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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. 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 50x smaller than other widely-separated
microcavity OPO works, which have only been reported 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. O ur nanophotonic O PO shows distinct advantages i n p ower e fficiency, operation

stability, and device scalability, and is a major advance towards flexible on-chip generation of

coherent visible light.

On-chip generation of coherent light at visible frequencies
is critical for miniaturization and field-level deployment for
spectroscopy and metrology, for example, 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 parameteric
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 har-
monics of pump frequencies (unlike SHG/THG), and only one
pump laser is required (unlike SFG/StFWM/OPA). Historically,
x®) OPO has been particularly efficient in creating coherent
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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 (AFWM) 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, A cross-section view of the microring shows the air cladding and silicon dioxide substrate, and
two key geometric parameters, ring width (RW) and height (H). These two parameters, together with the ring outer radius (RR),
unambiguously determine the microring dispersion. ¢, Dispersion curve (D) of a typical geometry, with RR = 23 ym, 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 vy, 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., ms + m; = 2my,. The mode frequency for each mode number
is calculated for the geometry in (c) by the finite-element method.

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 LiNbOj crystal [6]. Later, the OPO signal wave-
length 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 im-
plementations of OPO that can reach visible wavelengths are
still lacking.

In this work, we report a nanophotonic x(3) OPO for on-chip
visible light generation. We use X(3) rather than X(2> for two
important reasons. First, x(3) processes, unlike x(2) processes,
are naturally compatible with silicon photonics. Second, as
the x(3) 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 needs a UV pump laser. Although ideas for how to
achieve widely-separated x(3) 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 dispersion engineering requirements,
such nanophotonic OPO has not been experimentally demon-
strated. This is in contrast to other wide-band nonlinear pro-
cesses, e.g., nanophotonic SHG/THG, which have been exten-
sively 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 char-
acteristics for silicon-based nonlinear nanophotonics [22], in-
cluding octave-spanning frequency combs [23-25], frequency
conversion/spectral translation [26-28], entanglement gener-
ation [29], and clustered frequency comb generation [30, 31],
has by now been well-established. Here we show, for the first
time, on-chip OPO with signal and idler at visible and telecom
frequencies, for example, 419.8 THz (714.6 nm) and 227.8 THz
(1316.9 nm), respectively. The OPO process is power efficient
due to nanophotonic confinement and strong spatial mode over-
lap, and has an ultra-low threshold power of (0.9 & 0.1) mW. In
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contrast to recent microresonator OPO work 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-separated signal and ilder 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) 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.

Design principles Our OPO devices are based on cavity-
enhanced degenerate four-wave mixing (dAFWM), which requires
conservation of both momentum and energy for the interacting
optical modes [32]. For the same mode family, momentum con-
servation is simplified to conservation of the azimuthal mode
number, that is, Am = mg + m; — 2mp = 0, where the sub-
scripts s, i, p denote signal, idler, and pump, respectively. En-
ergy conservation requires the central frequencies of the cavity
modes to have a mismatch (Av = vs +v; — 2vp) within the cavity
linewidths, that is, |Av| < v/ Qy, where k = 5,1, p and Q is the
loaded quality factor for the k mode. We note that achieving
such phase and frequency matching across visible and telecom
bands has only been demonstrated recently in silicon nanopho-
tonics for photon-pair generation [29] and spectral translation
[28], where a mode splitting approach [33] enables the identifica-
tion of specific azimuthal modes separated by hundreds of THz.
We employ a similar approach here, focusing on fundamental
transverse electric (TE1) modes only, which have high-Q, strong
modal confinement (V), and good mode overlap (7). These at-
tributes are essential for achieving low-threshold operation, as
discussed in the Supplementary Information Section I.

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 pro-
cesses that are matched in phase and frequency, including OPO
in the pump band [28, 29], clustered frequency combs in the sig-
nal and idler bands [15, 20, 30, 31], and other nonlinear processes
(e.g., stimulated Raman scattering [19] and third-harmonic gen-
eration [15]). For example, recent work reporting telecom-to-
visible spectral translation via stimulated dFWM did not exhibit
widely-separated OPO, because without the seed telecom light,
close-to-pump OPO processes dominate [28]. Thus, unlike pre-
vious work in wide-band silicon nonlinear nanophotonics [23-
26, 28, 29], visible-telecom OPO faces a more stringent require-
ment 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.

Numerical simulations We use the aforementioned design prin-
ciples to guide numerical simulations for the widely-separated
OPO. Figure 1(b) shows a cross-sectional view of the microring.
The Si3Ny core has a rectangular cross-section, described by ring
width (RW), thickness (H), and ring radius (RR). We use these

parameters to tailor the geometric contribution to the disper-
sion. 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 Supplementary Information Section I).

Figure 1(c) shows the dispersion parameter of a device with
RW =1160 nm, H = 510 nm, and RR = 23 ym, where the zero
dispersion frequency (ZDF) is at ~ 321 THz. The dispersion
is anomalous for smaller frequencies and normal for larger fre-
quencies. The frequency mismatch (Av) is plotted (Fig. 1(d))
with pump frequency (vp) ranging from 314 THz to 328 THz.
When vp = 322 THz, nearby modes show an overall small nor-
mal 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 1, 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 RW 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 redshifts 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 dis-
persion engineering, please refer to Supplementary Information
Section III.
Experimental measurements We fabricate devices (see Supple-
mentary Information Section IV) with fixed H and varying RW,
and characterize them as a function of v, near the ZDF. The
results are summarized in Fig. 2(b)-(c). The output OPO spec-
tra are recorded by an optical spectrum analyzer (OSA), while
the pump is scanned for modes that transit from anomalous
to normal dispersion, with an example in Fig. 2(c) for fixed
RW=1150 nm. The OPO signal and idler frequencies for all RW
and v}, are then plotted in Fig. 2(b). vp for OPO with the widest
separation redshifts from 327.8 THz (RW = 1160 nm) to 325.7
THz (RW = 1150 nm) and 323.8 THz (RW = 1140 nm), follow-
ing the shift in device dispersion. Focusing again on the RW =
1150 nm spectra for several different v, (Fig. 2(c)), we clearly
observe the trend predicted previously when tuning vp, from
anomalous to normal. When the pump dispersion is anomalous,
OPO signal and idler bands are closely spaced around the pump
(top panel in Fig. 2(c)). When the pump dispersion is slightly nor-
mal, the OPO signal and idler have increasingly large spectral
separation as v}, increases (2" to 4" panel in Fig. 2(c)). However,
when the pump dispersion is too normal, no widely-separated
OPO is observed, and only very close-band OPO is seen (the
bottom panel in Fig. 2(c)). The RW = 1160 nm device (red in
Fig. 2(b)) has a similar trend but fewer pumping modes in the
transition to the slightly normal region. This trend agrees with
the prediction from Fig. 1(d), although the experimental vy, is 2
THz larger than predicted, which is likely due to uncertainties
in device fabrication.

We focus on the RW = 1160 nm device and study its power
dependence at v, = 322 THz in Fig. 3. The OPO signal and idler
have a spectral separation that is too large for a single waveg-
uide (Fig. 1(a)) to out-couple both frequencies efficiently. We
therefore use two waveguides to separate the coupling tasks, as
shown in Fig. 3(a). The bottom pulley waveguide couples the
pump and signal light together, while being cut-off at telecom
wavelengths (Supplementary Information Section II). The top
waveguide couples telecom light efficiently, but does not cou-
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Fig. 2. OPO frequencies critically depend on ring width (RW) and pumping frequency (vp,). a, Simulated dispersion (D) curves for
different RW, with other parameters specified in the caption of Fig. 1. The zero dispersion frequency (ZDF) blueshifts with decreasing
RW. b, Experimentally recorded OPO output (signal and idler) frequencies (left axis, vs and v;) and wavelengths (right axis, As and A;)
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. ¢, 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 normal 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.

ple the pump and signal light due to a limited spatial overlap
that prevents effective evanescent coupling. The combined cou-
pling geometry is designed to have coupling Q = (1 —2) x 10°
for pump, signal, and idler modes. In experiment, we verify
that the fabricated device has intrinsic Q = (2 — 3) x 10° and
loaded Q ~ 1 x 10° for TE1 modes in the pump band, which
corresponds to loaded cavity linewidths of ~ 300 MHz. With
such high Q, the device shows large thermal bistability at mil-
liwatt pump powers, as shown in Fig. 3(b). For each pump
power, we situate the pump detuning near the dip of the cavity
resonance and measure the generated OPO spectrum. Three
representative spectra are shown in Fig. 3(e), with pump detun-
ing indicated by the open circles in Fig. 3(b). For 1 mW pump
power at vp, = 323.8 THz (926.5 nm), the top panel of Fig. 3(e)
shows that a widely-separated OPO is generated with signal
at419.8 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 of 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 (the bottom
panel of Fig. 3(e)).

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 I at
389 THz (II-s) and 255 THz (II-i). The m 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 repre-
sented by an open circle and the cavity free spectral range (FSR)
is ~ 1 THz. Although both I and II satisfy frequency matching,
the density of mode pairs (within a given range of frequency
mismatch) around I and II are different. Because material dis-
persion 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 matching. Moreover, because
of the normal dispersion around the pump, there are no compet-
itive processes in the pump band even at higher pump power
(Fig. 3(e)). 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 subse-
quent clustered frequency comb has a threshold near 2.5 mW.
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(e)).
While this is actually better than previous widely-separated



Research Article ‘ 5

a d A (nm)
T straight waveguide 16001400 1200 10‘00 9(?0 8(?0 7‘(‘)0 600

RW=1160 nm

T
L I I I ]
telecom output — 1 5 ‘ & v,=322The
T & ! &
9 0 ¥iny X D
= Q@ I Q
< d | B
e ——— -1r I s I n o q
laser input pulley waveguide visible output O I L I S
200 250 300 350 400 450 500
v (THz)
b S e
10 ga| T T T T
0.8 r (
0.6 -
[ 04 1.0 mW 1.6 mW 2.5mw
0.2+

0
926.47 926.48 926.49 926.50 926.51 926.52 926.53 926.54
A (nm)

-10

20 F

30k

OPO spectra (dB)

240 L

50 t

OPO Peaks (dB)

-60

-70

0 0.5 1.0 1.5 2.0 25 200 250 300 350 400 450 500
P (mW) A (THz)

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 (T) traces
for v, &~ 322 THz show bistabilites with various pump powers (P). The open circles specify the laser detuning at various power
for the OSA spectra in (e). ¢, 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 (e). 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/1I-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 I
is above threshold and OPO 1l is below threshold, with I-s and I-i located 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). The
frequencies of both OPO I/1I 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.

OPO work (where the signal and idler are 30 dB to 50 dB lower are successfully suppressed, the generation of two OPO pairs
than the pump [20, 21]) and not uncommon for microcavity with pair II eventually exhibiting a cluster of tones might be
OPOs regardless of spectral separation (e.g. ~ 15 dB difference unwanted in applications. Here we show how the ring geometry
in Ref. [32]), improving the conversion from pump to signal can be tuned to achieve a dispersion that supports only one
is nevertheless important. To do so, we anticipate that more single set of widely-separated OPO tones.

advanced coupling engineering is needed to increase the out- L ) )
coupling efficiency. While this will generally result in a higher We calculat.e the c.ieV1ce.dlsper51.on and OPO frequepcy mis-
threshold power, depending on the application, an appropriate match' for various ring widths using mode frequencies from
balance can be struck between output power (e.g., for the visible FEM simulations. The top panel of Fig. 4(a) shows the key result
wavelength signal) and overall power efficiency. where the device with RW = 1440 nm is predicted to generate

a visible-telecom OPO with signal and idler located at 384 THz
OPO on a single widely-separated pair In the previous section, (781 nm) and 204 THz (1470 nm), for a pump at 294 THz (1020
although close-band OPO with spectral tones near the pump nm). This H = 600 nm design has widely-separated frequency-
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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 H = 600 nm and RW = 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 power Py = P (1 — T), where transmission (T) is changed by the laser-cavity detuning (A), as shown in the inset. The
threshold power is (1.3 £ 0.1) mW. ¢, The 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-c), 0 dB is referenced to 1 mW, i.e., dBm.

/phase-matching mode pairs and normal dispersion near the
pump, similar to the previous H = 510 nm design (Fig. 3(d)).
However, the H = 600 nm design supports only one widely-
separated OPO pair, and is also ~ 5x more dispersive in the
frequency bands of interest. These two properties together make
this design better in suppressing competitive OPO processes. In
the measured optical spectrum (the bottom panel of Fig. 4(a)),
the fabricated device generates OPO with signal and idler at
383.9 THz (781.5 nm) and 202.1 THz (1484 nm), respectively,
when pumping at 293.0 THz (1023.9 nm) with 1.3 mW pump
drop power. The measured frequencies agree with theoretical
prediction within 2 THz for all three modes. Moreover, only
one pair of widely-separated tones is generated, as the simula-
tion predicts. We note that the short wavelength OPO output is
suited for spectroscopy of Rubidium vapor (1.5 nm wavelength
tuning needed), and the telecom OPO output makes such a de-
vice potentially suitable for spectral translation [29]. We also
note that in Fig. 4 (c), a small close-to-pump OPO is generated
at 1.5 mW pump drop power. Such close-band OPO is ~ 10 dB
smaller than the widely-separated OPO and only occurs when
pump is depleted. The pump depletion effectively broadens the
cavity linewidth (acts as another effective loss channel), thereby
enabling the close-band OPO to occur.

One unique property of our device is its operation stability,
that is, OPO works at a continuous detuning of the pump. This

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
only observe 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 de-
sign can help suppress the close-band OPO (see Supplementary
Information Section V 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 the larger geometric dispersion of the nanopho-
tonic devices, the modes around OPO pairs are more dispersive
and therefore less prone to clustered frequency combs. More im-
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portantly, 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 ~
10 x more pump modes for such operation [21]. We note that
the frequency tunability can be aided with pump power tuning
but not temperature tuning (Supplementary Information Section
VI).

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 coher-
ent 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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This document presents details on theoretical estimates of the threshold power for widely-
separated optical parametric oscillation (OPO), device parameters, and parametric sensitivity.
This document also provides fabrication methods, and additional experimental data on cou-
pling effects, thermal stability, and power dependence.

. THEORETICAL ESTIMATE OF OPO THRESHOLD POWER

In this section, we review optical parametric oscillation (OPO) in high-Q microresonators, and present an estimate of threshold
power as a function of the cavity decay rates and effective nonlinearity including mode overlap. In particular, we look into the cases
where signal, pump, and idler can be quite different in frequency. In high-Q microresonators, because light propagates many round
trips before being lost (e.g., scattering or absorption) or appreciably coupled out from the cavity, we can treat the loss and coupling as
if they are uniformly distributed in time and space. The slowly varying light fields satisfy the following equations given in ref. [1]:

dA , o _ ) o .
Ttp = (idwp — Tp/2) Ap + i(ypUp + 27psUs + 27pili) Ap + 2ivpspi AsAi A% + i /TepSin, (S1)
dA . . I U
dts = (ibws —T1s/2) As +i(sUs + 2vspUp + 275illi) As + ivepip Ap AT, (S2)
dA; , - . Y
dtl = (ibw; — T /2) A +i(7ili + 27ipUp + 27isUs) A; + ivipsp AR AL, (S3)

where Ay, (m = p,s,i) are the intra-cavity light fields for pump, sigal, and idler modes, sitting on the fast-oscillating background of
e~iwnt where wy, is the angular frequency of the light. Frequency conservation requires ws + w; = 2w p, which is assumed in deducing
the equations. Our convention is to define the higher and lower frequency OPO outputs as signal and idler, respectively. The cavity
fields are normalized so that |Am|? = Um (m = p,s,i), which represents the intra-cavity energy. The first terms in Egs. (51-S3) describe
the free cavity evolution (without sources or nonlinear effects), where Awm, (m = p,s,i) represents the detuning of laser/light frequency
(wm) from the natural cavity frequency (wop), i-€., Awm = Wm — Wom- I'tm describes the decay of the intra-cavity energy U, which
includes the intrinsic cavity loss and the out-coupling to waveguide, I'im = gy + I'em. Here the decay term I'y, is related to optical
quality factor Qy,, by

i = 52 (1 00,6, = pys i) )
m

We use T instead of Q so that it is more straightforward to describe the physics of the cavity, as shown in Fig. S1(a,b). The second
and third terms in Eqgs. (51-S3) describe self/cross-phase modulations (SPM/XPM) and four-wave mixing (FWM) of the cavity fields,
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Fig. S1. Device blueprint and parameters. a, Nanophotonic OPO scheme. The pump laser with a power of P}, is coupled at a rate
['¢cp into the microring resonator. The intra-cavity pump energy U, is resonantly enhanced by an amount proportional to the photon
lifetime in the microring. When the pump energy reaches the threshold value, that is, the four-wave mixing generation rates are larger
than the cavity losses for signal and idler modes, intra-cavity OPO (Us, U;) can be built up coherently. Each mode has two decay
paths in total and the total decay is represented by I'ym (m = p,s,i). One decay path is through intrinsic loss of the cavity I'gp, (e.g.,
sidewall scattering) and the other path is through coupling out to the waveguide I'cm. b, Nonlinear resonance shifts of the cavity
modes. The intense intra-cavity pump field yields self-phase modulation (SPM) of the pump mode and cross-phase modulation (XPM)
of the signal and idler mode, and redshifts the cavity resonances from their natural resonance frequencies wqy, (m = p,s,i). The cavity
linewidths remain unchanged and the full-wave-half-maximum (FWHM) values are given by I'tm. ¢, Frequency diagram of the OPO
process. The OPO process requires pump detuning to compensate the overall frequency mismatch, including natural cavity frequency
mismatch and the differences of the SPM and XPM shifts. Here the detunings follow the previous definition Awm = Wm-wop, (M =
p/si). The natural frequency mismatch is given by Awy = wos + wp; — 2wgp, which is related to Av in the main text by a factor of 27t.

respectively. For SPM, 7y, is short for ymmmm (m = p,s,i) and describes the phase modulation of the m mode on itself. For XPM, ymn is
short for Ymnmn (M, = p,s,i; m # n) and describes the phase modulation of the m mode by the n mode. The phase modulation, when
inside the microring, manifests itself as a shift of cavity frequencies as shown in Fig. S$1(b). The third-order nonlinear (x (%)) effects,
including SPM, XPM, and FWM, are described by the cavity nonlinear parameter given by the following equation generally:

3Wmmnuv Xmnuv

Ymnuv = —— 15— (withm,n,u,v =p,s,i), (S5)
4eonmnuv anuv

which is a positive real parameter. #mnuv characterizes the spatial overlap of interacting optical modes given by:

. B Jy dv \/emeneunevEf EnELES (<6)
mnuy = = 4 = 4 I PN
(Jy dv €& Em|* [, do 2|Enl* [, dv e2|Eul* [y dv e2|Ey|*)s

where Ep,, represents the dominant electric field components of the m = p,s,i mode. This mode is related to Ap, in that Up = |Am|? =~
Jydv €m|Em|?>. Here the approximation is made possible when the other electric field componenets are much smaller than the

3)

dominant one, for example, |E,|, |E¢| < |E;| for transverse-electric-like (TE) modes. Xmpuy is short for )(( )( —Wm; Wn, —Wy, Wy )
and represents the third-order nonhnearlty at wm with the inputs at wn, Wy, Wy. fimnuv represents average linear refractive index
Aimnuy = (nmnnnunv)l/ 4. Likewise, Vinuy represents average mode volume Vimnuy = (VinVaVu V) 1/4 where individual mode
volume is given by:

=2
Voo = Uy 40 EmlEn[ )7 e‘“'Ef“' 4)2. (S7)
fv dv €k |Em|
The last term in Eq. (S1) is the source term that represents the pump laser that is coupled into the cavity. The coupling rate I'cp is given
by Eq. $4 and the input field Sy, is normalized in such a way that |Si,|? = P;, represents the input power in the waveguide (Fig. S1).
We note that terms representing phenomena such as nonlinear absorption and free carrier effects are not considered in Egs. (51-S3),
as silicon nitride (Si3Ny) is a wide bandgap material and does not have such effects in the frequency ranges of interest in this work.
Moreover, quantum fluctuation of the signal and idler bands are not included because we are only interested in the classical regime,
when the OPO is near and above parametric threshold.
We first study the near-threshold case of the OPO process for Egs. (51-53). When the signal and idler intra-cavity energies are small
(Us, U; < Up), their nonlinear contribution can be neglected. The equations are then reduced to

A,
dt

® = [i(Aws + 2yspUp) — T1s/2] As + ivepip AR A, (9)

= [i(Awp +1pUp) = Ttp/2] Ap +iy/TepSin, (S8)

= [i(Aw; + 27ipUp) — Ti/2] A; + iipsp AR AL, (S10)




Supplementary Material ‘ 3

where SPM and XPM terms, now combined with the linear detuning terms,~effec~tively create nonlinear detunings for all three
intra-cavity light fields. If we assume that signal and idler fields are nonzero (| As|, | A;| # 0), in steady-state these equations yield

[(Awp + 7pUp)* + (Ttp/2)*] Up = TepPin, (S11)
(Aws + 2y5pUp ) /Tis = (Aw; + 27ipUp) /T, (S12)
(4')’Sp')’ip - 'Yspip'Yi*psp)u}z) + Z(VSpAWi + ’YipAws)up + AwsAw; + (Ts/2)(T/2) =0, (513)

where aforementioned energy and power normalizations are used. Here Eq. (S11) describes the relation of pump threshold power in
the waveguide and the intra-cavity threshold energy. Eq. (512) indicates that the ratios of overall detunings to the cavity linewidths are
identical. This equation is related to the coherence of the OPO. Eq. 513 is the equation leads to the intra-cavity threshold energy, which
needs to have a positive solution for OPO to occur. At this point, it is important to recall the requirements for detunings:

ws + w; — 2wp = Aws + Aw; — 2Awp + wps + wo; — 2wpp = 0, (S14)

We consider the case that frequency matching can be be perfectly matched for signal and idler, that is, Aws = —27yspUp and
Aw; = —27jpUp, which is clearly a solution for Eq. (S12). The frequency matching for pump, however, is not guaranteed to be matched
automatically and needs to be adjusted by laser detuning. Such detuning needs to consider both the natural frequency mismatch
and also the nonlinear cavity shifting due to phase modulation (Fig. S1(b)). For simplicity, we define Awy = wps + wpi — 2wpp, which
is related to the frequency mismatch (Av) in the main text by Awy = 27wAv, where when close to pump, positive values correspond

to anomalous dispersion and negative values correspond to normal dispersion. We also define I't = v/Tis['g, YrwMm = /’Yspip’h*pspz
YxPM = Tsp t Yip, and Ypm = Ysp + Yip — Yp- Egs. (513,514) then reduces to

e 1
= , S15
P2 ypwm (519
Awg Tt xem
Awp = — — = , S16
P72 2 9mwm (516
We bring these into Eq. (S511), and the pump threshold power is therefore given by:

1T 1 A r r
Py= — -t “o _ St TPM y2 4 (Zfy2y (S17)

Tep 2 yrwm 2 2 YFwM 2

We can see that the threshold power critically depends on frequency matching. For example, an OPO with an overall detuning of 3Ty,
would require ~ 10 x higher threshold power than the ideal case, if all other parameters are the same. In the main text, we search for
devices that have zero frequency mismatch (Awg = 0) for the natural cavity frequencies for convenience. However, this dispersion
condition is not optimized for the threshold power. In fact, it is T';T'ts / F%p + 1 times of the ideal case, if we assume the nonlinear
parameters are similar for phase matching (7sp, 7ip, p) and four wave mixing (yspip, Vipsp)- We still use the natural frequency
mismatch for two reasons. First, this factor Tyt /T2, + 1) is typically within 2 and therefore does not make a very significant
difference. Second, it is difficult in practice to estimate the phase modulation terms accurately a priori. Additional simulation data on
the dispersion engineering for this natural frequency matching condition are discussed later in Section I and III.

Ideally, the overall detuning should be zero to minimize the threshold power. In another words, the natural frequency mismatch
should be a positive value that matches the difference of the SPM and XPM (Awg = Trypm/yrwm)- In such case, the threshold power
is reduced to

P, 1 T, (rtP )2 1 wpQep EOn%pnosnoiVspip (518)
n= 1 5\ 75 - 02 .
Tep 2° 27 vFrwM Qtp\/m 6Wspsi\/m

This equation can give some important hints for OPO competition besides frequency matching. First, only pump frequency, but
not signal and idler frequencies, is present in this equation, which implies that widely-separated OPOs are no different than close-
band OPOs and therefore can be as effective when optimized. Second, this equation suggests that we can suppress the close-band
OPO by controlling the coupling Q. We notice that for the close-band OPOs, Qts, Qi ~ Qp in general, because both intrinsic and
coupling Q values are similar. Therefore, the Q dependence of the threshold power for the close-band OPO is Qcp / pr, compared to

Qcp/ (Q%p v/ QisQy) for the widely-separated OPO. We define the suppression ratio to be the ratio of these two values, i.e., /Qts Qg / Qtp-
To suppress the close-band OPO relative to widely-separated OPO, we need to increase Qts, Qi and decrease Q. Moreover, Eq. S18
suggests that the threshold power is minimized when the pump is critically coupled (Qcp = Qgp), and signal and idler extremely
under coupled (Qcs = Qi = o0). In this case, the threshold power is reduced to

_ p
Qop v/ Qos Qoi 3776 \/ XspipXipsp

W2 2eqmg, osoi Vspip (519)

Pin

While it is difficult to achieve different coupling for pump, signal and idler modes in the close-band OPOs, it is possible to design
such coupling for the widely-separated OPOs, as signal and idler frequencies are separated far way. Moreover, we notice that such
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Fig. S2. Device blueprint and parameters. a, Device blueprint for widely separated OPO. Two waveguides are used to couple pump,
signal, and idler light. The top straight waveguide couples idler light. The bottom pulley waveguide couples pump and signal light.
Three parameters control the dispersion of the microring: thickness (H), microring width (RW), and microring radius (RR). Two more
parameters are needed for defining the coupling to the straight waveguide(wg.): waveguide width (SW) and gap (SG). Additionally,
three parameters are needed to describe pulley wg. coupling: pulley width (PW), pulley gap (PG), and pulley length (PL). b, A
parameter table for two typical geometries studied in the main text. ¢, The simulated frequency mismatch (Av) of design II with
different pump frequencies. The data of the widely-separated OPO studied in the main text are highlighted in red. d, The simulated
frequency-dependent coupling Q (Q.) of the pulley waveguides in design I and II. We tailor the pulley coupling so that the pulley
resonances (dips in coupling Q) fit the pump and visible frequencies for each design.

configuration of Q factors not only yields the optimized threshold power for the widely-separated OPO, but also naturally suppresses
the close-band OPO processes over widely-separted OPO processes. The suppression ratio is 2v/Qos Qoi / Qop, and is & 2 assuming Qgs,
Qoi & Qop- The suppression ratio can be further increased when the pump modes are overcoupled, at a price of increased threshold
power. Although the coupling effects are generally difficult to isolate to confirm such a suppression ratio in practice, in section V, we
show some experimental data supporting this argument.

In Eq. (519), the parameters to optimize (besides frequency matching and coupling Q engineering) appear in the right term. The
refractive indices and mode volumes of the three modes together have a minor difference on the threshold power (< 10%) for the
widely-separated case and the close-band case (the frequency dependence of x(®) is not studied in this paper, and requires further
examination). In particular, mode overlap (#spip) is important to guarantee that the widely-separated OPO process be in consideration
when competing processes are also potentially realizable. In our case, because all the modes are single fundamental transverse-electric
(TE1) modes, the mode overlap is 90% of the perfect case (i.e., close-band OPOs), even when signal and idler are separated ~ 200 THz
away.

In summary, analysis of the equations presented in this section shows that widely-separated OPOs can operate at similar threshold
powers as close-band OPOs when optimized. We find that, besides dispersion design for frequency matching, coupling quality factor
engineering (i.e., through the coupling design) can also be used to optimize the wide-band OPO process, by suppressing the close-band
OPOs (see Section V for details) and/or minimizing the threshold power of the wide-band process.

Il. DEVICE PARAMETERS: DISPERSION AND COUPLING

In the main text, we have used two designs to demonstrate widely-separated OPOs. Here we summarize the devices parameters in
Fig. S2 for both designs. Design I generates OPO at 700 nm and 1300 nm by 920 nm pump. Design II generates OPO at 780 nm and
1500 nm by 1020 nm pump. The device parameters are labeled in Fig. S2(a) and their typical values are summarized in Fig. S2(b). There
are three parameters for the device dispersion - thickness (H), ring radius (RR), and ring width (RW). The dispersion engineering has
been already been discussed in detail for design I in the main text. Here we provide further data for design II in Fig. S2(c), where the
pump is tuned from 289 THz to 299 THz. The device has a radius of 23 ym and the free spectral range (FSR) is close to 1 THz. When
the pump is below 291 THz, we can see that the overall dispersion is anomalous, which is only suited for close-band OPO generation.
When the pump frequency is between 292 THz to 294 THz, the dispersion around the pump is normal and the signal and idler are
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Fig. S3. Dispersion sensitivity of the frequency match (Av) on thickness (H) and ring width (RW). a-c Dispersion sensitivity on
H. The widely-separated OPO is very sensitive to H. For example, for a fixed RW of 1160 nm, a design with H = 510 nm shows
widely-separated phase and frequency matched modes with normal dispersion at the pump (c), while designs with H = 500 nm and H
= 490 nm show no widely-separated modes for OPO. v;, changes from 312 THz to 327 THz (from top to bottom) with ~ 0.9 THz FSR.
The bold green lines indicate v, = 322 THz, which is close to what is investigated in experiment. d-f Dispersion sensitivity on RW. The
sensitivity of the dispersion to RW is significantly less when compared with H. For example, (d,c,e,f) show devices with RW of (1150
nm, 1160 nm, 1170 nm, 1180 nm), respectively. All devices show widely-separated frequency matched modes, with v;, of 324 THz, 322
THz, 320 THz, and 318 THz, respectively. Here all parameters other than H and RW are given in the previous section (design I).

widely separated in frequency. While our simulation range is too small to conclude for the 295 THz case, for pump frequencies above
296 THz, the device seems to be too normal to support any frequency and phase matched modes. The overall trend is similar to design
I, but there are only one pair of widely separated modes supported by this design.

In terms of the coupling, we use two waveguides to couple pump, signal, and idler modes, because it is very challenging to couple
widely-separated signal and idler within one waveguide. For example, we provide coupling data for design I in Fig. S2(d). We use a
straight waveguide to couple the idler mode that has the largest wavelength. Because of the evanescent coupling nature, pump and
signal modes are more confined within microring and waveguide and therefore are not coupled efficiently by such a waveguide. We
also use a pulley waveguide, which is a waveguide with a constant width (PW) wrapped around the microring with a constant gap
(PG) for a certain coupling length (PL). Such a structure can efficiently couple pump and signal despite the limited evanescent overlap,
because of the increased coupling length, while the waveguide width is chosen so that it is cut off slightly below the idler wavelength
and therefore does not couple the idler mode. In Fig. S2(d), we show the calculated wavelength-dependent coupling behaviour of our
pulley designs. The coupling curves each have two dips (optimal coupling rates) at 325 THz (950 nm) and 450 THz (714 nm) for design
I, and 285 THz (1050 nm) and 380 THz (790 nm) for design II, respectively.

lll. PARAMETER SENSITIVITY FOR FREQUENCY MATCHING

In the main text, we discuss two major dispersion design principles for widely-separated OPOs, i.e., phase and frequency matching
for the widely-separated mode set and normal dispersion at the pump mode. These two design principles, when separated, have both
been achieved previously. It is well known that normal dispersion at one wavelength can be achieved by various parameters, because
the change in H can usually be compensated by the change in RW. For widely-separated frequency matching only, the dispersion
design also shows a similar trend although the design is less trivial [2]. In this section, we emphasize that the OPO device is more
sensitive in H than RW as the combination of these two principles is nontrivial. For the dispersion engineering based on H, we
showcase its sensitivity in Fig. S3(a)-(c). Here all three devices with H of 490 nm, 500 nm, and 510 nm can satisfy widely-separated
frequency matching similarly, but only the 510 nm device (Fig. S3(c)) can support the normal dispersion when the pump is at 322 THz
(green). In contrast, the first two devices, as shown in Fig. S3(a,b), although have normal dispersion at pump frequencies around 322
THz (green), do not support frequency matched pairs for widely-searated OPO for these pump frequencies. Moreover, when these two
devices have such widely-separated matched pairs, e.g., when pump is around 315 THz (purple), the dispersion near the pump is
quite anomalous. Because of this anomalous dispersion, these widely-separated OPO, although in principle allowed, are usually took
over by close-band OPO in practice. We note that this sensitive dependence on H is quite general in design, although we have only
show one case here. On the other hand, when we vary the ring width parameter, e.g., (d) 1150 nm, (c) 1160 nm, (e) 1170 nm, and (f)
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Fig. S4. Waveguide-microring coupling can affect competition between OPO processes. a, Coupling Qs for pulley gaps of 230 nm,
220 nm, and 210 nm (from top to bottom). The device inset shows a typical optical mode at the pump band. The fitting indicates an
intrinsic Q of (2.6 +0.1) x 10°. Dashed lines indicate the targeted idler, pump, and signal frequencies, from left to right, respectively.
b, OPO generation for various pulley gaps. For a closer gap, the close-band OPOs are suppressed because the pump band is more
over-coupled in relative to signal and idler band, as expected in Section I.

1180 nm in Fig. S3, both widely-separated modes and normal dispersion around the pump are simultaneously obtainable, although
the optimized pump frequency shifts slightly as (d) 324 THz, (c) 322 THz, (e) 320 THz, and (f) 318 THz, respectively. We note that the
device is sensitive to RR as well, because the bending dispersion also contributes to the overall dispersion design, particularly for the
widely-separated case.

IV. DEVICE FABRICATION

The device layout was done with the Nanolithography Toolbox, a free software package developed by the NIST Center for Nanoscale
Science and Technology [3]. The SizNy layer is deposited by low-pressure chemical vapor deposition on top of a 3 "m thick thermal
SiO; layer on a 100 mm diameter Si wafer. The wavelength-dependent refractive index and the thickness of the layers are measured
using a spectroscopic ellipsometer, with the data fit to an extended Sellmeier model. The device pattern is created in positive-tone
resist by electron-beam lithography. The pattern is then transferred to SizNy4 by reactive ion etching using a CF4/CHF3 chemistry. The
device is chemically cleaned to remove deposited polymer and remnant resist, and then annealed at 1100 °C in an N, environment for
4 hours. An oxide lift-off process is performed so that the microrings have an air cladding on top while the input/output edge-coupler
waveguides have SiO; on top to form more symmetric modes for coupling to optical fibers. The facets of the chip are then polished for
lensed-fiber coupling. After polishing, the chip is annealed again at 1100 °C in an N environment for 4 hours.

V. COUPLING EFFECTS ON COMPETING OPO PROCESSES

In the main text we proposed that the relative coupling of the pump and signal/idler OPO modes can be used to suppress the
close-band OPOs. This idea can also be supported theoretically, see Section I of the Supplementary Information. In this section, we
present data in support of this proposal, although the frequencies demonstrated are not as widely separated as those in the optimized
devices shown in the main text.

In Section II (Fig. S2(d)), we have already shown that the pulley coupling can be optimized to particular pump and signal frequencies.
Here we show that when changing the gap of such pulley coupling from 230 nm to 210 nm in 10 nm increments, the change in Q.
is spectrally non-uniform, as shown in Fig. S4(a). We calculate the suppression ratio (v/QisQti/Qtp, defined in Secion I) in these
cases, where Qum (m = p,s,i) is given by Qim = Qom + Qcm. Qem is extracted from the simulation (Fig. S4(a)) and Qg is assumed to
be 2.5 x 10° (inset of Fig. S4(a) shows a fitting of a typical pump transmission recorded experimentally). The suppression ratio is
therefore estimated to be 1.31, 1.38 and 1.45 for the gap of 230 nm (blue), 220 nm (yellow), and 210 nm (red). These values suggest
that we can have more suppression for the close-band OPO while decreasing the coupling gap, and the trend is clearly observable
experimentally in Fig. S4(b). In the 230 nm device, only close-band OPOs are observed. In the 220 nm device, both close-band OPO
and widely-separated OPO are observed, which indicates that these two OPO cases have similar power thresholds. In the 210 nm
device, however, only the widely-separated OPO is observed. We want to emphasize that these devices have the same geometry
except for the coupling gap, and are adjacent to each other on the chip so that unintended difference in geometry (e.g., film thickness)
are expected to be negligible.
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Fig. S5. Thermal and power effects on widely-separated OPOs. a, Thermal stability of the OPO. At the same pump power level,
that is, P = 2.46 mW, the device outputs are stable in frequency when temperature (T) changes from 21.5 °C to 31.1 °C. b, The OPO
outputs are stable for pump power from 2.46 mW to 3.70 mW. When the pump power is further increased, the OPO signal blueshifts 1
FSR for ~ 0.3 mW increase. The measurements are carried out at T = 31.1 °C.

VI. THERMAL AND POWER EFFECTS

In this section, we present experimental data for the thermal dependence and pump power dependence. Figure S5(a) shows that the
OPO frequency is stable over 10 °C temperature tuning. This temperature stability allows our device to operate reasonably stable in
the environment, also we have not tested the device in extreme temperatures. For the power dependence, we notice that at higher
power above the threshold, the device OPO blueshifts to higher frequency as the power increase. While this is not straightforward to
estimate numerically, the effect can be explained by Fig. S1(c). When the power is so high that the phase change of the intra-cavity
energy is larger than the natural cavity mismatch, we require red detuning of the pump, which is usually not directly accessible due to
thermal bistability. Therefore, a close mode set with larger natural cavity mismatch becomes the optimized OPO. Here we show that
the OPO can be tuned at a rate of 1 FSR (1 THz for 23 ym device) per 0.3 mW and that the number of FSRs can be adjusted by device
radius, in principle.
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