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The on-chip creation of coherent light at visible wavelengths is crucial to field-level deployment of spectroscopy and
metrology systems. Although on-chip lasers have been implemented in specific cases, a general solution that is not

restricted by limitations of specific gain media has not been reported, to the best of our knowledge. Here, we propose
creating visible light from an infrared pump by widely separated optical parametric oscillation (OPO) using silicon
nanophotonics. The OPO creates signal and idler light in the 700 nm and 1300 nm bands, respectively, with a 900 nm
pump. It operates at a threshold power of (0.9 = 0.1) mW, over 50 x smaller than other widely separated microcavity
OPO works, which have been reported only in the infrared. This low threshold enables direct pumping without need
of an intermediate optical amplifier. We further show how the device design can be modified to generate 780 nm and
1500 nm light with a similar power efficiency. Our nanophotonic OPO shows distinct advantages in power efficiency,
operation stability, and device scalability, and is a major advance towards flexible on-chip generation of coherent visible

light.

https://doi.org/10.1364/OPTICA.6.001535

1. INTRODUCTION

On-chip generation of coherent light at visible frequencies is criti-
cal for miniaturization and field-level deployment for spectroscopy
and metrology, e.g., wavelength-stabilized reference lasers based on
atomic vapors [1] and optical atomic clocks [2]. One approach is
to develop on-chip lasers directly using III-V semiconductors [3],
but the wavelength coverage is limited by the available gain media
and requires nontrivial heterogeneous integration to be compatible
with a silicon chip. Another approach is to use nonlinear optics
to create light at new frequencies from existing lasers. There are
many second/third-order (x®/x®) nonlinear optical processes
for this purpose, including optical parametric oscillation (OPO),
second/third-harmonic generation (SHG/THG), sum frequency
generation (SFG), and stimulated four-wave mixing/optical
parametric amplification (StFWM/OPA) [4,5]. Among these
processes, OPO is uniquely suitable to generate coherent light over
a wide spectral range, because the generated light is not limited to
harmonics of pump frequencies (unlike SHG/THG), and only one
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pump laser is required (unlike SFG/StFWM/OPA). Historically,
x @ OPO has been particularly efficient in creating coherent light
across wide spectral ranges. Half a century ago, coherent OPO
light from 970 nm to 1150 nm was generated by a 529 nm pump
laser in a LiNbOj3 crystal [6]. Later, the OPO signal wavelength
was brought into the visible (from 537 nm to 720 nm) by a 308 nm
pump laser in a BaB, Oy crystal [7]. Nowadays, x ¥ OPO systems
have become a laboratory workhorse tool in the generation of
coherent, tunable visible light, particularly when pumped by a
Ti:sapphire laser [8]. However, nanophotonic implementations of
OPO that can reach visible wavelengths are still lacking.

In this work, we report a nanophotonic x @ OPO for on-chip
visible light generation. We use x® rather than x® for two
important reasons. First, x ® processes, unlike x @ processes, are
naturally compatible with silicon photonics. Second, as the x®
OPO consumes two pump photons for each generated signal/idler
pair, visible wavelengths can be reached through an easily available
infrared pump laser, in contrast to a x ? OPO, which needsa UV
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pump laser. Although ideas for how to achieve widely separated
x® OPO have been demonstrated in photonic-crystal-fiber-
based systems [9,10] and then introduced to silicon nanophotonics
theoretically over a decade ago [11], because of the challenging dis-
persion engineering requirements, such nanophotonic OPO has
not been experimentally demonstrated. This is in contrast to other
wide-band nonlinear processes, e.g., nanophotonic SHG/THG,
which have been extensively reported [12-18]. Recently, widely
separated OPO has been achieved in whispering-gallery mode
(WGM) platforms with larger footprints, including crystalline
MgF, microcavities [19-21] and SiO, microtoroids [15], but the
threshold powers are relatively large, and the spectra of the OPO
output have been restricted to the infrared.

To demonstrate nanophotonic visible—telecom OPO, we use
the silicon nitride (Si3Ny) platform, whose advantageous charac-
teristics for silicon-based nonlinear nanophotonics [22], including
octave-spanning frequency combs [23-25], frequency conver-
sion/spectral translation [26-28], entanglement generation [29],
and clustered frequency comb generation [30,31], have by now
been well established. Here we show, for the first time, on-chip
OPO with signal and idler at visible and telecom frequencies,
e.g.,419.8 THz (714.6 nm) and 227.8 THz (1316.9 nm), respec-
tively. The OPO process is power efficient due to nanophotonic
confinement and strong spatial mode overlap, and has an ultra-
low threshold power of (0.9 £0.1) mW. In contrast to recent
microresonator OPO works that use between 50 mW and 380 mW
of pump power to achieve widely separated signal and idler in the
infrared [15,19-21], our devices use only milliwatt-level power,
without intermediate optical amplifiers, to achieve widely sepa-
rated signal and idler in the visible and telecom, respectively. We
further show that the OPO frequencies can be readily controlled by
changing the device geometry. In particular, we demonstrate OPO
with signal and idler at 383.9 THz (781.4 nm) and 202.1 THz
(1484 nm), respectively, by pumping at 293.0 THz (1024 nm).
This signal wavelength is suitable for rubidium vapor, and the
pump wavelength is accessible from compact semiconductor chip
lasers.

2. DESIGN PRINCIPLES

Our OPO devices are based on cavity-enhanced degenerate FWM
(dFWM), which requires conservation of both momentum and
energy for the interacting optical modes [32]. For the same mode
family, momentum conservation is simplified to conservation of
the azimuthal mode number, i.e., Am=m,+ m; —2m, =0,
where the subscripts s, 7, p denote signal, idler, and pump, respec-
tively. Energy conservation requires the central frequencies of the
cavity modes to have a mismatch (Av = v + v; — 2v;,) within the
cavity linewidths, i.e., |Av| < v/ Qp, where k=5, i, p, and Qy
is the loaded quality factor for the £ mode. We note that achieving
such phase and frequency matching across visible and telecom
bands has been demonstrated recently in silicon nanophotonics
only for photon-pair generation [29] and spectral translation [28],
where a mode-splitting approach [33] enables the identification
of specific azimuthal modes separated by hundreds of THz. We
employ a similar approach here, focusing on fundamental trans-
verse electric (TE1) modes only, which have high- Q, strong modal
confinement (V), and good mode overlap (). These attributes
are essential for achieving low-threshold operation, as discussed in
Supplement 1.
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However, the above design principles do not guarantee that the
targeted wide-band OPO process will occur. Critically, the targeted
process also has to win over all other competing processes that are
matched in phase and frequency, including OPO in the pump
band [28,29], clustered frequency combs in the signal and idler
bands [15,20,30,31], and other nonlinear processes (e.g., stimu-
lated Raman scattering [19] and THG [15]). For example, recent
work reporting telecom-to-visible spectral translation via stimu-
lated dFWM did not exhibit widely separated OPO, because
without the seed telecom light, close-to-pump OPO processes
dominate [28]. Thus, unlike previous work in wide-band silicon
nonlinear nanophotonics [23-26,28,29], visible—telecom OPO
faces a more stringent requirement not only on enhancing the
process of interest, but also on suppressing all competing processes
at the same time.

In particular, OPO in the pump band can be suppressed if the
pump modes are in the normal dispersion regime [11], which
corresponds to a negative dispersion parameter (D). D = —% %,
where ¢, A, and 7 represent the speed of light, vacuum wavelength,
and effective mode index, respectively [5]. D < 0 is equivalent to
Av < 0 when the signal and idler modes are near the pump mode.
Therefore, we need to design the device to have Av <0 when
signal and idler are near the pump, and Av =0 when signal and
idler are widely separated.

3. NUMERICAL SIMULATIONS

We use the aforementioned design principles to guide numerical
simulations for the widely separated OPO. Figure 1(b) shows a
cross-sectional view of the microring. The SizNy core has a rect-
angular cross section, described by ring width (RW), thickness
(H), and ring radius (R R). We use these parameters to tailor the
geometric contribution to the dispersion. We note that self-/cross-
phase modulation is negligible in our device, so that we can use the
natural cavity frequencies to design our OPO (see Supplement 1).

Figure 1(c) shows the dispersion parameter of a device with
RW=1160 nm, H=510 nm, and RR =23 pum, where the
zero-dispersion frequency (ZDF) is at &~ 321 THz. The disper-
sion is anomalous for smaller frequencies and normal for larger
frequencies. The frequency mismatch (Av) is plotted [Fig. 1(d)]
with pump frequency (vp) ranging from 314 THz to 328 THz.
When v, =322 THz, nearby modes show an overall small normal
dispersion, and there are two widely separated mode pairs that are
frequency matched (Av = 0). In contrast, larger values of v, have
large normal dispersion and do not lead to widely separated OPO.
Smaller v, may allow widely separated OPO (e.g., 319 THz case),
but the anomalous dispersion around the pump results in several
close-band competitive OPO processes, making widely separated
OPO unavailable in general.

We also simulate devices that have different R W but the same
RR and H, with the dispersion plotted in Fig. 2(a). When RW
increases from 1140 nm to 1160 nm, the ZDF red shifts from
325 THz to 321 THz, remaining within our laser scanning range.
We thus have a prescription for geometries to experimentally
observe the transition from close-band to widely separated OPO
processes. For details regarding the parametric sensitivity in
dispersion engineering, please refer to Supplement 1.
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Fig. 1. Design of a nanophotonic visible-telecom optical parametric oscillator. (a) Schematic indicating that the microring device uses cavity-enhanced
degenerate four-wave mixing (dFWM) to generate signal and idler light that have frequencies widely separated from the input pump. All interacting modes
(pump, signal, and idler) are fundamental transverse-electric modes (TE1), with their dominant electric field components shown in insets. The input pump
and the output signal and idler are all coupled with the same waveguide in this scheme. (b) Cross-section view of the microring shows the air cladding and
silicon dioxide substrate, and two key geometric parameters, ring width (R W) and height (A). These two parameters, together with the ring outer radius
(RR), unambiguously determine the microring dispersion. (c) Dispersion curve (D) of a typical geometry, with RR =23 pum, RW = 1160 nm,and H =
510 nm. D = 0 when the pump frequency v, is~ 321.7 THz (932.5 nm), as shown in the zoomed-in inset. The dispersion is anomalous (D > 0) when v,
is smaller, and normal (D < 0) when v, is larger. (d) Frequency mismatch (Av) for dFWM for the geometry in (c) at various values of v,. When the pump is
slightly normal at 322 THz (red), there are two cases in which signal and idler modes are phase/frequency matched, with both suitable for widely separated
OPO. Av is calculated for specific mode number () sets, because dFWM requires the phase-matching condition to be satisfied, i.e., 72, + m; = 2m,,. The
mode frequency for each mode number is calculated for the geometry in (c) by the finite-element method.

4. EXPERIMENTAL MEASUREMENTS region. This trend agrees with the prediction in Fig. 1(d), although
the experimental v, is 2 THz larger than predicted, which is likely

We fabricate devices (see Supplement 1) with fixed A and vary- L . -
due to uncertainties in device fabrication.

ing RW, and characterize them as a function of v, near the . .
ZDF. The results are summarized in Figs. 2(b) and 2(c). The We focus on the RW'= 1160 nm device and study its power

output OPO spectra are recorded by an optical spectrum ana- .dependence at v, =322 THZ in Eig. 3. The OPQ signal and
lyzer (OSA), while the pump is scanned for modes that transit 1d.ler haYe a spectral separation that is too large for asmgle waveg-
from anomalous to normal dispersion, with an example in uide [Fig. 1(a)] to out-couple both frequencies efficiently. We
Fig. 2(c) for fixed RW = 1150 nm. The OPO signal and idler therefore use two waveguides to separate the coupling tasks, as
frequencies for all RW and v, are then plotted in Fig. 2(b). v, shown in F 1g 3(3): The bottom PU.HCY V\{aveguide couples the
for OPO with the widest separation red shifts from 327.8 THz pump and signal light together, while being cutoff at telecom
(RW=1160 nm) to 3257 THz (RW=1150 nm) and wavelengths (Supplement 1). The top waveguide couples telecom
323.8 THz (RW=1140 nm), following the shift in device light efficiently, but does not couple the pump and signal light

dispersion. Focusing again on the RW = 1150 nm spectra for due to a limited spatial overlap that prevents effective evanescent
several different v, [Fig. 2(c)], we clearly observe the trend pre- coupling. The combined coupling geometry is designed to have
dicted previously when tuning Vp from anomalous to normal. coupling Q= (1—-2) x 10° for pump, signal, and idler modes.
When the pump dispersion is anomalous, OPO signal and idler In experiment, we verify that the fabricated device has intrinsic
bands are closely spaced around the pump [top panel in Fig. 2(c)]. Q=(2—3) x 10° and loaded Q~ 1 x 10° for TE] modes in
When the pump dispersion is slightly normal, the OPO signal the pump band, which corresponds to loaded cavity linewidths of
and idler have increasingly large spectral separation as vy, increases ~ 300 MHz. With such high Q, the device shows large thermal
[second to fourth panels in Fig. 2(c)]. However, when the pump bistability at milliwatt pump powers, as shown in Fig. 3(b). For
dispersion is too normal, no widely separated OPO is observed, each pump power, we situate the pump detuning near the dip of the
and only very close-band OPO is seen [bottom panel in Fig. 2(c)]. cavity resonance and measure the generated OPO spectrum. Three
The RW = 1160 nm device [red in Fig. 2(b)] has a similar trend representative spectra are shown in Fig. 3(e), with pump detuning

but fewer pumping modes in the transition to the slightly normal indicated by the open circles in Fig. 3(b). For I mW pump power
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OPO frequencies critically depend on ring width (R W) and pumping frequency (v,). (a) Simulated dispersion (D) curves for different R W,

with other parameters specified in the caption of Fig. 1. The zero-dispersion frequency (ZDF) blue shifts with decreasing R W. (b) Experimentally recorded
OPO output (signal and idler) frequencies (left axis, v and v;) and wavelengths (right axis, A, and 1;) of the aforementioned geometries when v, is varied
around the ZDF. Widely separated OPO occurs when the dispersion is slightly normal, as suggested by Fig. 1, because potential close-band OPO processes
are inhibited. (c) OPO spectra for the RW = 1150 nm device when v,, is varied. When scanning v, from a mode in the anomalous region to one in the nor-
mal region, the spectral separation of the OPO signal and idler increases from 9 THz to 37 THz, 61 THz, and 178 THz, and finally decreases to 7 THz

(from top to bottom). On the y axis, 0 dB is referenced to 1 mW, i.e., dBm.

at v, = 323.8 THz (926.5 nm), the top panel in Fig. 3(e) shows
that a widely separated OPO is generated with signal at 419.8 THz
(714.6 nm) and idler at 227.8 THz (1317 nm). The signal-idler
separation is 192 THz, comparable to the largest reported value
for WGM resonators (230 THz), where the idler frequency was
inferred [21] (signal and idler were both in the infrared). With an
increased pump power of 1.6 mW, an additional pair is generated at
388.8 THz (771.6 nm) and 258.8 THz (1187 nm), as shown in the
middle panel in Fig. 3(e). With a further increase in pump power
to 2.5 mW, clustered combs are generated around the second
signal—idler pair, while the first pair remains unaccompanied by
other spectral tones [bottom panel in Fig. 3(¢)].

These two OPO pairs measured in experiment agree quite well
with the theoretical predictions [Fig. 3(d)], where pair I is predicted
to be at 423 THz (I-s) and 221 THz (I-i) and pair IT at 389 THz
(IT-s) and 255 THz (II-i). The 7 numbers of these modes are {420,
383, 310, 237, 200} for {I-s, II-s, p, II-i, I-i} [labeling scheme in
Fig. 3(d)]. These mode numbers clearly satisfy phase matching
(Am = 0). Moreover, the fact that the clustered comb is generated
in the II pair, but not in the I pair, is not coincidental and can be
explained as follows. All the mode pairs satisfying phase matching
are plotted in Fig. 3(d). Each mode is represented by an open circle,
and the cavity free spectral range (FSR) is &~ 1 THz. Although
both I and II satisfy frequency matching, the densities of mode
pairs (within a given range of frequency mismatch) around I and I
are different. Because material dispersion is much larger at higher
frequencies, the I pair exhibits larger dispersion and has sparser
modes in the neighborhood of the tolerated frequency mismatch,
which can be estimated by the cavity linewidth (= 300 MHz). In
other words, the modes near II are preferred for clustered comb

generation considering both mode density and frequency match-
ing. Moreover, because of the normal dispersion around the pump,
there are no competitive processes in the pump band even at higher
pump power [Fig. 3(¢)]. A power-dependence study [Fig. 3(c)]
indicates a threshold of (0.9 & 0.1) mW for the first set of OPO
lines. The second OPO has a threshold of (1.5 &= 0.2) mW, while
its subsequent clustered frequency comb has a threshold near
2.5mW.

For applications, the delivered output power of the OPO is an
important metric. In our devices, the typical OPO signal and idler
fields are 10 dB to 20 dB lower than the pump [Fig. 3(¢)]. While
this is actually better than previous widely separated OPO works
(where the signal and idler are 30 dB to 50 dB lower than the pump
[20,21]) and not uncommon for microcavity OPOs regardless of
spectral separation (e.g., & 15 dB difference in Ref. [32]), improv-
ing the conversion from pump to signal is nevertheless important.
To do so, we anticipate that more advanced coupling engineering
is needed to increase the out-coupling efficiency. While this will
generally result in a higher threshold power, depending on the
application, an appropriate balance can be struck between output
power (e.g., for the visible wavelength signal) and overall power
efficiency.

5. OPO ON A SINGLE WIDELY SEPARATED PAIR

In the previous section, although close-band OPO with spectral
tones near the pump are successfully suppressed, the generation of
two OPO pairs with pair II eventually exhibiting a cluster of tones
might be unwanted in applications. Here we show how the ring
geometry can be tuned to achieve a dispersion that supports only
one single set of widely separated OPO tones.
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Fig. 3. Power dependence of the visible—telecom OPO. (a) When the OPO frequencies are separated widely into the visible—telecom regime, two
waveguides are needed to couple the visible and telecom light efficiently. The straight waveguide (top) is used for out-coupling the telecom (idler), and
the pulley waveguide (bottom) is for out-coupling the visible (signal). (b) Transmission (7)) traces for v, & 322 THz show bistabilities with various pump
powers (). The open circles specify the laser detuning at various powers for the OSA spectra in (). (c) OPO threshold power is only (0.9 +0.1) mW,
measured by the power dependence of the OPO signal peak amplitudes. I-s and II-s denote signal peaks of two OPO tones at 419.8 THz and 388.7 THz
in (¢). Here, on the y axis, 0 dB is referenced to 1 mW, i.e., dBm. Error bars are one standard deviation values due to fluctuations in optical path losses. The
quoted pump power is on-chip, with the facet loss typically between 2 dB and 3 dB. (d) Zoom-in frequency mismatch curve of Fig. 1(d) suggests two phase-
/frequency-matched cases, where the signal/idler frequencies are labeled as I-s/I-i and II-s/II-i, respectively. The pump frequency is labeled as p (around
322 THz). (e) OPO spectra as a function of pump power. When the pump power is 1.0 mW, OPO L is above threshold and OPO IT is below threshold, with
I-sand I-ilocated around 419.8 THz (714.6 nm) and 227.8 THz (1316.9 nm), respectively, corresponding to a spectral separation of 192 THz. Next, when
the pump power is 1.6 mW, both OPO I and II are above threshold and observable in the spectrum. II-s and II-i are located around 388.7 THz (771.8 nm)
and 258.8 THz (1159.2 nm), respectively. The frequencies of both OPO I/II agree reasonably well with the theoretical prediction in (d). Finally, when the
pump power is 2.5 mW, close-band FWM adjacent to OPO II is excited, because the modes adjacent to II have smaller frequency mismatch compared to
those around I, as indicated by (d). On the y axis, 0 dB is referenced to 1 mW, i.e., dBm.

We calculate the device dispersion and OPO frequency 202.1 THz (1484 nm), respectively, when pumping at 293.0 THz

mismatch for various ring widths using mode frequencies (1023.9 nm) with 1.3 mW pump drop power. The measured
from finite-element method (FEM) simulations. The top frequencies agree with theoretical prediction within 2 THz for all
panel in Fig. 4(a) shows the key result where the device with three modes. Moreover, only one pair of widely separated tones is
RW = 1440 nm is predicted to generate a visible—telecom OPO generated, as the simulation predicts. We note that the short wave-

with signal and idler located at 384 THz (781 nm) and 204 THz length OPO output is suited for spectroscopy of rubidium vapor
(1470 nm), respectively, for a pump at 294 THz (1020 nm). This (1.5 nm wavelength tuning needed), and the telecom OPO output
H =600 nm design has widely separated frequency-/phase- makes such a device potentially suitable for spectral translation
matching mode pairs and normal dispersion near the pump, [28]. We also note that in Fig. 4(c), a small close-to-pump OPO is
similar to the previous £ =510 nm design [Fig. 3(d)]. However, generated at 1.5 mW pump drop power. Such close-band OPO is
the 4 =600 nm design supports only one widely separated OPO ~ 10 dB smaller than the widely separated OPO and occurs only

pair, and is also & 5x more dispersive in the frequency bands of when the pump is depleted. The pump depletion effectively broad-
interest. These two properties together make this design better in ens the cavity linewidth (acts as another effective loss channel),
suppressing competitive OPO processes. In the measured optical thereby enabling the close-band OPO to occur.

spectrum [bottom panel in Fig. 4(a)], the fabricated device gen- One unique property of our device is its operation stability,

erates OPO with signal and idler at 383.9 THz (781.5 nm) and i.e., OPO works at a continuous detuning of the pump. This
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Fig. 4. OPO on a single widely separated pair. (a) Top panel shows a microring design with only one phase-/frequency-matched widely separated
OPO pair. The microring has parameters of 4 =600 nm and R W = 1440 nm. When the pump laser frequency v, =293.5 THz, the generated OPO
is predicted to have only a single pair with frequencies of 205 THz and 382 THz. The bottom panel shows the experimental optical spectrum, which
confirms that only a single widely separated pair is generated at 202.1 THz (1484 nm) and 383.9 THz (781.4 nm) when v, =293.0 THz (1024 nm).
Due to the large spectral separation, the device needs two waveguides to couple the OPO signal and idler, with spectra shown in red and blue, respectively.
(b) Threshold study of the OPO pair with various dropped pump powers Py = P (1 — T), where transmission (7)) is changed by the laser-cavity detuning
(A), as shown in the inset. The threshold poweris (1.3 = 0.1) mW. (c) Dispersion is normal near the pump, as shown in (a), thereby disfavoring close-band
OPO. However, when the pump power is sufficiently above threshold, the close-band OPO process begins to appears. This competitive OPO is much less
efficient than the widely separated OPO, but nevertheless needs further suppression for ideal operation. In the y axes of (b) and (c), 0 dB is referenced to

1 mW,i.e.,dBm.

stability has not been demonstrated in prior works, where large
pump power is used to assist phase matching, and clean OPO
pairs typically require sensitive pump detuning. For example, in
Ref. [20], a cluster frequency comb is clearly in competition with
the clean OPO pair when the detuning changes. In contrast, our
OPO has stable output frequencies. We study this stability by
recording the peak amplitude of the 781.5 nm signal versus the
pump power dropped inside the microring [Fig. 4(b), inset]. The
pump threshold power is (1.3 £ 0.1) mW, similar to, but slightly
larger than, that of the previous design. In particular, we observe
only one widely separated OPO pair throughout this detuning
process, until at the highest dropped powers, one close-band OPO
occurs [Fig. 4(c)]. Importantly, such close-band OPO, although
affecting the output power for the targeted widely- separated OPO,
does not come with clustered frequency combs near the signal and
idler. We note that an advanced coupling design can help suppress
the close-band OPO (see Supplement 1 for details).

The stability can be attributed to three factors. First, our device
has a smaller size and thus a FSR of ~ 1 THz, whereas Ref. [21]
has a larger size and a FSR of &~ 100 GHz to 300 GHz. Second,
because of the larger material dispersion at the visible wavelength
and larger geometric dispersion of the nanophotonic devices,
the modes around OPO pairs are more dispersive and therefore
less prone to clustered frequency combs. More importantly, our
devices have smaller operation powers and thus smaller parametric
gain bandwidths, which further limits the allowable number of
competitive OPO processes. Such superior power efficiency and
operation stability comes with a sacrifice of frequency tunability.
For example, our results typically show only a few pump modes
that can generate widely separated OPO, as shown in Fig. 2(b),

while previous works possess & 10x more pump modes for
such operation [21]. We note that the frequency tunability can
be aided with pump power tuning but not temperature tuning
(Supplement 1).

6. CONCLUSION

In summary, we propose and demonstrate, for the first time,
visible—telecom OPO using silicon nanophotonics, with a signal—
idler spectral separation of &~ 190 THz, and a sub-mW threshold
power that is two orders of magnitudes smaller than recently
reported infrared OPO [21]. Our demonstration represents a
major advance for the on-chip generation of coherent visible
light. Compatibility with silicon photonics and its accompanying
potential for low-cost, scalable fabrication make our approach
particularly promising for integrated photonics applications.
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