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Many uses of lasers place the highest importance on access to specific wavelength bands. For ex-
ample, mobilizing optical-atomic clocks for a leap in sensing requires compact lasers at frequencies
spread across the visible and near infrared. Integrated photonics enables high-performance, scalable
laser platforms, however, customizing laser-gain media to support wholly new bands is challenging
and often prohibitively mismatched in scalability to early quantum-based sensing and information
systems. Here, we demonstrate a microresonator optical-parametric oscillator (OPO) that converts
a pump laser to an output wave within a frequency span exceeding an octave. We achieve phase
matching for oscillation by nanopatterning the microresonator to open a photonic-crystal bandgap
on the mode of the pump laser. By adjusting the nanophotonic pattern and hence the bandgap, the
ratio of output OPO wave frequency span to required pump laser tuning is more than 10,000. We
also demonstrate tuning the oscillator in free-spectral-range steps, more finely with temperature, and
minimal additive frequency noise of the laser-conversion process. Our work shows that nanophoton-
ics offers control of laser conversion in microresonators, bridging phase-matching of nonlinear optics
and application requirements for laser designs.

Sophisticated physical systems with such disparate aims
as characterization of biological samples [1], operation of
quantum information protocols [2], standards and sen-
sors for time based on optical clocks [3], and precision
metrology with optical sources [4] demand versatility in
lasers. Especially in the visible to near infrared, laser-
wavelength access is challenging due to the limited avail-
ability and narrow operating ranges of laser-gain mate-
rials. The challenge is solved today by large, tabletop
lasers based on solid-state materials and bulk nonlinear
optics that provide exceptional flexibility in wavelength
range, output power, and temporal profile but with sub-
stantial expense and complicated operation that hinders
usability in applications.

Semiconductor lasers are less expensive and better en-
gineered to support applications. However, the recur-
ring effort to customize semiconductor gain materials is
a barrier in expanding their use. Moreover, achieving
high performance in semiconductor lasers requires low-
loss components that are often incompatible with high
gain. A theme in recent laser development has been the
combination of gain and photonics materials. Hetero-
geneous integration of gain and photonics materials on
a common substrate or hybrid integration of indepen-
dent laser chips and photonics chips can both overcome
the challenge of semiconductor material loss, but such
laser platforms currently support only select wavelength
bands. To date, heterogeneous integration approaches
have demonstrated fabrication of lasers on photonic plat-
forms in telecommunications bands [5, 6] and more re-
cently below 1 µm [7, 8]. Still, a universal laser plat-
form to simultaneously support visible and near-infrared
wavelengths remains elusive. Hybrid integration of semi-
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conductor lasers with photonic waveguides has demon-
strated co-integration of visible sources with photonics
[9], but this approach requires custom packaging and ac-
tive alignment of gain material with waveguides.

To open up laser-wavelength access in challenging spec-
tral bands, we propose an approach bringing together
semiconductor laser integration and chip-based nonlinear
laser conversion. Thereby, we leverage advancing laser
integration in select wavelength bands, and we develop
nonlinear wavelength converters with integrated photon-
ics that is directly compatible with laser integration. This
alleviates recursive laser-gain development and provides
integration. Nonlinear phase matching in integrated pho-
tonics has been extensively studied, however now we in-
clude the constraint of compatibility with laser integra-
tion. For example, both χ(2) and χ(3) nonlinear optical
processes have enabled laser conversion with integrated
photonics, including via harmonic generation [10–15], dif-
ference frequency generation [16], four-wave mixing [17–
20], and optical-parametric oscillation (OPO) [21, 22].
Of these processes, χ(3) microresonator-based degenerate
OPO is particularly appealing because of operation with
a single input laser, generation of OPO output waves
across wide spectral ranges, and implementation with
commonly used integrated photonics.

We design microresonator OPOs by group-velocity
dispersion (GVD) engineering with geometry, tailoring
microresonator waveguide thickness, radius, and width
[23, 24]. Microresonator OPOs based on GVD engineer-
ing provide phase matching that conserves energy of the
pump, signal, and idler waves. Moreover, such OPOs
depend upon high quality factor of the microresonator
modes for these waves [25, 26]. To date, the widest
signal-to-idler frequency span in microresonator OPOs
have a design target of near-zero GVD between the three
waves. Indeed, the current limit in OPO frequency span
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FIG. 1. (a) A laser diode (LD) pumps a nanophotonic oscillator with frequency νp for OPO laser conversion to output
waves with frequency νs and νi. (b) Scanning electron microscope (SEM) images of a nanophotonic oscillator highlighting the
nanophotonic modulation with amplitude APhC. (c) Graphical representation of phase matching which governs resonant OPO
processes in a nanophotonic oscillator. (d) Frequency error, δf , of Eqn. 1. As we increase γ, different resonant modes f(±µ)
are brought into phase matching for OPO. (e) Corresponding optical spectra of nanophotonic oscillation with increasing γ.

is the required GVD engineering and challenges in fabri-
cating microresonators with tightly controlled geometry
[21, 23, 24, 27]. Moreover, in operating OPOs with visi-
ble wavelength output, the increasingly normal material
GVD limits control of phase matching through geometry
alone.

Recently, OPO designs have augmented GVD engi-
neering by geometry with the inclusion of a nanostruc-
tured periodic modulation inscribed on the inner wall of a
microresonator. These so called photonic-crystal ring res-
onators (PhCR) induce coherent backscattering at an op-
tical frequency determined by the nanostructure period-
icity [28, 29]. This opens an optical bandgap, which has
been used to control OPO phase matching with bandgaps
at the pump [30, 31], at the signal wave [32], and in
the bandgap-detuned regime [33]. Importantly, nanos-
tructures and geometry are two independent and direct
controls of OPO phase matching. However, the OPO
signal-to-idler wave frequency span of such nanophotonic
OPO has not been explored, nor has operation in the
important near-zero GVD regime.

Here, we report nanophotonic oscillators that convert
a pump laser to an output wave whose frequency is con-
trollable within a span exceeding an octave. We use ge-
ometric GVD engineering to access the near-zero GVD
regime between the OPO waves, and we use a photonic-
crystal bandgap to provide phase matching for broad-
band OPO. This enables robust laser conversion and ac-
cess to an unprecedented OPO wave frequency span in
nanostructured microresonators. Importantly, our ap-
proach simplifies the required pump laser tuning range
for a microresonator OPO; in our experiments the pump
tuning is 10,000 times less than the OPO wave frequency
span. We realize nanophotonic oscillators on the tan-
talum pentoxide (Ta2O5), or tantala, platform, which
has high Kerr nonlinearity, low stress, and high quality

factor across the visible and near-infrared wavelengths
[34]. Moreover, tantala supports GVD engineering [35]
and heterogeneous integration [36–38]. Experimentally,
we demonstrate nanophotonic oscillators, which take a
pump laser near 1062 nm and create output OPO sig-
nal and idler waves. We demonstrate a maximum OPO
wave frequency span from 749 nm to 1806 nm that corre-
sponds to >230 THz with pump-laser tuning <30 GHz.
These experiments demonstrate the principle of laser-
wavelength access while requiring minimal pump laser
tuning, which is a critical innovation for laser-wavelength
access on a chip. In view of interest to use the devices for
applications, we characterize several aspects of the out-
put OPO, including thermal fine-frequency tuning and
additive frequency noise of the laser-conversion process.

Nanophotonic wavelength converters
Nanophotonic oscillators enable laser conversion through
resonant phase matching of the pump, signal, and idler
waves [39]. We characterize the frequency error δf(µ) for
phase matching as

δf(µ) = 2(f0 ± γ/2)− f(+µ)− f(−µ) (1)

where the resonant frequencies of a microresonator are
f(µ) and µ = m − mp is the azimuthal mode number,
m, relative to the pump, mp. The pump mode f(µ = 0)
is f0, which we split with a photonic-crystal bandgap
of magnitude γ, thereby shifting its frequency without
affecting the GVD design. The pump mode, f0 ± γ/2,
phase matches to modes symmetric about the pump,
f(±µ), when Eqn. 1 is positive to within the pump mode
Kerr shift [25, 30, 32]. We operate nanophotonic oscil-
lators in the near-zero GVD regime and use γ to con-
trol the signal and idler wave frequencies with minimal
pump laser frequency tuning. Figure 1(a) presents the
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concept of nanophotonic oscillators where we convert a
pump laser with frequency νp to signal and idler waves
with frequency νs and νi. We instill γ by inscribing a
nanopattern into the microresonator sidewall with mod-
ulation amplitude APhC as seen in Fig. 1(b).Graphically,
we can understand nanophotonic oscillator laser conver-
sion through the mode structure depicted in Fig. 1(c).
Operationally, we tune the pump laser to resonance
νp = f0 + γ/2 to initiate OPO-based laser conversion
to νs and νs, which abides strict energy conservation
2νp = νs + νi [40].

We realize this method in practice, demonstrating γ-
controlled laser conversion. To implement nanophotonic
oscillators, we use PhCRs, which provide a broadband
and high-finesse microresonator with programmable γ to
control OPO phase matching. Figure 1(d) plots δf of
such a nanophotonic oscillator where we see that vary-
ing γ enables alignment of f0 + γ/2 to different pairs of
f(±µ), thereby modifying OPO phase matching to con-
trol νs and νi. We transfer the δf design of Fig. 1(d) to
devices in the tantala platform (see Methods), demon-
strating laser conversion as seen in Fig. 1(e) in which
we plot optical spectra for several γ settings with other-
wise identical GVD. The pump νp needs tune only several
GHz to track γ/2 while νs and νi are tuned across ≈ 20
THz with an OPO wave frequency span exceeding 100
THz.

Device characteristics
In addition to satisfying Eqn. 1 for OPO phase matching,
we require a high quality factor to realize nanophotonic
oscillators [23, 25, 41]. To characterize the quality fac-
tor of devices, we measure transmission spectra of three
widely tunable external cavity lasers near the 980 nm,
1064 nm, and 1300 nm wavelength bands. Figure 2(a)
presents the loaded, intrinsic, and coupling quality fac-
tors (QL, Qi, and Qc) as a function of frequency for a
nanophotonic oscillator device. We measure Qi ≈ 0.9
x 106 across the three wavelength bands, suitable for
efficient OPO. Moreover, we measure the wavelength-
dependent Qc to agree with three-dimensional, finite-
difference time-domain modelling within fabrication tol-
erance (Methods) [42].

To explore the accuracy of γ-controlled phase matching
in our nanophotonic oscillators, we measure the GVD
and pump the devices above the OPO threshold power
to validate Eqn. 1. We express the resonant angular
frequencies, ω, of a microresonator as a function of µ
using a Taylor expansion:

ω(µ) = 2πf(µ) = 2πf0 +D1µ+
D2µ

2

2
+

D3µ
3

6
+ ...

= ω0 +D1µ+Dint.

(2)

The integrated dispersion, Dint, relates the change in
resonant angular frequencies relative to the free spectral

range (FSR = D1/2π) at the pump [43]. From our mea-
sured transmission spectra, we can directly determine
Dint and compare with finite element method simulations
of the microresonator eigenfrequencies (see Methods for
more). Figure 2(b) presents measured (colored circles)
and modelled (black circles) Dint/2π as a function of fre-
quency. We find the nanophotonic oscillator pump reso-
nance f0+γ/2 with mp = 511 satisfies Eqn. 1 at modes m
= 685 and m = 337 (µ = ± 174). In terms of Dint, OPO
phase matching occurs when we can draw a straight line
through f0 + γ/2 and f(±µ) as seen in Fig. 2(b) [40].
We validate this by pumping the nanophotonic oscilla-
tor with Dint from Fig. 2(b) and recording the output
OPO spectrum as seen in Fig. 2(c). We find that when
pumping f0 + γ/2 at νp = 282.8 THz, the nanophotonic
oscillator provides laser conversion to output waves with
frequencies νs = 365.5 THz and νi = 200.1 THz.

Deterministic control of γ is of critical importance for
laser conversion with nanophotonic oscillators. There-
fore, we characterize γ as a function of APhC and find
a linear response with slope ≈ 0.5 GHz/nm up to APhC
= 50 nm as seen in Fig. 2(d). Remarkably, despite the
presence of the nanostructure, we measure little Qi vari-
ation or degradation over the full range of γ < 25 GHz as
seen in Fig. 2(e). We control the laser conversion process
by use of APhC as shown in Fig. 2(f). Here, we find that
APhC < 50 nm results in a large change of OPO phase
matching governed by Eqn. 1, with control of both νs and
νi across > 50 THz and maximum OPO wave frequency
span exceeding 150 THz of optical bandwidth.

Frequency design and control
Leveraging nanophotonic oscillators, we demonstrate
wavelength access beyond an octave through γ-controlled
laser conversion. We measure OPO spectra of devices
pumped above threshold, and we extract νs and νi to de-
termine the output OPO signal-to-idler frequency span,
which we denote ∆νOPO = νs - νi. Figure 3(a) shows
measurements (points) and modelling (line) of ∆νOPO as
a function of γ, predicted by the phase-matching con-
dition of Eqn. 1. Figure 3(b) presents a compilation
of measured output OPO wave frequencies, νs, νi, which
we denote as the νoutput (points) for various nanopho-
tonic oscillators and compare with the Eqn. 1 prediction,
which we denote as νdesign (line) of the OPO; see Meth-
ods. These data assess the maximum wave span of the
OPO.

Provided the wavelength access of nanophotonic oscil-
lators, we characterize other important operational de-
tails for applications, including thermal frequency tuning
and power-spectral noise density of output waves. Fig-
ure 3(c) shows the variation of OPO wave frequencies in
a single device as we vary the temperature from 10◦C to
70◦ by use of a thermoelectric cooler. At room temper-
ature, T = 20◦C, νs = 365.5 THz and νi = 200.1 THz
(∆νOPO = 165.4 THz). We then measure the three OPO
waves as a function of temperature νs,p,i(T ), and plot
the variation from the room temperature measurement,
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FIG. 2. (a) Measured QL, Qi, and Qc (colored markers) across three spectral regions and modelled Qc (blue line). (b)
Experimental (colored circles) and modelled (black circles) Dint/2π. (c) OPO spectrum for the device characterized in (a)
and (b). (d) Measured γ vs. APhC. Left inset shows example pump resonance f0 ± γ/2 and right inset shows APhC inner
sidewall modulation. (e) Qi vs. APhC. (f) Measured (circles) and modelled (lines) OPO frequencies vs. APhC, highlighting
nanophotonic control of OPO.

∆νs,p,i = |νs,p,i(20◦C) - νs,p,i(T )|. During thermal tun-
ing, we shift νp to track the thermo-optic shift of the
pump resonance mode with slope ≈ −1.4 GHz/C, consis-
tent with tantala’s reported thermo-optic coefficient [34].
However, across the measured temperature range, νs and
νi tune by ≈ 4 THz discontinuously, which we attribute
to thermally sensitive phase matching [24]. We also mea-
sure the optical frequency noise power spectral density,
Sν(f), for νp and νi (Fig. 3(d)), calculating the integral
linewidth by use of the 1/π and β-separation techniques
[44, 45]. We find the pump laser (νp = 282.8 THz) to
have a 1/π-integrated linewidth of 28 ± 3 kHz and a β-
separation linewidth of 862 ± 61 kHz integrated down
to Fourier frequency of 78 Hz. The corresponding free-
running νi = 219.3 THz has a 1/π-integrated linewidth
of 89 ± 6 kHz and a β-separation linewidth of 1.03 ±
0.07 MHz. We attribute the additional optical-frequency
noise of νi to thermo-refractive noise due to the charac-
teristic bandwidth of the power-spectral density [46].

Discussion
In summary, we have demonstrated a nanophotonic ap-
proach to achieve phase matching for broadband OPO
laser conversion into the visible and near-infrared. More-
over, thermal fine-frequency tuning and the laser conver-
sion process contribute minimal additive frequency noise
in nanophotonic oscillators. By leveraging the precise

phase-matching control afforded by nanophotonic oscil-
lators, we realize laser conversion spanning more than
an octave with pump tunability of only tens of giga-
hertz, a ratio exceeding 10,000. Nanophotonic oscilla-
tors enable the broadband, configurable gain afforded
by nonlinear optics to operate in concert with exist-
ing integrated pump lasers, avoiding the necessity to re-
customize laser gain materials in underdeveloped spectral
regions. Thereby, nanophotonic oscillators address the
challenge of laser-wavelength access, in particular, reach-
ing across the short-wave infrared and into the visible.

Methods
Nanophotonic oscillator design
We design nanophotonic oscillator GVD to support OPO
by satisfying Eqn. 1. To determine the GVD of a
nanophotonic oscaillator, we first solve for the ordinary
microresonator (APhC = 0) eigenfrequencies, using a fi-
nite element method solver. We include the bulk mate-
rial GVD of the bottom cladding (silica) and the waveg-
uide layer (tantala [35]) and the waveguide geometry,
including microresonator radius, waveguide width, and
thickness. To target specific OPO output wave frequen-
cies, we use Eqn. 1 to determine the necessary γ for a
given ordinary microresonator GVD. We then map the
required APhC to achieve target γ using the results from
Fig. 2(d). We modelled various geometries of tantala
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FIG. 3. (a) Measured (points) and modelled (line) ∆νOPO as a function of γ for an otherwise fixed GVD. (b) Measured (points)
and modelled (line) νoutput vs νdesign. (c) Thermal response of OPO wave frequencies in a single nanophotonic oscillator. (d)
Measured frequency noise for an OPO with νp = 282.8 THz (grey) and νi = 219.3 THz (red).

waveguides with a measured thickness 566 ± 5 nm and
an under-etched tantala pedestal height of 21 ± 2 nm,
within our fabrication variation. As seen in the figures,
these geometric ranges provide good agreement with the
measurements. Finally, to efficiently couple light into
the nanophotonic oscillator, we employ a broadband pul-
ley coupler with a pulley-coupler length of 5 µm, a bus
waveguide width of 650 nm, and a bus-to-resonator gap of
180 nm [42]. We employ commercially available software
to model the anticipated Qc using the three-dimensional
finite-difference time-domain method. We find the calcu-
lated Qc to be slightly larger than the measurement (see
Fig. 2(a)), suggesting the devices are more over-coupled
than the design, which is in good agreement with our
GVD modelling of an under-etched tantala film.

Experimental testing
Measuring passive characteristics of nanophotonic oscil-
lators requires precise frequency tracking of our tunable
lasers. We employ fibre Mach-Zehnder interferometers
(MZIs) with RF-calibrated free spectral ranges (FSR) as
optical frequency rulers when measuring quality factors,
Dint, and γ vs. APhC (see Fig. 2a, 2b, and 2d). We split

the output of our tunable lasers into two paths, with
one path coupled to the PhCR under test and the sec-
ond path passing through the fibre MZI. Simultaneously
recording both the MZI and PhCR transmission while
frequency sweeping the tunable laser enables direct, con-
tinuous mapping of relative optical frequency by unwrap-
ping the sinusoidal output of the MZI. We include fibre
dispersion in the FSR calibration, which is particularly
important when measuring GVD. We use three indepen-
dent, widely tunable lasers to measure Dint, with their
corresponding measurements stitched together for the
plot in Fig. 2b. Additionally, we use an RF-calibrated
MZI as an optical frequency-to-voltage discriminator for
the frequency noise measurements presented in Fig. 3d.
For the OPO frequency noise measurement, the idler is
optically filtered using a free space bandpass filter.

Fabrication procedure
Our fabrication process begins with an oxidized sili-
con wafer with an ion-beam-sputtered tantala waveguide
layer (FiveNine Optics) with target thickness 570 nm.
We transfer our designs to the waveguide layer using
electron-beam lithography and a fluorine inductively cou-
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pled plasma-reactive ion etch. The top air clad devices
are singulated into chips using UV lithography and a re-
active ion dry etch. Finally, we use an overnight thermal
anneal in air at 500◦C to reduce material defects. This
3-inch, wafer-scale process affords more than 3000 inde-
pendent PhCR laser converters per fabrication cycle.

Acknowledgments
We thank Lindell Williams and Yan Jin for review-
ing the manuscript. This research has been funded
by the DARPA LUMOS program HR0011-20-2-0046,
AFOSR FA9550-20-1-0004 Project Number 19RT1019,
NSF Quantum Leap Challenge Institute Award OMA -
2016244, and NIST. This work is a contribution of the US
Government and is not subject to US copyright. Mention
of specific companies or trade names is for scientific com-
munication only and does not constitute an endorsement
by NIST.



7

[1] D. Ozcelik, A. Jain, A. Stambaugh, M. A. Stott, J. W.
Parks, A. Hawkins, and H. Schmidt, Scalable spatial-
spectral multiplexing of single-virus detection using mul-
timode interference waveguides, Scientific Reports 7,
12199 (2017).

[2] J. M. Pino, J. M. Dreiling, C. Figgatt, J. P. Gaebler,
S. A. Moses, M. Allman, C. Baldwin, M. Foss-Feig,
D. Hayes, K. Mayer, et al., Demonstration of the trapped-
ion quantum CCD computer architecture, Nature 592,
209 (2021).

[3] W. F. McGrew, X. Zhang, H. Leopardi, R. Fasano, D. Ni-
colodi, K. Beloy, J. Yao, J. A. Sherman, S. A. Schaeffer,
J. Savory, et al., Towards the optical second: verifying
optical clocks at the SI limit, Optica 6, 448 (2019).

[4] T. Bothwell, C. J. Kennedy, A. Aeppli, D. Kedar, J. M.
Robinson, E. Oelker, A. Staron, and J. Ye, Resolving
the gravitational redshift across a millimetre-scale atomic
sample, Nature 602, 420 (2022).

[5] D. Huang, M. A. Tran, J. Guo, J. Peters, T. Komljenovic,
A. Malik, P. A. Morton, and J. E. Bowers, High-power
sub-kHz linewidth lasers fully integrated on silicon, Op-
tica 6, 745 (2019).

[6] J. Guo, C. Xiang, T. J. Morin, J. D. Peters, L. Chang,
and J. E. Bowers, E-band widely tunable, narrow
linewidth heterogeneous laser on silicon, APL Photonics
8, 046114 (2023).

[7] M. A. Tran, C. Zhang, T. J. Morin, L. Chang, S. Barik,
Z. Yuan, W. Lee, G. Kim, A. Malik, Z. Zhang, J. Guo,
H. Wang, B. Shen, L. Wu, K. Vahala, J. E. Bowers,
H. Park, and T. Komljenovic, Extending the spectrum of
fully integrated photonics to submicrometre wavelengths,
Nature 610, 10.1038/s41586-022-05119-9 (2022).

[8] Z. Zhang, B. Shen, M. A. Tran, W. Lee, K. Asawa,
G. Kim, Y. Shen, T. J. Morin, A. Malik, J. E. Bow-
ers, T. Komljenovic, and C. Zhang, Photonic integration
platform for rubidium sensors and beyond, Optica 10,
752 (2023).

[9] M. Corato-Zanarella, A. Gil-Molina, X. Ji, M. C. Shin,
A. Mohanty, and M. Lipson, Widely tunable and narrow-
linewidth chip-scale lasers from near-ultraviolet to near-
infrared wavelengths, Nature Photonics 17, 157 (2023).

[10] T. Carmon and K. J. Vahala, Visible continuous emis-
sion from a silica microphotonic device by third-harmonic
generation, Nature Physics 3, 430 (2007).

[11] A. W. Bruch, X. Liu, J. B. Surya, C.-L. Zou, and H. X.
Tang, On-chip χ(2) microring optical parametric oscilla-
tor, Optica 6, 1361 (2019).

[12] L. Chang, Y. Li, N. Volet, L. Wang, J. Peters, and J. E.
Bowers, Thin film wavelength converters for photonic in-
tegrated circuits, Optica 3, 531 (2016).

[13] E. Nitiss, J. Hu, A. Stroganov, and C.-S. Brès, Optically
reconfigurable quasi-phase-matching in silicon nitride mi-
croresonators, Nature Photonics 16, 134 (2022).

[14] D. D. Hickstein, D. R. Carlson, H. Mundoor, J. B. Khur-
gin, K. Srinivasan, D. Westly, A. Kowligy, I. I. Smalyukh,
S. A. Diddams, and S. B. Papp, Self-organized nonlinear
gratings for ultrafast nanophotonics, Nature Photonics
13, 494 (2019).

[15] T. P. McKenna, H. S. Stokowski, V. Ansari, J. Mishra,
M. Jankowski, C. J. Sarabalis, J. F. Herrmann, C. Lan-
grock, M. M. Fejer, and A. H. Safavi-Naeini, Ultra-low-

power second-order nonlinear optics on a chip, Nature
Communications 13, 4532 (2022).

[16] E. Sahin, B. Zabelich, O. Yakar, E. Nitiss, J. Liu, R. N.
Wang, T. J. Kippenberg, and C.-S. Brès, Difference-
frequency generation in optically poled silicon nitride
waveguides, Nanophotonics 10, 1923 (2021).

[17] M. A. Foster, A. C. Turner, J. E. Sharping, B. S. Schmidt,
M. Lipson, and A. L. Gaeta, Broad-band optical para-
metric gain on a silicon photonic chip, Nature 441, 960
(2006).

[18] X. Lu, G. Moille, Q. Li, D. A. Westly, A. Singh, A. Rao,
S.-P. Yu, T. C. Briles, S. B. Papp, and K. Srinivasan, Ef-
ficient telecom-to-visible spectral translation through ul-
tralow power nonlinear nanophotonics, Nature Photonics
13, 593 (2019).

[19] Z. Ye, P. Zhao, K. Twayana, M. Karlsson, V. Torres-
Company, and P. A. Andrekson, Overcoming the quan-
tum limit of optical amplification in monolithic waveg-
uides, Science Advances 7, eabi8150 (2021).

[20] J. Riemensberger, N. Kuznetsov, J. Liu, J. He, R. N.
Wang, and T. J. Kippenberg, A photonic integrated
continuous-travelling-wave parametric amplifier, Nature
612, 56 (2022).

[21] N. L. B. Sayson, T. Bi, V. Ng, H. Pham, L. S. Trainor,
H. G. L. Schwefel, S. Coen, M. Erkintalo, and S. G. Mur-
doch, Octave-spanning tunable parametric oscillation in
crystalline kerr microresonators, Nature Photonics 13,
701 (2019).

[22] L. Ledezma, A. Roy, L. Costa, R. Sekine, R. Gray,
Q. Guo, R. Nehra, R. M. Briggs, and A. Marandi,
Octave-spanning tunable infrared parametric oscillators
in nanophotonics, Science Advances 9, eadf9711 (2023).

[23] X. Lu, G. Moille, A. Singh, Q. Li, D. A. Westly, A. Rao,
S.-P. Yu, T. C. Briles, S. B. Papp, and K. Srinivasan,
Milliwatt-threshold visible–telecom optical parametric
oscillation using silicon nanophotonics, Optica 6, 1535
(2019).

[24] X. Lu, G. Moille, A. Rao, D. A. Westly, and K. Srini-
vasan, On-chip optical parametric oscillation into the vis-
ible: generating red, orange, yellow, and green from a
near-infrared pump, Optica 7, 1417 (2020).

[25] J. R. Stone, G. Moille, X. Lu, and K. Srinivasan, Conver-
sion efficiency in Kerr-microresonator optical parametric
oscillators: From three modes to many modes, Physical
Review Applied 17, 024038 (2022).

[26] H. Liu, G. M. Brodnik, J. Zang, D. R. Carlson, J. A.
Black, and S. B. Papp, Threshold and laser conversion in
nanostructured-resonator parametric oscillators, Physi-
cal Review Letters 132, 023801 (2024).

[27] R. R. Domeneguetti, Y. Zhao, X. Ji, M. Martinelli,
M. Lipson, A. L. Gaeta, and P. Nussenzveig, Para-
metric sideband generation in CMOS-compatible oscil-
lators from visible to telecom wavelengths, Optica 8, 316
(2021).

[28] X. Lu, S. Rogers, W. C. Jiang, and Q. Lin, Selective
engineering of cavity resonance for frequency matching
in optical parametric processes, Applied Physics Letters
105, 151104 (2014).

[29] S.-P. Yu, D. C. Cole, H. Jung, G. T. Moille, K. Srini-
vasan, and S. B. Papp, Spontaneous pulse formation in
edgeless photonic crystal resonators, Nature Photonics

https://doi.org/10.1364/OPTICA.6.000745
https://doi.org/10.1364/OPTICA.6.000745
https://doi.org/10.1063/5.0133040
https://doi.org/10.1063/5.0133040
https://doi.org/10.1038/s41586-022-05119-9
https://doi.org/10.1364/OPTICA.494716
https://doi.org/10.1364/OPTICA.494716
https://doi.org/10.1038/s41566-022-01120-w
https://doi.org/10.1038/s41566-019-0485-4
https://doi.org/10.1038/s41566-019-0485-4
https://doi.org/10.1364/OPTICA.393810


8

15, 461 (2021).
[30] J. A. Black, G. M. Brodnik, H. Liu, S.-P. Yu, D. R.

Carlson, J. Zang, T. C. Briles, and S. B. Papp, Optical-
parametric oscillation in photonic-crystal ring resonators,
Optica 9, 1183 (2022).

[31] X. Lu, A. Chanana, F. Zhou, M. Davanco, and K. Srini-
vasan, Kerr optical parametric oscillation in a photonic
crystal microring for accessing the infrared, Optics Let-
ters 47, 3331 (2022).

[32] J. R. Stone, X. Lu, G. Moille, D. Westly, T. Rahman, and
K. Srinivasan, Wavelength-accurate nonlinear conversion
through wavenumber selectivity in photonic crystal res-
onators, Nature Photonics 18, 192 (2024).

[33] Y. Jin, E. Lucas, J. Zang, T. Briles, I. Dickson,
D. Carlson, and S. B. Papp, The bandgap-detuned ex-
citation regime in photonic-crystal resonators (2024),
arXiv:2404.11733 [physics].

[34] H. Jung, S.-P. Yu, D. R. Carlson, T. E. Drake, T. C.
Briles, and S. B. Papp, Tantala Kerr nonlinear integrated
photonics, Optica 8, 811 (2021).

[35] J. A. Black, R. Streater, K. F. Lamee, D. R. Carlson,
S.-P. Yu, and S. B. Papp, Group-velocity-dispersion en-
gineering of tantala integrated photonics, Optics Letters
46, 817 (2021).

[36] M. Jafari, T. Fatema, D. R. Carlson, S. B. Papp, and
A. Beling, Heterogeneous integration of AlGaAs/GaAs
photodiodes on tantala waveguides for visible-light appli-
cations, in 2022 Conference on Lasers and Electro-Optics
(CLEO) (IEEE, 2022) pp. 1–2.

[37] A. E. Dorche, N. Nader, E. J. Stanton, S. W. Nam, and
R. P. Mirin, Heterogeneously integrated near-infrared
DFB laser on tantalum pentoxide, in Optical Fiber Com-

munication Conference (Optica Publishing Group, 2023)
pp. Tu3C–6.

[38] D. J. Blumenthal, Photonic integration for UV to IR ap-
plications, APL Photonics 5 (2020).

[39] T. J. Kippenberg, S. M. Spillane, and K. J. Vahala,
Kerr-nonlinearity optical parametric oscillation in an
ultrahigh-Q toroid microcavity, Physical Review Letters
93, 083904 (2004).

[40] J. A. Black, Z. L. Newman, S.-P. Yu, D. R. Carlson,
and S. B. Papp, Nonlinear networks for arbitrary optical
synthesis, Physical Review X 13, 021027 (2023).

[41] J. R. Stone, X. Lu, G. Moille, and K. Srinivasan, Efficient
chip-based optical parametric oscillators from 590 to 1150
nm, APL Photonics 7 (2022).

[42] G. Moille, Q. Li, T. C. Briles, S.-P. Yu, T. Drake, X. Lu,
A. Rao, D. Westly, S. B. Papp, and K. Srinivasan, Broad-
band resonator-waveguide coupling for efficient extrac-
tion of octave-spanning microcombs, Optics letters 44,
4737 (2019).

[43] S. Fujii and T. Tanabe, Dispersion engineering and mea-
surement of whispering gallery mode microresonator for
Kerr frequency comb generation, Nanophotonics 9, 1087
(2020).

[44] W. Liang, V. Ilchenko, D. Eliyahu, A. Savchenkov,
A. Matsko, D. Seidel, and L. Maleki, Ultralow noise
miniature external cavity semiconductor laser, Nature
communications 6, 7371 (2015).

[45] G. Di Domenico, S. Schilt, and P. Thomann, Simple ap-
proach to the relation between laser frequency noise and
laser line shape, Applied Optics 49, 4801 (2010).

[46] T. E. Drake, J. R. Stone, T. C. Briles, and S. B. Papp,
Thermal decoherence and laser cooling of Kerr microres-
onator solitons, Nature Photonics 14, 480 (2020).

https://doi.org/10.1364/OPTICA.469210
https://doi.org/10.1038/s41566-023-01326-6
https://doi.org/10.48550/arXiv.2404.11733
https://doi.org/10.48550/arXiv.2404.11733
https://doi.org/10.1364/OL.414095
https://doi.org/10.1364/OL.414095
https://doi.org/10.1103/PhysRevLett.93.083904
https://doi.org/10.1103/PhysRevLett.93.083904

	Nanophotonic oscillators for laser conversion beyond an octave
	Abstract
	References


