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Continuous wave optical parametric oscillation (OPO) provides a flexible approach for accessing mid-infrared
wavelengths between 2 µm to 5 µm, but has not yet been integrated into silicon nanophotonics. Typically, Kerr OPO
uses a single transverse mode family for pump, signal, and idler modes, and relies on a delicate balance to achieve
normal (but close-to-zero) dispersion near the pump and the requisite higher-order dispersion needed for phase-
and frequency-matching. Within integrated photonics platforms, this approach results in two major problems. First,
the dispersion is very sensitive to geometry, so that small fabrication errors can have a large impact. Second, the
device is susceptible to competing nonlinear processes near the pump. In this letter, we propose a flexible solution
to infrared OPO that addresses these two problems, by using a silicon nitride photonic crystal microring (PhCR).
The frequency shifts created by the PhCR bandgap enable OPO that would otherwise be forbidden. We report an
intrinsic optical quality factor up to (1.2 ± 0.1)×106 in the 2 µm band, and use a PhCR ring to demonstrate an OPO
with threshold power of (90 ± 20) mW dropped into the cavity, with the pump wavelength at 1998 nm, and the signal
and idler wavelengths at 1937 nm and 2063 nm, respectively. We further discuss how to extend OPO spectral coverage
in the mid-infrared. These results establish the PhCR OPO as a promising route for integrated laser sources in the
infrared. © 2022 Optical Society of America

http://dx.doi.org/10.1364/ol.XX.XXXXXX

Infrared (IR) lasers at wavelengths from 2 µm to 5 µm are useful for environmental/gas sensing [1, 2] and earth monitoring [3].
Compact sources are particularly relevant for deployable applications, and to that end, semiconductor and doped fiber lasers have
been developed for wavelengths below 3 µm [4, 5], and interband cascade [6] and quantum cascade lasers (QCLs) [7] have been
developed for longer wavelengths. Another approach for compact mid-IR access is through optical parametric oscillation (OPO) in
whispering gallery mode (WGM) resonators, with both the second-order (χ(2)) and third-order (χ(3)) nonlinearity studied [8]. In
mm-size resonators, χ(2) systems with wavelength access up to 8 µm [9] and conversion efficiency > 10 % with few mW output power
has been achieved [10]. Similarly, mm-scale χ(3) (Kerr) resonators have realized wavelength access into the mid-infrared [11, 12].
Mid-IR OPO in chip-integrated platforms is particularly compelling for scalable manufacturing and integration, and recently, Kerr
OPO in AlN microrings pumped at 2 µm has been shown [13].

In this letter, we demonstrate Kerr OPO in the 2 µm band, using a high quality factor (Q up to 106) silicon nitride (Si3N4)
photonic crystal ring (PhCR). The Si3N4 platform is of particular interest considering its widespread availability in silicon photonics
foundries [14]. Infrared microresonator frequency combs [15] and widely-separated OPO with pump lasers from 780 nm to 1550 nm [16–
18] have been shown in Si3N4, but thus far not into the mid-infrared with a 2 µm pump laser. One challenge at longer wavelengths
is the thick Si3N4 film required for a suitable dispersion design. For example, AlN OPOs [13] and Si3N4 microcombs [15] at these
wavelengths had thicknesses of ≈1 µm. Realizing such thicknesses in Si3N4 grown by the common low pressure chemical vapor
deposition technique is challenging due to its large tensile stress, though mitigation techniques have enabled >700-nm-thick films [19].
In contrast, the PhCR approach we use for phase- and frequency-matching enables OPO at a 500 nm film thickness that would
otherwise be unusable because of its large normal dispersion. Moreover, our approach intrinsically bypasses close-band OPO processes
that are a common challenge for conventional microring Kerr OPO [20]. We generate signal and idler separated by about 120 nm, and
discuss how to extend this approach to wider spectral separations with idler further in the infrared. Our work establishes PhCR OPO
as a promising route for chip-integrated infrared lasers.

The typical approach for χ(3) OPO in an integrated microring resonator uses a single-mode-family for all three modes in the OPO
process [11, 16–18], as proposed by Lin et. al. [21], and termed sOPO. This approach has the advantage of near-perfect mode overlap
(η > 90 %), and using the fundamental mode family typically leads to higher optical quality factors (Qs) and smaller mode volumes
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Fig. 1. Motivation for Kerr OPO in a photonic crystal ring (PhCR). (a) Conventional single-mode-family OPO (sOPO) requires
a specific dispersion profile to create output signal and idler fields that are widely separated. The frequency mismatch is given
by ∆ν = νs + νi − 2νp, where νs, νi, and νp represent signal, idler and pump frequencies, respectively. This frequency mismatch
(∆ν) is typically negative (corresponding to a normal dispersion) but close-to-zero around the pump, and higher-order dispersion
produces frequency matching (∆ν = 0) for widely separated νs and νi (blue profile). All other dispersion profiles (yellow, green,
purple dashed lines) are not suitable for the sOPO. The right panel illustrates the transmission (T) of the pump mode. (b) The sOPO
is intrinsically susceptible to close-to-pump parametric processes (blue solid line), while the other dispersion profiles (dashed lines)
do not generate widely-separated OPO. Here clockwise (CW) and counter-clockwise (CCW) propagating pump modes and the
resulting OPOs behave the same. (c) In a PhCR resonator, the grating leads to two standing-wave modes (re-normalized from CW
and CCW modes) at a targeted azimuthal mode (m = 6 for illustration) with a mode splitting of ν± = ν0 ± β/(2π). The frequency
mismatch that would otherwise be present in a conventional microring can be compensated by this splitting, with the choice of ν+

or ν− depending on the starting dispersion, as illustrated by two dashed red lines. (d) PhCR OPO works for all kinds of dispersion
profiles. We show four examples with the top two using the ν+ mode and the bottom two using the ν− mode. Close-band OPO
processes in the anomalous dispersion profiles (orange and green) are suppressed because the pump mode splitting now causes
them to be frequency mismatched. We focus on the purple dispersion profile in this work.

(Vs) than other modes, which greatly enhances the intensity of the light fields and the power efficiency for nonlinear interaction. The
sOPO approach requires a specific dispersion profile, however, to excite widely separated signal and idler. This dispersion profile
should be normal but close-to-zero around the pump, as illustrated by the blue solid line in Fig. 1(a). All other dispersion profiles
(dashed lines in orange, blue, and purple) in Fig. 1(a) are not suitable for generating widely-separated OPO, and their typical output
spectra are illustrated in Fig. 1(b). For the specific dispersion profile that works (blue solid line), the generated sOPO is susceptible to
competing close-to-pump OPO (labeled s′ and i′), though it only occurs after the excitation of the targeted widely-separated OPO
(labled s and i), due to cross-four-wave-mixing effects [20]. When the dispersion is anomalous around the pump (yellow/green dashed
lines), the close-to-pump OPO becomes the preferred processes. Theoretically, widely-separated OPOs are possible to generate with
the green dispersion profile. In practice, however, it is difficult to achieve, as the close-to-pump modes typically have better mode
overlaps and optical quality factors on average.

In a PhCR, the grating can induce a coupling of clockwise (CW) and counter-clockwise (CCW) modes with degenerate frequencies
of ν0, leading to two standing-wave modes with a mode splitting of ν± = ν0 ± β/(2π), where β has a linear dependence on the
modulation amplitude [22]. The cavity transmission and mode profiles of the targeted mode are illustrated in the right panels in
Fig. 1(c)-(d), respectively. The PhCR mode splitting only occurs in the targeted mode, which we use as the pump mode. Remarkably,
this method allows any dispersion profile for widely-separated OPO, whose signal and idler are labeled by circles in Fig. 1(c). For
example, the normal dispersion profile (purple) can have widely-separated OPO with the lower-frequency pump mode, ith a frequency
matching line that is effectively shifted from the black line to the bottom dashed red line. Moreover, in all these configurations,
no close-to-band processes are in competition, as shown in Fig. 1(d) and in sharp contrast to Fig. 1(b), as they are now frequency
mismatched due to the pump mode splitting. The scheme illustrated in purple in Fig. 1(c)-(d) has been demonstrated in the telecom
previously [23], while the other three schemes have not been proposed so far. We also note that telecom ultra-low threshold OPO has
been demonstrated in two-dimensional PhC defect cavities [24], though the signal-idler separation was <1 THz.

To verify the proposed idea for infrared PhCR OPO, we follow the configuration illustrated in purple in Fig. 1(c)-(d) and fabricate
a microring with a thickness of H = 500 nm, a ring outer radius of RR = 25 µm, and a ring width of RW = 2 µm. The devices were
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Fig. 2. Experimental results of an infrared PhCR OPO. (a) Scanning electron microscope images of a Si3N4 PhCR and a zoomed-in
view of the modulation. Only one waveguide is used in this work to couple the signal, pump, and idler modes. (b) Normalized
transmission for such a PhCR device showing mode splitting at approximately 1998 nm (shaded in red) and a mode without split-
ting at approximately 2063 nm (shaded in blue). (c) The three panels in red and blue show fits to the highlighted modes, and the
fourth shows a high-Q mode from an unmodulated device with RW = 3 µm. (d) The top panel shows the simulation result of the
frequency matching condition with pump mode at m = 122 and νp at approximately 150 THz. The red dashed lines correspond
to the pump mode with higher (the top line) and lower (the bottom line) frequencies, which correspond to the 1997.69 nm and
1997.95 nm modes in (c), respectively. The empty circles represent discrete mode frequencies spaced by free spectral ranges. The
two solid circles are the signal and idler modes with frequency and phase matching suitable for optical parametric oscillation, while
the dispersion is normal around the pump. The bottom panel shows two OPO spectra. The red dashed trace shows the spectrum
near the threshold and the blue solid trace shows the spectrum above the threshold. The weak sideband near 140 THz is likely due
to a cascaded effect, as its spacing from the idler equals the idler-pump spacing. On the y axis, 0 dB is referenced to 1 mW, i.e., dBm.

fabricated in LPCVD Si3N4 on thermal SiO2 grown on a Si wafer. The device pattern was defined by electron-beam lithography and
transferred to Si3N4 by reactive ion etching. Figure 2(b) shows scanning electron microscope images of a fabricated PhCR with two
straight waveguides, and a magnified view of a part of the microring highlighting the periodic modulation. The inner boundary of
the PhCR has a sinusoidal modulation with N = 122×2 periods in a round trip and a modulation amplitude of A = 20 nm. Such a
modulation selectively splits the fundamental transverse-electric-like mode with m = 122, whose resonance is located at ≈ 2 µm in
finite-element-method simulation. Figure 2(b) shows the normalized transmission trace in a range of 1975 nm to 2075 nm measured by
scanning a tunable infrared laser. The transmission trace shows the PhCR resonances with a free-spectral range (FSR) of approximately
0.94 THz. The targeted mode with m = 122 splits into a doublet at λ = 1997.69 nm and 1997.95 nm, with Q0 of (5.4 ± 0.8)× 105 and
(6.5 ± 0.8)× 105, respectively, as shown in Fig. 2(c), and the latter is used as the pump later on. The mode at 2063.34 nm is five FSRs
away (with m = 117), and is used as the idler. The discrete nature of mode resonances requires a proper mode splitting around a
signal-idler mode pair, which has not been illustrated in Figure 1. The highest Q0 is (1.2 ± 0.1)× 106, as shown in the last panel of
Fig. 2(c), in a microring with RW = 3 µm and no modulation. The uncertainty in Q0 represents the 95 % confidence interval from
nonlinear fitting.

The top panel of Fig. 2(d) shows the simulated results in open circles, for OPO frequency mismatch to the pump mode (∆νp) at
≈ 150 THz, obtained from finite-element-method simulations with the same parameters as the PhCR other than the modulation.
The frequency mismatch is defined as ∆νp = (νs + νi)/2 − νp, where νp, νs and νi represent the pump, signal, and idler frequencies,
respectively. This definition is related to our previous definition [16, 17] by ∆νp = ∆ν/2, and is more convenient to use with the
split pump modes of a PhCR. ∆νp < 0 corresponds to a normal dispersion that typically forbids OPO generation. The top and
bottom red dashed lines correspond to the 1997.69 nm and 1997.95 nm pump modes, respectively. The two solid circles represent
the signal and idler modes excited by the OPO device. The bottom panel shows the OPO spectra recorded by an optical spectrum
analyzer at threshold (red dashed curve) and above threshold (blue solid curve). At threshold, the power dropped into the microring is
(90± 20) mW, the converted idler power is approximately −40 dB to the pump, and the signal is masked by the amplified spontaneous
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Fig. 3. Design towards broader infrared spectral coverage. (a) The output idler wavelength can be extended up to 4.5 µm in de-
vices with thicker Si3N4 and with undercut. Here we assume a shift in pump frequency of −0.2 THz (the red dashed line) through
the PhCR design. Beyond 3.5 µm, an undercut of the SiO2 substrate is necessary to avoid absorption in SiO2 and maintain high
Q. All devices are simulated with the finite-element method using a ring width of 2 µm and thicknesses marked in the plot. The
absorption ranges of several common gases are specified on the top axis for environmental gas sensing. (b-c) The solid and dashed
curves in (a) correspond to devices with and without the undercut, whose cross-sectional structure are illustrated in (b) and (c),
respectively.

emission from the thulium-doped fiber amplifier. Above threshold, the on-chip idler power is (0.4 ± 0.1) mW with the on-chip pump
power of (160 ± 40) mW. These values are extracted from the output spectra in Fig. 2(d) and subtracting the fiber-chip insertion loss of
(3.3 ± 1.3) dB per facet. The uncertainties are from the one-standard-deviation fluctuation in the fiber-chip coupling.

Going forward, it is of interest to extend the OPO spectrum further into the infrared. We assess the opportunities for doing so by
considering widely-separated OPO designs for differing Si3N4 thicknesses. The dispersion curves of these structures are shown in
Fig. 3(a) with thickness of 500 nm (used previously), 600 nm, and 700 nm for the blue dashed line, orange dashed line, and green
dashed line, respectively. All other nominal parameters except the thickness are the same. Here we assume a -0.2 THz shift of the
pump frequency, as shown by the dashed red line, which corresponds to a mode splitting of 0.4 THz, less than half of a free spectral
range (0.94 THz). Assuming β linearly depends on A [22], this splitting requires A ≈ 425 nm, approximately 21 % of RW. We note that
Q > 106 has been maintained with such large A values in a PhCR in the telecom [25]. If such high-Qs are maintained in the infrared,
we predict that these devices can generate light at around 2.4 µm, 2.6 µm, and 3.2 µm for a thickness (H) of 500 nm, 600 nm, and
700 nm, respectively.

Beyond 3.5 µm, SiO2 becomes absorptive so the devices have to be undercut to minimize loss, with a device cross-section illustrated
in Fig. 3(b), fabricated from the standard non-undercut cross-section in Fig. 3(c). The undercut process can be achieved using potassium
hydroxide (KOH), which is known to etch only SiO2 but not Si3N4 [26]. The dispersion curves for the undercut devices are quite
different and shown in the solid lines. The idler is now shifted to 2.8 µm, 3.7 µm, and 4.5 µm for H of 500 nm, 600 nm, and 700 nm,
respectively. The relevance of this potential OPO infrared spectral coverage is addressed in the top portion of Fig. 3, where we display
the absorption ranges of several common gas species as examples [27].

In summary, we demonstrate infrared Kerr OPO in a PhCR. The PhCR approach enables frequency matching for a wide range of
dispersion profiles, excludes competing OPO processes near the pump, and is promising for broad spectral coverage. Future tasks
include pump laser integration and customized spectral emission and extension to longer infrared wavelengths.
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