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Mid-infrared spectroscopy, an important technique for sensing molecules, has encountered barriers from sources
either limited in tuning range or excessively bulky for widespread use. We present a compact, efficient, and broadly
tunable optical parametric oscillator surmounting these challenges. Leveraging dispersion-engineered thin-film lithium
niobate-on-sapphire photonics and a singly resonant cavity allows broad, controlled tuning over an octave from 1.5–
3.3 µm. The device generates >25 mW of mid-infrared light at 3.2 µm with 15% conversion efficiency. The ability to
precisely control the device’s mid-infrared emission enables spectroscopy of methane and ammonia, demonstrating
our approach’s relevance for sensing. Our work signifies an important advance in nonlinear photonics miniaturization,
bringing practical field applications of high-speed, broadband mid-infrared spectroscopy closer to reality. © 2023

Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

https://doi.org/10.1364/OPTICA.502487

1. INTRODUCTION

A fundamental technique for sensing is mid-infrared (MIR) spec-
troscopy, which exploits molecules’ strong and distinct absorption
responses in the 2–20 µm spectral region. High-sensitivity and
high-resolution MIR spectroscopy with coherent sources has rich
applications, e.g., in gas [1], chemical reaction [2], and biological
[3] sensing. Further advancing broadband, field-deployable MIR
sources would enable a multitude of applications in areas such as
rapid portable health monitoring and wide-coverage greenhouse
gas detection.

However, currently available sources still suffer from significant
limitations. For instance, compact quantum- and interband-
cascade lasers have dramatically improved their output power and
efficiency, making them prominent sources for MIR spectroscopy
[4]. However, material-defined gain bandwidths restrict tuning to
hundreds of cm−1 [5], limiting potential multi-species detection.
Meanwhile, optical parametric oscillator (OPO) sources allow
efficient conversion of low-noise, wavelength-agile near-IR lasers
over extremely broad tuning ranges (often thousands of cm−1)
[6–8]. However, their conventional use of bulk optics creates large
footprints, high threshold powers, high cost, and demanding
stabilization requirements. These factors limit widespread field
applications of OPOs, despite many laboratory spectroscopic
studies [6].

Because of the limitations of bulk systems, OPO miniaturiza-
tion has been actively pursued. Well-established systems include
integrated weakly confining waveguide cavities [9], polished
crystals [10], and whispering-gallery resonators [11]. Moreover,
recent nanofabrication breakthroughs have led to on-chip planar
nanophotonic circuits in strongly nonlinear materials such as
lithium niobate (LN). Sub-wavelength transverse mode confine-
ment in these architectures allows enhanced nonlinear efficiency
[12,13], dispersion engineering for ultrabroadband operation
[14–16], and capability for complex nonlinear photonic circuits
[17]. As a result, the first on-chip OPOs integrated with highly
scalable, small-footprint, nanophotonic circuits have recently been
developed [18–23].

Despite these rapid advances, recent nanophotonic integrated
OPOs thus far have limited capability for MIR spectroscopy. One
reason for this is that established nonlinear integrated photonic
platforms utilize a silica undercladding that becomes strongly
absorptive past 3 µm [24], limiting MIR performance. Another
crucial reason is that engineering nanophotonic OPOs with suf-
ficiently stable and precise tuning over fine spectroscopic lines
is challenging. Bulk OPO-based spectroscopy systems usually
achieve ideal tuning behavior by engineering the cavity in a singly
resonant configuration with a resonant signal wave and non-
resonant, freely tunable MIR idler wave [6,7,25–28]. Developing
such wavelength-selective behavior within a high-quality-factor
nanophotonic cavity is non-trivial. This has led previous integrated
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OPOs to simultaneously resonate signal and idler beams in either
doubly [20,21] or triply resonant [18,19,22,23] configurations,
creating complex tuning dynamics undesirable for spectroscopy.

Here we demonstrate an efficient, broadly tunable, continuous-
wave integrated MIR OPO and use it for gas spectroscopy. This
single-wavelength MIR source complements broadband inte-
grated MIR frequency comb sources [29–36] that can exhibit
more complex dynamics, difficult calibration/stabilization, low
efficiency, and limited resolution. Pumped with continuous-
wave light at λp = 1 µm, a single dispersion-engineered device
exhibits broad tuning over an octave from 1.5–3.3 µm. By engi-
neering a wavelength-selective, high-quality-factor cavity, we
realize pump-enhanced singly resonant MIR OPO operation.
The OPO’s reliable tuning behavior allows us to measure the
spectra of methane and ammonia, demonstrating the spectrosopic
potential of OPOs within a fully chip-integrated platform. We
discuss clear paths towards further enhancing the current OPO for
widespread, practical use by improving overall system efficiency,
near-degenerate performance, and gap-free tuning range.

2. RESULTS

A. Device Concept and Operation

Figure 1(a) illustrates our OPO design. An optical cavity incor-
porates an χ (2) nonlinear crystal that provides parametric
amplification between λp = 1 µm pump light and generated
signal/idler light at λs = 1.5 µm and λi = 3 µm [Fig. 1(a.i)]. We
design the cavity to be strongly resonant for λs , weakly resonant
for λp , and non-resonant for λi , classifying it as a pump-enhanced
singly resonant OPO (SRO) [26]. This design allows the MIR
idler to freely tune for spectroscopy. An effective, simple SRO
fine tuning method [6,7,25,37] sweeps λp while λs clamps on a
strong cavity resonance, so λi tunes freely by energy conservation,
e.g., over molecular absorption peaks [Fig. 1(a.ii)]. Tuning the
temperature and pump wavelength broadly adjusts the OPO out-
put over 1.5–3.3 µm [Fig. 1(a.iii)], which overlaps fundamental
vibrational transitions of dozens of small molecules (e.g., CO2,
CH4, H2O, and NH3) important for spectroscopic monitoring.

We implement the integrated OPO device [Fig. 1(b)] in a
photonic circuit composed of etched LN-on-sapphire ridge wave-
guides. Deeply etched LN-on-sapphire photonics, with substrate
transparency up to 4.5 µm, have enabled dispersion-engineered
broadband MIR generation up to 4 µm [24,38]. We fabricate 15
OPOs with different design parameters on a 12× 12 mm LN-on-
sapphire chip [Fig. 1(b.i)], then focus on the optimal device for the
experiment. Periodically poling one of the LN waveguides over
9.3 mm [Fig. 1(b.ii)] compensates for phase-velocity mismatch
and allows broadband parametric gain. We choose the parametric
gain waveguide geometry (875 nm LN film, 600 nm etch, and
1.95 µm top width) to enable strong fundamental transverse
electric mode confinement at pump/signal/idler wavelengths
[Fig. S1(a)] and large parametric gain from modal overlap.
Moreover, choosing this geometry produces ultrabroadband
gain at degeneracy from near-zero signal/idler group velocity dis-
persion (GVD) (see Section 2.C and Supplement 1, Section 7). We
fabricate waveguide devices by patterning HSQ resist with 100 kV
electron-beam lithography, then etching with Ar ion milling (more
details in Supplement 1, Section 2).

The pump-enhanced SRO cavity combines waveguide bends
with two crucial engineered elements: the output coupler and
intracavity coupler. The output coupler [Fig. 1(b.iii)] is a direc-
tional coupler designed for 70%–100% transfer of MIR light
(λi > 3 µm) out of the cavity while only extracting ∼1% of
telecom signal light (1.5 µm<λi < 1.7 µm). The intracavity
coupler is an adiabatic coupler designed for broadband, ∼100%
transfer of telecom-wavelength light to enable strong signal reso-
nances. In Supplement 1, Section 1, we show design details and
simulated power coupling versus wavelength for the output cou-
pler [Fig. S1(b), (c)] and intracavity coupler [Fig. S1(d), (e)]. To
verify the strong cavity modes at λs , we sweep resonances with a
tunable telecom laser [Fig. S3(a)], revealing sharp, low-loss signal
modes with total quality factor Qtot = 1.3−1.6× 106 [Fig. 1(c)].
This corresponds to ≈ 12% round-trip loss in the 22.3 mm long
cavity. Extracted intrinsic/extrinsic Q-factors for the undercoupled
cavity are Qi = 1.35−1.7× 106 and Qex ≈ 20× 106, respec-
tively. High Q-factors extend over our telecom laser’s whole tuning
range [1500–1640 nm, Fig. S3(b)]. Meanwhile, the 1 µm pump
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Fig. 2. OPO power and efficiency. (a) Simplified diagram of measurement setup for power and spectral characterization (full diagram in Fig. S2,
Supplement 1). YDFA, ytterbium-doped fiber amplifier; VOA, variable optical attenuator; LPF, long-pass filter; SPF, short-pass filter; OSA, optical spec-
trum analyzer. (b) Top panel: normalized pump transmission below threshold (Ppump = 45 mW) reveals low-finesse pump resonances with Airy function
fit to a finesse of 2.4 (see Supplement 1, Section 4). Bottom panel: OPO output powers versus pump wavelength, at Ppump = 157 mW on-chip. (c) Output
on-chip powers and (d) power conversion efficiency versus pump power. Error bars come from uncertainty in fiber-chip and chip-detector collection
efficiency (see Supplement 1, Section 3). Solid lines from numerical modeling of the pump-enhanced SRO.

only weakly resonates, with cavity finesse F = 2.5−3.5, corre-
sponding to ≈11% total power recirculation and 2× intracavity
power enhancement (Fig. S4).

To operate the device, we couple continuous-wave pump
light onto the chip using a Hi1060 single-mode lensed fiber with
(33± 2)% coupling efficiency (Supplement 1, Section 3B). When
parametric gain provided by the pump exceeds round-trip signal
loss, the device oscillates, generating signal and idler photons.
We collect output light using a zinc fluoride glass multimode
fiber (La Verre Fluoré) with ∼3% MIR chip-to-fiber collection
efficiency (Supplement 1, Section 3D), and the idler beam is used
for MIR spectroscopy [Fig. 1(b)]. We attribute the few-percent
chip-to-fiber collection efficiency to the roughly cleaved output
fiber facet and mismatch between a high-NA LN waveguide and
NA= 0.2 fiber. Chip–fiber and fiber–chip coupling efficiencies
could be improved dramatically to 80%–90% using cladding
mode-matching waveguides [39–41] and/or placing a high-
NA lens on the output (>70%−80% efficiency measured on a
different chip/setup).

Figure 2(a) depicts the optical measurement setup built
around the device used for basic characterization (more details
in Supplement 1, Section 3 and Fig. S2). Continuous-wave 1 µm
pump light comes from an external cavity diode laser (Toptica
DL Pro) amplified by an ytterbium-doped fiber amplifier (Civil
Laser) with 1040–1090 nm operating bandwidth. We monitor the
pump wavelength using a wavelength meter (Bristol Instruments
Model 621). Device output emission collected in the MIR multi-
mode fiber is collimated then routed to a HgCdTe MIR detector
(Thorlabs PDAVJ5), InGaAs telecom-band detector (Newport
1623), and an optical spectrum analyzer (Yokogawa AQ6376). We
measure pump light cavity transmission by collecting with a silica
multimode fiber (Thorlabs FP200ERT) and measuring with an
InGaAs detector (Newport 1623). The entire chip is heated with
a cartridge heater and temperature-stabilized (mean temperature
fluctuations∼0.1◦C) with a thermoelectric cooler.

B. Power Characterization

We tune the device to 170◦C and pump near λp = 1.051 µm
to obtain clean non-degenerate parametric oscillation at
λs = 1.56 µm, λi = 3.21 µm. Because of weak pump resonances

[Fig. 2(b), top], intracavity pump intensity, and hence generated
signal/idler output [Fig. 2(b), bottom], varies periodically with λp .
Because the pump resonance is weak, tuning to a specific λp leads
to stable continuous-wave oscillation for >10−15 min without
any cavity or laser stabilization [Fig. S5(a)].

We then scan λp for different pump powers and record maxi-
mum generated signal/idler powers. We observe clear pump
depletion but do not precisely quantify it due to background pump
light scattering into the multimode collection fiber. The device
begins oscillating with 80± 6 mW on-chip threshold pump power
[Fig. 2(c)]. Above threshold, the generated signal/idler powers
monotonically increase with pump power. With ∼200 mW on-
chip pump power, the device produces a maximum of 29± 3 mW
on-chip power at 3.2 µm. This power level has been used for port-
able sensor systems [42] and exceeds the typical required power for
shot-noise-limited MIR detection (∼0.1 mW) [6]. The on-chip
power conversion efficiency of signal/idler also increases mono-
tonically within the range of pump power sweeps [Fig. 2(d)]. We
measure a maximum of (15± 2)% on-chip power conversion effi-
ciency (45% quantum efficiency) from the pump to MIR idler. An
ideal OPO produces nearly 100% quantum efficient conversion
(≈33% power conversion at these wavelengths) [7]. Our device’s
deviation is likely caused by modal/radiative scattering of pump
light in waveguide tapers (see Supplement 1), MIR losses from,
e.g., surface-adsorbed molecules [24,38], and <100% MIR light
transfer in the output coupler [see Fig. S1(e)].

The measured dependence of the emitted MIR light on input
pump power aligns well with numerical modeling of a weakly
pump-enhanced SRO [Figs. 2(c) and 2(d), solid lines], verifying
that the device behaves as designed. In our modeling (Supplement
1, Section 5) we assume the measured values of total Q-factor
(1.6 million), pump recirculation (11%, Supplement 1, Section 4),
and normalized efficiency [40%/(W · cm2), Supplement 1,
Section 3C]. The numerically modeled on-chip idler output pow-
ers are scaled by 0.46 to account for the effective MIR extraction
efficiency, and intracavity signal powers are scaled by 0.013 to
account for the intended small (∼1%) signal extraction from the
cavity.
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C. Tunability

1. Coarse Tunability

We tune our OPO’s output wavelength over an octave of band-
width using a combination of temperature and pump wavelength
[Figs. 3(a) and 3(b)]. For each temperature, we measure optical
spectra for each pump wavelength tuned coarsely in 2–5 nm
steps within the amplifier bandwidth. At the higher temper-
atures of 100◦–200◦C, we access the “far-from-degenerate”
regime with widely separated signal and idler (λs = 1.5−1.7 µm,
λi = 3−3.3 µm) [Fig. 3(a)]. We observe sufficiently reliable
tuning for spectroscopy at these operating temperatures and clean
output spectra [Fig. 3(b)]. In this wavelength range, the device
most often oscillates single-mode, which we verify using high-
resolution optical spectra and RF measurements (Fig. S7). The
MIR idler must then be single-moded because the pump and
telecom signal are both single-moded. In the far-from-degenerate
regime, we measure MIR output wavelengths up to 3.315 µm
at 200◦C, limited by the temperature control range and pump
amplifier bandwidth. The high operation temperature is only
due to phase matching in this device; future devices can extend
deeper into the MIR at lower temperatures by lithographically
defining a different poling period. In our device, lower tem-
peratures from 70◦–90◦C access the “near-degenerate” regime
(1.7 µm<λs , λi < 2.7 µm), exhibiting broad bandwidths
and tunability but also some complex multimoded behavior.
Here, multiple optical spectra are taken for each coarse pump
wavelength step to capture the broad-spanning oscillation. From
80◦–100◦C, the OPO sometimes oscillates simultaneously in the
near-degenerate and far-from-degenerate regimes.

Pump wavelength tuning at a fixed temperature tunes the
device reliably and rapidly over a large range [Fig. 3(a)]. From
80◦–200◦C, the>2.8 µm idler tunes roughly linearly with pump
wavelength. The fitted tuning slope dλi/dλp ≈−2 at higher
temperatures and increases to −4.2 at 100◦C. This equates to

100–200 nm MIR wavelength tuning at a given temperature with
50 nm of pump tuning.

As we further decrease the temperature, wavelength tunability
rapidly increases as the device begins oscillating at near-degenerate
signal/idler waveguide modes with near-zero GVD. At 70◦C, we
operate the device in the anomalous dispersion regime, resulting
in a U-shaped tuning curve that spans over 800 nm [Fig. 3(a)] and
agrees with simulations [Fig. S6(a)]. Near degeneracy, the acces-
sible gain bandwidth broadens from cancellation of odd-order
dispersion, allowing oscillation at multiple different signal/idler
pairs [Fig. 3(b)]. At 80◦C, the device operates near the signal/idler
zero-GVD point, resulting in broadband OPO output span-
ning 1.3 µm, a bandwidth approaching a full octave, at a single
temperature [Figs. 3(c) and 3(d)]. The increasingly broadband
near-degenerate OPO as we increase λp and approach zero-GVD
at 2λp agrees well with simulation [Fig. 3(c)] [43,44]. From
λp ≈ 1075−1090 nm, the single-device, single-temperature OPO
output spans 1.7–2.7 µm. This 65 THz spanning ultrabroadband
gain bandwidth matches that of state-of-the-art pulsed-pump
dispersion-engineered thin-film-LN parametric amplifiers
[16,45]. To fully harness the broadband OPO operation, future
devices could employ an on-chip wavelength control element
(e.g., [46,47]) rapidly tunable using LN’s electro-optic effect and
selective of a particular oscillating mode. Full near-degenerate
dispersion-engineering details are described in Supplement 1,
Section 7.

2. Fine Tunability

We finely tune the SRO’s MIR emission wavelength with sufficient
control for use in spectroscopy. At a fixed temperature, we tune the
pump laser wavelength. For small changes of λp , λs stays approx-
imately constant without excessive mode hops while the MIR λi

tunes by energy conservation [Fig. 3(e)]. The vertical gaps visible
in these fine tuning curves are caused by weak pump resonance
enhancement, not signal mode hops. Typical gap-free tuning
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range is 60–80 pm at 3184 nm (1.8–2.4 GHz), reflecting that the
OPO is activated for around one-third of the pump cavity FSR
[5.5 GHz, Fig. 2(a)]. Eliminating the weak pump resonance in an
optimized fully singly resonant cavity design will allow broader
gap-free tuning range. Despite this discontinuous tuning at a fixed
temperature, adjusting the chip temperature by only 1◦C results in
nearly uniform MIR wavelength coverage as different signal modes
are selected to oscillate. The signal mode hops when λp is detuned
sufficiently large amounts [Fig. S8(a)].

D. Proof-of-Concept Spectroscopy

1. OPOSpectroscopy ofMethane

We direct part of the output idler light to a low-pressure (20 Torr)
methane gas cell (7.5 cm length, Triad Technologies) to measure its
absorption spectrum [Fig. 4(a)]. Tuning the device to 151◦C with
λp ≈ 1041 nm shifts the OPO idler output to a cluster of methane
absorption lines at 3184 nm. To sweep the generated MIR output
over the methane lines, we sweep λp in a narrow range [Fig. 4(a)].
During this measurement, the OPO output signal wavelength λs

stays nearly constant, while the idler wavelength λi increases with
time [Fig. 4(a)]. The portion of the MIR light passing through
the methane cell couples into a photodiode, generating the volt-
age signal V1(t). The reference beam of MIR light couples into a
second photodiode, generating a reference signal V2(t). We plot an
example trace of the unprocessed relative gas cell transmission scan
V1(t)/V2(t) in Fig. 4(b), which scans over two absorption peaks.

To calibrate the wavelength axis λi (t) of the swept MIR beam,
we measure λp(t) and λs (t) and infer λi (t) by energy conser-
vation. This method allows us to use precise and more readily
available near-IR wavelength measurement tools to infer MIR
emission properties. We measure λp(t) with a wavemeter in the
input path [Fig. 4(b)]. Meanwhile, λs (t) is measured by beating
a portion of the generated signal beam against a reference laser
(Santec TSL-710) on a 12 GHz fast photodiode (Newport 1554-
B). The beatnote is read in an RF spectrum analyzer, from which

we extract λs (t) [Fig. 4(b)]. The observed small (5 pm) redshift of
λs (t) is much smaller than the cavity free spectral range (∼45 pm),
indicating that the signal mode does not mode hop during this
scan, but only shifts slightly, likely due to heating at higher OPO
power.

We tune the device to four different absorption transitions
of methane near 3184 nm and collect spectra [Fig. 4(c)]. After
background subtraction (see Supplement 1, Section 10), collected
experimental spectra agree well with HITRAN reference curves
[48]. The clean, stable MIR OPO output easily resolves the low-
pressure, Doppler-broadened methane peaks with linewidths
down to 10 pm/300 MHz/.01 cm−1. This spectral resolu-
tion highlights an advantageous aspect of the widely tunable
single-wavelength integrated source compared to an integrated
frequency comb, which in integrated incarnations has few GHz–
100 GHz resolution limited by the cavity free spectral range
[29–31,34,35,49–51].

2. ResonantDFGSpectroscopy of Ammonia

In addition to operating as an OPO, the broadband operation and
singly resonant nature of our device makes it attractive as a source
of MIR light generated by difference frequency generation (DFG).
Here, we pump the OPO cavity below threshold, now leaving
λp(t) constant over time [Fig. 4(d)]. We instead seed the device
with a scanning telecom-band laser λs (t). Injected seed builds up
strongly when λs (t) matches a signal cavity resonance and gen-
erates a bright MIR idler beam by DFG. Hence, λi (t) consists of
discretely spaced MIR peaks [Fig. 4(d)]. In our device’s SRO cavity,
peaks at λi will be equally spaced in frequency at the signal cavity
FSR (≈5.7 GHz) over the entire gain bandwidth. By contrast, in
a doubly or triply resonant device, generated MIR peaks would
be much more sparse because of the requirement of simultaneous
signal and idler resonance. The wide availability of rapidly tunable
telecom-band lasers, including on-chip and LN-integrated devices
[52–54], makes this resonant DFG technique highly accessible.

https://doi.org/10.6084/m9.figshare.24347407
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We demonstrate the broadband resonant DFG spectroscopy
by detecting atmospheric pressure ammonia, which exhibits
broad lineshapes with 0.5–10 nm peak widths. As in the methane
experiment, the MIR output splits into an ammonia gas cell
(1.5 cm length, from Wavelength References) and reference path.
We measure λp with a wavemeter, assume λs (t) sweeps linearly
with time, then infer λi (t) by energy conservation. Figure 4(e)
shows a typical trace of discrete MIR peaks at detector 2 versus
λi (t), where λp = 1043 nm, and λs (t) sweeps from 1535 to
1620 nm. Generated equally spaced MIR lines [Fig. 4(e), inset] are
strong over an∼100 nm bandwidth (equates to sweeping λs only
30 nm), and the>10 µW MIR output can be detected directly by
a DC-coupled photodiode.

By dividing the signal path’s discrete peak heights by those
from the reference path, we obtain broadband spectra of ammonia
with 5 GHz resolution [Fig. 4(f )]. The presented data consist
of two scans, each with a high signal-to-noise ratio over 100 nm
MIR bandwidth. Adjusting temperature and λp tunes the center
wavelength of the two scans exactly as the OPO is coarsely tuned
[Fig. 3(b)]. We resolve ammonia’s narrower features with∼0.5 nm
peak width alongside broader 10 nm peaks in agreement with the
HITRAN database.

3. DISCUSSION

In summary, we have designed and implemented an integrated
nanophotonic OPO and demonstrated operation for MIR spec-
troscopy. Such a device inherits the useful advantages of bulk
OPOs as MIR spectroscopic light sources (widely available near-IR
laser pumps, high efficiency, broad tunability, and high resolution)
while adding the benefits of nanophotonic integration (reduced
footprint, better stability, lower threshold powers, broadband oper-
ation via dispersion engineering, and integration capability). The
key enabling advance here is the fabrication of high-quality-factor,
wavelength-selective cavities built from the MIR-compatible LN-
on-sapphire platform. With the miniaturization of such a useful
MIR spectroscopic technology onto a fully chip-integrated plat-
form, a plethora of applications can be envisaged, from deployable
gas monitoring systems to portable, real-time MIR biosensors.

Our work outlines a clear path for improving the device suffi-
ciently to realize powerful and deployable sensors. As highlighted
in the text, including an electro-optically tunable wavelength-
selective intracavity etalon would allow precise, rapid, and
low-power control over the broad demonstrated gain bandwidths.
The most important factor to improve free-running device stability
beyond the observed 10−15 min range would be eliminating the
weak pump resonance, by optimizing intracavity coupler design or
incorporating better integrated photonic dichronic filter elements
with novel design [55] or inverse design [56]. Moreover, incorpo-
rating either thermally compensated cavity designs [57] or active
electro-optic feedback to reduce output wavelength fluctuations
will be important for spectroscopy applications. Operating the
device in a quasi-CW fashion with 10% duty cyle pulses results in
increased stability>2 h, suggesting that decreasing average power
on chip will be beneficial for stability [Fig. S5(b)]. In addition,
further gains in efficiency are important and within reach. These
will come from improvements in input fiber-to-chip and output
chip-to-detector coupling efficiencies. Simulations show that uti-
lizing cladding mode matching waveguides and/or free space optics
would raise edge coupling efficiencies to >70%. Moreover, the

simulated normalized efficiency is∼7× larger than the experimen-
tally obtained value (43%/(W · cm2)), likely due to fabrication
imperfections preventing coherent nonlinear enhancement over
the full waveguide length. By improving waveguide fabrication
we expect threshold powers as low as∼10 mW, within the output
range of heterogeneously integrated lasers near 1µm [58] and thus
potentially enabling full pump-OPO on-chip integration.
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