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Frequency microcombs, successors to mode-locked laser and fiber combs, enable miniature rulers
of light for applications including precision metrology, molecular fingerprinting and exoplanet dis-
coveries. To enable frequency ruling functions, microcombs must be stabilized by locking their
carrier-envelop offset frequency. So far, the microcomb stabilization remains compounded by the
elaborate optics external to the chip, thus evading its scaling benefit. To address this challenge, here
we demonstrate a nanophotonic chip solution based on aluminum nitride thin films, which simulta-
neously offer optical Kerr nonlinearity for generating octave soliton combs and Pockels nonlinearity
for enabling heterodyne detection of the offset frequency. The agile dispersion control of crystalline
ITI-Nitride photonics permits high-fidelity generation of solitons with features including 1.5-octave
spectral span, dual dispersive waves and sub-terahertz repetition rates down to 220 gigahertz. These
attractive characteristics, aided by on-chip phase-matched aluminum nitride waveguides, allow the
full determination of the offset frequency. Our proof-of-principle demonstration represents an im-
portant milestone towards fully-integrated self-locked microcombs for portable optical atomic clocks

and frequency synthesizers.

I. INTRODUCTION

Optical frequency combs, originally developed from
solid-state or fiber based mode-locked lasers, have
evolved into photonic-chip-based sources that are com-
pact, robust and power efficient [1]. Among various
chipscale schemes [2-5], microresonator Kerr frequency
combs (“microcombs” hereafter) are of particular inter-
est because of their high scalability for photonic integra-
tion [6-8]. Indeed, substantial efforts have been made
towards soliton mode-locking, allowing phase coherent
microcombs on the one hand [9-17] and unveiling rich
soliton physics on the other hand [18-20]. Specifically,
octave-spanning soliton microcombs permit phase lock-
ing of the carrier-envelop offset (CEO) frequency (feceo)
via well-known f-2f interferometry [21], and are prereq-
uisite for chip-scale implementation of precision metrol-
ogy [22], frequency synthesizers [23] and optical clocks
[24]. To date, silicon nitride (Si3N4) nanophotonics has
proved viable for octave soliton operations with a tera-
hertz repetition rate (frep) [25-27]. Nevertheless, such
a large fiop is not amenable for direct photodetection
and poses challenges to access the CEO frequency with
a value up to frep. In the meantime, the lack of intrin-
sic quadratic x®) nonlinearities in SisNy films typically
requires an external frequency doubler and off-chip op-
tical circuitry for deriving the CEO frequency [28, 29].
These off-chip optical components compromise the scal-
ing advantage of microcombs and significantly set back
self-locked microcombs for portable applications.

ITI-Nitride semiconductors such as aluminum nitride
(AIN) exhibit a non-centrosymmetric crystal structure,
thereby possessing inherent optical x(® nonlinearity as
well as Pockels electro-optic and piezoelectric proper-
ties [30]. Apart from the advances in ultraviolet light-

emitting diodes [31] and quantum emitters [32, 33], AIN
has also proved viable for low-loss nanophotonics in high-
efficiency second-harmonic generation (SHG) [34, 35]
and high-fidelity Kerr and Pockels soliton mode-locking
[15, 36]. Therefore, it is feasible to establish an on-chip
f—2f interferometer provided that an octave AIN soliton
microcomb is available. This is a solution that is favored
here comparing with the heterogeneous integration ap-
proach such as proposal based on hybrid gallium arsenide
(GaAs)/SigNy waveguides [37]. Despite that on-chip feeo
detection was achieved from supercontinuua driven by
a femtosecond laser in non-resonant y(?) nanophotonic
waveguides made from AIN [38] or lithium niobate (LN)
thin films [39, 40], resonator microcomb-based f-2f in-
terferometry using nanophotonics, to our knowledge, re-
mains elusive.

In this article, we demonstrate high-fidelity generation
of octave soliton microcombs and subsequent f.., detec-
tion using AIN-based nanophotoinc chips. Thanks to ma-
ture epitaxial growth, AIN thin films with highly uniform
thickness are available, thus permiting lithographic con-
trol of group velocity dispersion (GVD) for comb spectral
extension via dispersive wave (DW) emissions [11]. Our
octave soliton microcombs possess separated dual DWs
and moderate frop of 433, 360 and 220 gigahertz, and
are found to be reproducible from batch-to-batch fabri-
cations. The results then allow us to capture the f-2f
beatnote through on-chip SHG in phase-matched AIN
waveguides. Our work establish the great potential of
non-centrosymmetric III-Nitride photonic platforms for
portable self-locked microcomb sources.
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Fig. 1. Experimental scheme. a. Illustration of f—2f interferometry us1ng octave -spanning soliton microcombs and second-

harmonic generators in a nanophotonic platform harboring simultaneous

) and x® susceptibilities. The offset frequency

feeo is accessible from the beatnotes of §; and §2, and f; is the pump laser frequency. b. Top: sketch of a hexagonal AIN
layer (lattice constants: a and c) epitaxially grown on a c-plane sapphire substrate. Bottom: unit cell of an AIN crystal (left)
and photograph image of a 2-inch AIN wafer featuring a broad transparency window from ultraviolet to mid-infrared regimes
(right). c. Spectroscopic ellisometer mapping of the AIN film thickness in a region of 4 x 9 mm?, showing a minor variation of

1000 =+ 5 nm denoted by the right color bar.

II. RESULTS

Experimental scheme description. Figure la illus-
trates the implementation of microcomb-based f-2f in-
terferometry using nanophotonic chips. The strategy is
to leverage non-centrosymmetric photonic media for si-
multaneous integration of x(®) octave soliton microcombs
and x(? SHG doublers. For a proof-of-principle demon-
stration, we adopt an auxiliary laser (at faux) to obtain
sufficient SHG power (at 2f,ux) from phase-matched op-
tical waveguides. The use of the auxiliary laser can be
eliminated by exploiting microring-based architecture to
boost the SHG efficiency [34]. By subsequently beating
Sfaux and 2 faux with the f, and fo, comb lines at their cor-
responding beatnotes of §; and ds, the feoo signal reads:

fceo = 52 - 2(51 (1)

The AIN thin films in this work were epitaxially grown
on a c-plane sapphire substrate via metal-organic chem-
ical vapour deposition [41, 42]. As illustrated in Fig. 1b,
the AIN crystals exhibit a hexagonal wurtzite struc-
ture with a unit cell shown in the bottom, highlight-
ing the non-centrosymmetry. We also show an overall 2-
inch AlN-on-sapphire wafer featuring a broadband trans-
parency and a favored film thickness (Fig. lc)-both are

crucial factors to ensure octave GVD control. Great at-
tention was also paid to the film crystal quality and sur-
face roughness for low-loss photonic applications. The
AIN nanophotonic chips were manufactured following
electron-beam lithography, chlorine-based dry etching
and silicon dioxide (SiOg3) coating processes and were
subsequently cleaved to expose waveguide facets [43].
The intrinsic optical quality factors (Qins) of the AIN
resonators were characterized to be ~1-3 million depend-
ing on the waveguide geometries. The detailed film and
device characterization is presented in Methods and Sup-
plementary SectionI.

Since wurtzite AIN manifests optical anisotropy for
vertically or horizontally-polarized light [44], we engi-
neer the waveguide structures for optimal operation of
fundamental transverse magnetic (TMgg) modes, which
allows the harness of its largest x(*) susceptibility to en-
sure high-efficiency SHG. To expand microcomb spectra
out of the anomalous GVD restriction, we exploit soliton-
induced DW radiation by tailoring the resonator’s inte-
grated dispersion (Dint) [11]:

D D
D=2 Days 5D
i>4

where Dy, D3, and D; are ig,-order GVD parameters,
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Fig. 2. Octave soliton microcombs at hundreds of gigahertz repetition rates. a. Top: integrated dispersion (Dint) of
a 50 ym-radius AIN resonator (cross section: 1.0 x 2.3 um?), where the anomalous and normal GVD regimes are shaded with
light blue and orange colors respectively. Insets: zoom-in view of the measured (red dots) and simulated (blue curve) values and
the resonator modal profile shown in the right. Bottom: soliton microcomb spectra from the experiment (blue) and simulation
(red) at an on-chip pump power of ~390 mW. The resonator Qin¢ is 1.6 million and the frep is estimated to be around 433 GHz.
b. Soliton microcomb spectrum from a 100 gm-radius AIN resonator (cross section: 1.0 x 3.5 um?) with a decreased frep of
~220 GHz. The applied pump power is ~1 W at a resonator Qint of 3.0 million.

while p indexes the relative azimuth mode number with
respect to the pump (u=0).

Octave soliton microcombs. Our GVD engineered
AIN resonators are coated with a SiOs protection layer,
making it less susceptible to the ambient compared with
the air-cladded SigN, counterpart [25-29]. An example
of the resonator modal profile is shown in the inset of
Fig. 2a. The top panel of Fig. 2a plots the Dj,; curve from
a 50 pm-radius AIN resonator through numerical simula-
tion (see Methods). In spite of the limited anomalous
GVD window (light blue shade), octave microcomb op-
eration is feasible via DW radiations at phase-matching
conditions Djyy =0, allowing for spectral extension into
normal GVD regimes (light orange shade). Note that the
occurrence of such dual DWs benefits from the optimal
film thickness in our AIN system, while the DW sepa-
ration is agilely adjustable over one octave through the
control of resonator’s dimensions. (see Supplementary
Section IT). Around the telecom band, the Dy, value (red
dots) was characterized by calibrating the resonator’s
transmission with a fiber-based Mach—Zehnder interfer-
ometer [15, 17]. The experimental result matches well

with the simulated one (inset of Fig.2a) with an ex-
tracted Ds /27 of ~6.12 MHz.

We then explore soliton mode-locking based on a rapid
frequency scan scheme to address the abrupt intracavity
thermal variation associated with transitions into soliton
states [15]. The soliton spectrum is recorded using two
grating-based optical spectrum analyzers (OSAs, cover-
age of 350-1750 nm and 1500-3400 nm). The experimen-
tal setup is detailed in Supplementary SectionIl. The
bottom panel of Fig. 2a plots the soliton spectrum from a
50 pm-radius AIN resonator, featuring a moderate fyep of
433 GHz and an observable spectral span of 1.05-2.4 pm,
exceeding one optical octave. Meanwhile, soliton-induced
DW radiations occur at both ends of the spectrum, in
agreement with the predicted Dj,; curves. Note that
the low-frequency DW location matches well with the
Djyy =0 position, while the high-frequency one exhibits
an evident blue shift, which is ascribed to Raman-induced
soliton red shifts relative to the pump frequency [45, 46].
This conclusion is supported by the soliton spectral sim-
ulation (red curve) when accounting for Raman effects
(see Methods), while the intact low-frequency DW might
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Fig. 3. Octave soliton microcombs with agilely tunable spectra. a. Engineered Di,, curves of 60 pm-radius AIN
resonators at varied widths of 2.3-2.5 yum revealed by the colored shadow regime. b. Corresponding soliton microcomb spectra
at resonator widths of 2.3, 2.4, and 2.5 um from the top to bottom panel, respectively. The fiep is ~360 GHz, while the vertical
arrows in spectral wings indicate the emergence of DWs. Akin to Fig. 2a, high-frequency DWs here also exhibit an evident blue
shift from the Din; =0 position. From a sech? fit, the corresponding temporal pulse duration is estimated to be ~23, 22 and

19fs (from top to bottom), respectively.

be a result of the cancellation of soliton recoils [11].

The single crystal nature of AIN thin films permits re-
producible optical index in each manufacture run. This,
in combination with their uniform film thickness con-
trol, leads to a high predictability for the dispersion
engineering, making it feasible to predict octave soli-
ton combs at various repetition rates. For instance, our
GVD model indicates that octave spectra with repeti-
tion rates further decreased by two times are anticipated
from 100 ym-radius AIN resonators at optimal widths
of 3.3-3.5 um (see Supplementary SectionII). Figure 2b
plots the recorded soliton comb spectrum at a resonator
width of 3.5 um, where a frep, of ~220 GHz and dual DWs
separated by more than one octave are achieved simulta-
neously. Such a low fep is amenable for direct photode-
tection with state-of-the-art unitravelling-carrier photo-
diodes [47]. We also noticed the occurrence of a weak
sharp spectrum around 130 THz, which might arise from
modified local GVD due to avoided mode crossing[48]. In
our nanophotonic platform, we could further predict res-
onator geometries for achieving octave solitons with an
electronically detectable frep of ~109 GHz (see Supple-
mentary SectionII). Nonetheless, the strong competition
between Kerr nonlinearities and stimulated Raman scat-

tering (SRS) must be taken into account since the free
spectrum range (FSR) of the resonator is already smaller
than the AT© phonon linewidth (~138 GHz) in AIN crys-
tals [42].

Since the SHG from the auxiliary laser (1940-2000 nm)
available in our laboratory is beyond the soliton spec-
tral coverage shown in Fig. 2, we further adjust the res-
onator dimensions for extending microcomb spectra be-
low 1 um. As plotted in Fig. 3a, the phase-matching con-
dition (Djin; =0) for high-frequency DW radiations be-
low 1 pm is fulfilled by elevating the resonator radius to
60 pm while maintaining its width around 2.3 pm. In
the meantime, low-frequency DWs could also be expected
and their spectral separation is adjustable by controlling
the resonator width. Guided by the tailored Dj,; curves,
we fabricated the AIN resonators and recorded octave
soliton spectra at a frep of ~360 GHz (Fig.3b). Litho-
graphic control of DW radiations (indicated by vertical
arrows) is also verified by solely adjusting the resonator
width, allowing the spectral extension below 1 pm (width
of 2.3 or 2.4 ym). The low- and high-frequency DWs are
found to exhibit distinct frequency shifting rates, con-
sistent with the Dj,; prediction. The observable soliton
spectra (from top to bottom of Fig. 3b) cover 1.5, 1.3, and
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Fig. 4. Second-harmonic generators. a. Colored scanning electron microscope images of fabricated AIN nanophotonic
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three measurements.

1.2 optical octaves by normalizing the total span (A f) to
its beginning frequency (f1), that is Af/f1. Such a def-
inition permits a fair comparison among soliton micro-
comb generation in distinct pump regimes across differ-
ent material platforms, suggesting high competitiveness
of our AIN microcomb span comparing to state-of-the-art
values reported in Si3N4 microresonators [26].

On-chip second harmonic generator. We then ex-
plore the co-integration of SHG based on the x? suscep-
tibility of AIN for matching the DW peak below 1 pum
(middle panel of Fig.3b). To fulfill the demanding re-
quirement of spectral overlaps with the microcomb, we
adopt a straight waveguide configuration, which allows a
broader phase-matching condition albeit at the cost of re-
duced conversion efficiencies comparing to its counterpart
using dual-resonant microresonators [34, 49]. Through
modeling, we predict an optimal waveguide width of
~1.38 um for fulfilling the modal-phase-matching con-
dition (see Supplementary SectionIII), while the actual
waveguide width was lithographically stepped from 1.32
to 1.46 pm (spacing of 5nm) accounting for possible de-
viations during the manufacturing process.

Figure4a shows a section of 6cm-long SHG waveg-
uides co-fabricated with the microcomb generator. At
a fixed fundamental wavelength (1970 nm), we located
the phase-matching waveguide at the width of 1.395 um,
close to the predicted width. The corresponding SHG
spectra are plotted in Fig.4b, where we achieve a high
off-chip SHG power over 50 uW by boosting the funda-
mental pump power from a thulium-doped fiber amplifier
to compensate the SHG efficiency (see Supplementary
Section IIT). In the meantime, the wavelength-dependent
SHG power shown in the inset indicates a large 3-dB
phase-matching bandwidth of ~0.8 nm, which, together
with an external heater for thermal fine-tuning, is suffi-

cient to cover the target comb lines for subsequent het-
erodyne beating.

Nanophotonic f-2f interferometry. By combining
outgoing light from optimal AIN soliton and SHG gen-
erators on the calibrated OSAs, we are able to estimate
the f—2f beatnote frequency to be approximately 32 GHz
limited by the resolution of the OSAs. To electronically
access the feo, signal in real time, we employ a scheme
sketched in Fig. 5a. The recorded soliton spectrum after
suppressing pump light by a fiber Bragg grating (FBG)
indicates a high off-chip power close to —40dBm for
the high-frequency DW (see Supplementary Section IIT).
Meanwhile, a wavelength-division multiplexer (WMD) is
utilized to separate the f and 2f frequency components
before sent into the photodetectors (PDs). Two tunable
radio frequency (RF) synthesizers are introduced as the
local oscillators (LO1 and LO2) to down convert the pho-
todetector signals for effective capture of f-2f beat sig-
nal at a convenient low-frequency band with an electronic
spectrum analyzer (ESA, range of 20 Hz—26.5 GHz).

As highlighted in Fig.5b, we record two down-
converted beatnotes of Af; and Afy with a signal-
to-noise ratio of 10dB at a resolution bandwidth of
1MHz. Much higher signal-to-noise ratios are antic-
ipated by applying a finer detection bandwidth upon
locking the telecom pump laser as well as the feo, fre-
quency [23, 24]. The corresponding f—2f beatnote is
feco=2fr01 + fLoz — Afs (inset of Fig. 5b) since the lo-
cal oscillator frequencies f1,01 and fr,02 are chosen to be
larger than beatnotes of §; and d;. We also note that
the actual feeo in the current device equals to FSR— feeo,
which is unveiled by tuning the relative positions of aux-
iliary laser and comb teeth frequencies, indicating the in-
volvement of f, and fo,11 comb lines in the heterodyne
beating (see Supplementary SectionIII). On the other
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Fig. 5. f—2f heterodyne measurement. a. Schematic
diagram for assessing the fceo. The symbol “x2” indicates
a RF frequency doubler. The experimental details are in-
troduced in Supplementary SectionIIl. b. Free-running f—
2f beatnotes after the down-conversion process, suggesting
a signal-to-noise ratio of 10dB at a resolution bandwidth of
1MHz. The local oscillator frequencies fLoi1 and fLoz2 are
chosen to be 11.8 and 9.1 GHz, respectively. Inset: the equiv-
alent curve of feeo =2fr.01 + fro2 —Afa.

hand, the fr,o1 and fr,02 frequencies are freely adjustable
up to 40 and 20 GHz in our scheme, which could fur-
ther expand the accessible range of f.., frequency based
on the down-conversion process presented here. Mean-
while, the RF synthesizers are synchronized to a com-
mon external frequency reference, suggesting that the
captured down-converted f-2f signals are available for
further locking the comb teeth in a feedback loop as re-
ported in Ref. [28].

III. DISCUSSION

We demonstrate nanophotonic implementation of f—
2f interferometry by leveraging x(®) octave solitons and
x?) SHG co-fabricated from a non-centrosymmetric AIN
photonic platform. Thanks to agile GVD engineering
offered by epitaxial AIN thin films, our octave soliton
microcombs can reliably produce dual DWs and sub-
THz repetition rates (220-433 GHz) that are accessible
with unitravelling-carrier photodiodes. The overall soli-
ton spectral span is adjustable up to 1.5 octave, on a
par with state-of-the-art values (1.4 octave) reported in
SizN4 microresonators. We further perform the f .., mea-
surement with the aid of an auxiliary laser for enabling
SHG in phase-matched AIN waveguides, thus allowing
for spectral overlap with the desired octave soliton.

For future development, the spectral restriction of oc-

tave solitons for matching with the auxiliary laser wave-
length can be relaxed by exploiting high-efficiency SHG
in dual-resonant microresonators, which allows direct
doubling of a selected comb line in the low frequency
DW band [50]. Meanwhile, the octave comb’s repetition
rate can be further reduced by leveraging on-chip Pock-
els electro-optical frequency division [51]. By shifting the
phase matching condition for SHG, it is also possible to
extend octave solitons into the near-visible band, giving
access to self-locked near-visible microcombs for preci-
sion metrology. Besides, the exploration of other non-
centrosymmetric photonic media such as LN, GaAs and
gallium phosphide could be envisioned [37, 46, 52]. For
instance, by exploiting periodically poled LN thin films
[53], it is likely to simultaneously achieve phase matched
x and octave x(®) interactions in a single microring res-
onator, thus simplifying the photonic architectures. Our
results represent an important milestone to unlock the
potentials of octave microcomb technologies for portable
applications.

IVv. METHODS

Nanofabrication. The surface roughness and crystal
quality of our AIN thin films were respectively character-
ized by an atomic force microscope and an X-ray diffrac-
tion scan, indicating a root-mean-square roughness of
0.2nm in 1 x 1 ym? region and an FWHM linewidth of
~46 and 1000 arcsec along (002) and (102) crystal ori-
entations, respectively. The film thickness was mapped
by a spectroscopic ellipsometer (J.A. Woollam M-2000),
providing a quick and preliminary selection of the de-
sired AIN piece for octave soliton generation with dual
DWs. As shown in Supplementary Sectionl, in spite of
varied film thicknesses across a 2-inch AIN wafer, we can
reliably locate the desired region for reproducible octave
device fabrication.

To further reduce the propagation loss, the AIN pho-
tonic chips were annealed at 1000 °C for 2 hours. The res-
onator Q-factors were probed by sweeping a tunable laser
(Santec TSL-710) across the cavity resonances and then
fitted by a Lorentzian function. In the 100 ym-radius AIN
resonators (width of 3.5 ym), we achieve a recorded Qint
of 3.0million, while the 50 um-radius resonators (width
of 2.3 um) exhibit a decreased Qin¢ of 1.6 million, indicat-
ing the dominant sidewall scattering loss of our current
fabrication technology. The related resonance curves are
plotted in Supplementary Section I.
Numerical simulation. The D;,; of the AIN res-
onators is investigated using a finite element method
(FEM) by simultaneously accounting for the material
and geometric chromatic dispersion. The overall Djy
value is approximated with a fifth-order polynomial fit
applied to the simulated modal angular frequencies:
wy, =wg + D1 + Ding, where D;/(27) is the resonator’s
FSR at the pump mode p=0.

The spectral dynamics of octave soliton microcombs is



numerically explored based on nonlinear coupled mode
equations by incorporating the Raman effect [46, 54]:
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Here a and R are the mode amplitudes of cavity pho-
tons and Raman phonons with subscripts &, [, n being the
mode indices, while gk and gr represent the nonlinear

coupling strength of Kerr and Raman processes, respec-
Ke,0Pin
hwp

tively. The driving signal strength is &p = 0(u)

at an on-chip pump power Pi,, &, (ke ) denotes the total
(external) cavity decay rate of the u** photon mode, and
R is the Raman phonon decay rate. The detuning from a
D1 -spaced frequency grid is indicated by A =w,, —wp —
uDq and Af} =wg Dy with wp and wgr being pump and
Raman shift angular frequencies, respectively.

In the simulation, we set the time derivative of Ra-
man items in Eq.4 to zero to speed up the compu-
tation since the decay rate of phonons is much larger
than that of photons. We also consider frequency-
independent x,,/(27) ~ 120 MHz and k., /(27) ~ 75 MHz
based on measured Q-factors of 50 pum-radius AIN
resonators in Fig. 2a. Because incident light is
TM-polarized, the involved AT® Raman phonon in
AIN exhibits an wr/(27)~18.3 THz with an FWHM
of ~r/(27)~138 GHz [41]. The ¢gk/2m is calcu-
lated to be 0.73Hz for a given nonlinear refrac-
tive index n=2.3x1071%m?/W, while an optimal
gr/2m=0.29 MHz is adopted, resulting in a soliton spec-
trum matching well with the measured one in Fig.2a.
The simulated high frequency DW also exhibits an evi-
dent blue shift comparing with the case of g /27 =0 MHz
(see Supplementary Section IT).

V. DATA AVAILABILITY

The data that support the findings of this study are
available from the corresponding authors upon reason-
able request.
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