led to the first integrated FP res-
onator with photonic crystal mirrors for comb generation [37] as
well as FP microresonators with dispersion engineered reflecting
structures, based on inverse design [38]. Despite all these major
advances, a DKS-supporting platform whose broadband disper-
sion is not limited to effective waveguide (or whispering-gallery
mode) dispersion has not yet been demonstrated.

Here, we demonstrate for the first time DKS generation in
an integrated FP microresonator. Fabricated using a wafer-scale
process, the microresonator is composed of two photonic crystal
reflectors (PCRs) in a waveguide [Fig. 1(a)]. Significantly, across
its entire bandwidth the dispersion of the resonator is dominated
by the GDD contribution from the PCRs (not the waveguide),
demonstrating new opportunities for dispersion engineering in
a system capable of supporting DKSs. Further, the FP microres-
onator’s intrinsic Q-factor, albeit not record high for an integrated
device [39,40], is on par with ring resonators fabricated in the
same commercial platform. Our results establish integrated FP
resonators as a powerful complement to ring resonators.

2. RESONATOR DESIGN AND FABRICATION

The FP resonators are fabricated on-chip in a 800 nm thick sil-
icon nitride layer and embedded in a fused silica cladding. The
two PCRs are implemented as submicrometer-scale sinusoidal
corrugations in a waveguide. Each corrugation period corre-
sponds to a unit cell of the PCR, which is characterized by its
length, mean width, and corrugation depth [Fig. 2(a) @]. The

periodic corrugation induces a photonic bandgap that defines the
PCR’s reflection bandwidth [Fig. 2(b)]; the length of the PCRs
(~100 units cell per reflector) defines the reflectivity and thus
the coupling strength to the waveguide that extends beyond the
resonator to the chip’s facets for light coupling. Alternatively,
evanescent coupling can be used, although the coupler is then
encountered twice per round-trip, increasing the effective internal
loss rate of the cavity (cf. Supplement 1). To design the PCRs, we
employ finite element modeling to map the unit cell parameters to
the photonic bandgap’s opening and central frequency [Fig. 2(c)],
which permits choosing the desired parameters. In the present case,
we choose a constant unit cell for the main region of the PCR to
create abandgap centered around 1570 nm, the middle wavelength
of our tunable CW pump laser. Note that in principle each unit
cell could have a different set of defining parameters, creating a
large design space and permitting crafting of highly customized
resonators. An adiabatic taper [Fig. 2(a) @] connects the PCRs
on both sides to an uncorrugated waveguide and suppresses losses
due to the overlap mismatch between the fundamental guided
mode of the uncorrugated waveguide and the PCR’s fundamental
Bloch mode [41,42]. Transitioning from the PCR to the uncorru-
gated waveguide proceeds by gradually reducing the corrugation
depth while simultaneously adjusting the mean width such that
the bandgap center frequency is kept constant [43]. Finally, upon
reaching zero-corrugation, the waveguide linearly tapers up to a
width of 1.6 pm over a length of 200 pm to reduce propagation
losses from sidewall-roughness scattering while still keeping a
strong mode confinement [Fig. 2(a) ®]. A 3400 um long wave-
guide section forms the resonator cavity between the 2 PCRs
[Fig. 2(a) @], defining the resonator’s free-spectral range (FSR),
in this case ~19 GHz, which is within the K-frequency band and
directly detectable by a photodiode and a microwave spectrum
analyzer.
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Fig. 2. Design of photonic crystal Fabry—Perot cavities. (a) Schematic of a photonic crystal Fabry—Perot (FP) microresonator (not to scale), composed
g p b4 Y- p Y ry p

of photonic crystal reflectors (PCRs) @, adiabatic tapers @, linear tapers @, and intracavity waveguide @. (b) Left panel: illustration of a photonic band
diagram for transverse electric (TE) and transverse magnetic (TM) modes. The wavenumber is given in units of 77 /2, where # is the unit cell length. The
bandgap, i.e., reflection bandwidth, is highlighted in white. Right panels: TM mode profiles (electric field strength) of upper and lower frequency modes of
an example PCR unit cell with the corresponding cell contour overlaid in black (data based on finite element modeling). (c) Map of the TM bandgap open-
ing and center frequency as function of corrugation depth and mean width of the lattice cell for a fixed PCR period (i.e. cell length) of 475 nm (data based
on finite element modeling). The PCR can be described by its trajectory through this design space (where the third dimension, cell length, is not shown).
(d) TM mode family. Upper panel: measured resonance linewidths as function of relative mode number p (cf. main text). Lower panel: measured disper-

sion (cf. main text) of a photonic crystal FP resonator with a mean free-spectral range FSR = D, /2 = 18.55 GHz. For comparison, the dispersion of an
equivalent ring resonator with the same FSR and waveguide cross section identical to the FP’s intracavity waveguide is plotted in orange, corresponding to
the intracavity waveguide contribution to the FP resonator’s total dispersion. A fit based on a coupled-mode description of the PCRs is shown in red (cf.
Supplement 1). (e) Histogram of the intrinsic resonance linewidths from (d) with a median value of 47 MHz corresponding to an intrinsic Q-factor of 4 mil-
lion. (f) Normal (anomalous) round-trip GDD corresponds to an increasing (decreasing) effective resonator length with increasing frequency.

3. EXPERIMENTS

To characterize the fabricated resonators, we first measure the
intrinsic linewidths in a strongly undercoupled resonator
[Fig. 2(d)]; undercoupling assesses the intrinsic cavity loss and
permits a direct comparison to (equally undercoupled) ring-type
resonators fabricated through the same process. The PCR unit cell
of this resonator is designed to have a period of 475 nm, width of
600 nm, and corrugation depth of 300 nm. Owing to the narrow
width of the unit cell, the PCR supports only the fundamental
TE and TM modes, which is desirable for reproducible resonator
characteristics. The resonator’s spectrum extends over 300 longi-
tudinal modes, and an intrinsic linewidth of 100 MHz or below
is maintained over a bandwidth of 5 THz (40 nm), sufficient
to support ultrashort femtosecond pulses. The median intrin-
sic (undercoupled) linewidth over the mirror bandwidth (here,
defined as the spectral interval where the linewidth is consistently
below 100 MHz) is 47 MHz [Fig. 2(e)]. This corresponds to a
median intrinsic Q-factor of 4.0 - 10°, which is limited only by the

~0.1dB cm™! propagation loss inherent to the commercial plat-
form used to fabricate the samples (cf. Supplement 1), and thus on
par with ring resonators fabricated through the same commercial
wafer-scale process.

Next, we measure the resonator’s dispersion as shown
in Fig. 2(d) in terms of the integrated dispersion D, =
w, — wy — uwD;, which quantifies the deviation of the reso-
nance frequencies w,, from a dispersion-free equidistant frequency
grid as a function of the relative mode number . In this repre-
sentation, anomalous (normal) dispersion appears as a convex
(concave) curve. The strength of the local dispersion at a specific
frequency can be estimated by choosing D /(27) to be the local
FSRand expand D;,, ~ % w? D, around this frequency. Anomalous
(normal) dispersion is then indicated by positive (negative) D;.
Here, 1 is chosen such that ;# = 0 coincides with the center of the
reflector’s bandwidth, and D; /(27) is chosen to be approximately
the average FSR over the reflector’s bandwidth. For comparison,
Fig. 2(d) also shows the dispersion curve of an equivalent ring-type
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Fig. 3. Dissipative Kerr soliton in a photonic crystal Fabry—Perot resonator. (a) Heat-map compiled from 100 transmission traces, highlighting multi-
ple possible intracavity power evolutions as a function of pump detuning. The step-like features present at ~50 MHz detuning indicate quantized power
levels, a canonical signature of DKS formation. (b) Optical spectra of modulation instability (i), single- (ii), two- (iii) and three- (iv) soliton states. A dis-
persive wave is present on the blue side of the spectra, due to the local presence of strong normal dispersion. The auxiliary laser’s line (cf. Supplement 1),
is grayed out for clarity; the nominal PCR bandwidth is highlighted in white. The spectrum obtained from numerical simulations based on the measured
cavity parameters (cf. Supplement 1) is shown in red, offset by 410 dB, corresponding to a pulse of ~300 fs. (c) Spectrogram showing the evolution of the
mirowave beatnote signal (~18.5 GHz) as a function of pump detuning. Overlayed in white is the corresponding resonator transmission signal. The insets
show the beatnote in the modulation instability and soliton regime (resolution bandwidth: 100 kHz).

resonator (with the same FSR, same waveguide cross section as
the FP intracavity waveguide, and negligible effect of curvature on
dispersion), corresponding to the intracavity waveguide contribu-
tion to the FP resonator’s total dispersion; the marked difference
between both dispersion curves shows the dominating impact of
the PCRs on the FP resonator’s dispersion. The exact contribution
of the PCRs to the dispersion can be calculated through their
complex reflection coefficient (cf. Supplement 1), which matches
well the observations [also indicated in Fig. 2(d) as “Fit”]. With
the current PCR design, the resonator provides both normal and
anomalous dispersion regimes, independent of the anomalous
background contribution from the intracavity waveguide. This
may be understood as a wavelength-dependent effective reflection
depth in the PCRs [Fig. 2(f)].

Moreover, the measured dispersion of the resonance frequencies
in Fig. 2(d) is free of strong local deviations such as AMXs, which
can arise from coupling between frequency degenerate counter-
propagating modes or coupling between different transverse mode
families. Here, these two mechanisms are absent: in contrast to
rings, the FP resonator has no distinct counterpropagating mode,
which leads to the striking absence of unintentional mode splitting
often observed in rings (cf. Supplement 1); higher-order transverse
modes are efficiently suppressed by the single-mode nature of the

PCRs. These features contribute to achieving a smooth anoma-
lous dispersion, which in conjunction with the high-Q provides
favorable conditions for DKS formation [18].

To generate DKSs, a more strongly coupled resonator with a
15% shorter input PCR (but with otherwise identical geometry)
and a 56 MHz median total linewidth is used for more efficient
operation. The setup for this experiment is shown in Fig. 1(c): the
resonator is pumped using a tunable laser in TM polarization in
the anomalous dispersion regime (local D,/(2m) =210 kHz)
at a wavelength of 1587 nm (188.9 THz). Repeatedly scanning
the pump laser (150 mW on-chip) from blue- to red-detuned
across a resonance, we record the resonator transmission signals
and superpose them in Fig. 3(a). After an initial modulation
instability (MI) state (i), characteristic step features (ii-iv, etc.)
are visible, which are indicative of DKS formation [2], each step
corresponding to an integer numbers of solitons in the resonator
that can be generated during a laser scan. The corresponding MI
spectrum, the comb spectrum of a single soliton, as well as more
structured comb spectra of multiple-soliton states are shown in
Fig. 3(b), where the white background highlights the nominal
PCR bandwidth. Initially, all spectra exhibita periodic modulation
of their envelopes caused by reflections between the PCR and chip
facet, which has been removed before plotting (cf. Supplement 1);
although of no concern here, the modulation could be avoided by
anti-reflection coating the chip’s facet, index-matching fluid, or
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Fig. 4. Recorded spectra of two-, three-, and 6-soliton crystal states

obtained by pumping at slightly different frequencies. The PCR’s
nominal bandwidth is highlighted by a white background. A snap-shot
crystalline distribution of DKSs in a linear FP cavity is shown as an inset
along with an equivalent ring configuration.

evanescent waveguide coupling if necessary. From fitting the single
DKS’s spectrum with a sech? envelope [Fig. 3(b) (ii)], we esti-
mate the transform-limited soliton pulse duration to be ~300 fs.
Close to the blue edge of the resonator’s bandwidth, we observe
a dispersive wave [44] as expected from the normal dispersion in
this spectral region. Due to a relaxed phase-matching condition
outside the high-reflectivity bandwidth, all spectra extend beyond
the nominal PCR bandwidth, strongly modulated by the side-
lobes of the PCRs (cf. Supplement 1). To further confirm DKS
generation, we record the microwave pulse repetition rate beatnote
as a function of detuning [Fig. 3(c)]. As expected, the beatnote
transitions from a high-noise to a narrow-linewidth signal, when
entering into a DKS state (with each subsequent transition to a
lower number of solitons corresponding to a slight change of the
repetition rate). Finally, we also observe the formation of soliton
crystals [5] [Fig. 4], a state commonly observed in traveling-wave
microresonators where a self-organized train of equidistant soli-
ton pulses circulates inside the resonator, (effectively increasing
the pulse repetition rate and hence the comb line spacing by an
integer factor). These observations further establish the standing-
wave FP resonator as a DKS platform and strengthen the link to
traveling-wave ring-type resonators.

Indeed, the nonlinear dynamics of standing-wave resonators
is similar to the traveling-wave case, with an additional phase
shift due to cross-phase modulation between counterpropagating
waves proportional to the average intracavity power [36,45]; this
effect can be compensated for by a slight change in the pump laser
detuning. Different from a conventional ring-type resonator, the
dispersion in the present resonator includes localized and distrib-
uted contributions from the PCRs and the connecting waveguide,
respectively (cf. Supplement 1). Here, as both a single reflection
off of a PCR and single propagation through the waveguide have
negligible effect on the DKS pulse, they can be lumped together.
This implies that established mean-field models for ring resonators
can also be used for describing the present FP resonators, with the
inclusion of the aforementioned phase shift.

Complementing the experimental study of DKS formation
in the new resonator platform, we perform numeric simulations
based on the frequency-domain formulation of the LLE [46,47],
which readily permits inclusion of the spectrally dependent mea-
sured dispersion and linewidths (cf. Supplement 1). The simulated

spectrum is overlayed with the experimental single-soliton spec-
trum in panel (ii) of Fig. 3(b), reproducing all spectral features with
remarkable fidelity, including the dispersive wave and the spectral
extension beyond the nominal PCR bandwidth.

4. DISCUSSION

In summary, we have shown for the first time DKS formation in
a chip-integrated FP resonator. The resonator’s dispersion is not
defined by waveguide dispersion, but by its PCR mirrors. Through
careful design, we achieve a high intrinsic Q-factor of 4 million,
matching that of traveling-wave-type resonators fabricated in
the same wafer-scale commercial foundry process. The absence
of distinct frequency degenerate counterpropagating modes in
the FP geometry and the single-mode nature of the PCRs avoids
unintentionally AMXs that can inhibit DKS formation. Under
CW driving, we observe single and multiple (hence colliding)
DKS pulses, as well as soliton crystals states. This establishes
integrated FP resonators as a new topology for DKS generation
that can add to and complement existing ring-resonator-based
approaches. As each unit cell of the PCRs can, in principle, be
individually adjusted, this opens a large design space for future
tailoring of dispersion, spectrally dependent Q-factors and filters,
bandwidth extension through chirped reflectors or broadband
phase matching, while allowing for compact integration. Future
efforts may benefit from insights obtained in the context of mirrors
for ultrafast lasers [33,34] and inverse design approaches [31,38].
With relevance to quantum photonics, bio-chemical sensing,
and astronomical spectrograph calibration, the presented results
provide a resonator platform that, through customized PCRs, may
lead to DKSs at visible wavelengths, and at other wavelengths that
are currently inaccessible due to unsuitable effective waveguide dis-
persion. Besides DKS, the integrated FP platform could also prove
useful for microresonator frequency combs via cascaded four-wave
mixing [48] and switching waves [49-51], as well as integrated
optical parametric oscillators [52] and optical harmonic generation
[53]. Immediate further research opportunities leveraging the
specific characteristics of the new resonators include dispersion
managed solitons [19-21], sinc-, Nyquist-, and zero-dispersion
solitons [22-24], nonlinear “gain-through-loss” [54], slow light
[55], spectral engineering [31,32], and filter-driven pulse for-
mation [56,57], which bodes well for integrated broadband and
ultrafast light sources.
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