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Microring resonators enable the enhancement of nonlinear frequency mixing processes, generating output
fields at frequencies that widely differ from the inputs, in some cases by more than an octave. The
efficiency of such devices depends on effective in- and out-coupling between access waveguides and the
microrings at these widely separated frequencies. One successful approach is to separate the coupling task
across multiple waveguides, with a cutoff waveguide (a waveguide that does not support guided modes
above a certain wavelength) being judiciously used to prevent unwanted excessive overcoupling at low
frequencies. Here, we examine how such a cutoff waveguide can still induce parasitic loss in the coupling
region of a microring resonator, thereby impacting nonlinear device performance. We verified this parasitic
loss channel through both experiment and simulation, showing that a waveguide optimized for 532 nm
(visible) and 780 nm (near-infrared), while nominally cut off at 1550 nm, can still introduce significant
parasitic loss at telecom wavelengths. This is studied in the context of visible-telecom optical parametric
oscillation, where the excess parasitic loss can be strong enough to prevent threshold from being reached.
Our finding elucidates a major challenge for wideband integrated nonlinear photonics processes when
efficient coupling of widely-separated frequencies is needed. © 2026 Optical Society of America
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1. INTRODUCTION1

Nonlinear nanophotonics enables chip-integrated coherent light2

generation at frequencies outside of those available through con-3

ventional optical gain media, such as direct band gap gain in4

semiconductors. For high efficiency, such processes commonly5

rely on microresonators to enhance the effective strength of the6

nonlinear interaction [1–3]. Nonlinear conversion into the visi-7

ble or within the visible is possible through a variety of second-8

and third-order nonlinear processes, such as Kerr microcomb9

generation [4–8], second- and third-harmonic generation (SHG10

and THG) [9–17], optical parametric oscillation (OPO) [18–23],11

stimulated four-wave mixing (StFWM) [24, 25], stimulated Bril-12

louin scattering [26], and FWM-Bragg scattering (FWM-BS) [27].13

The successful implementation of each of these nonlinear pro-14

cesses is based on management of microresonator nonlinearity,15

quality factor, dispersion, and waveguide coupling.16

Microresonator-waveguide coupling is especially challeng-17

ing when optimizing for multiple, widely-separated frequencies.18

Evanescent coupling depends on modal overlap, phase mis-19

match, and interaction length, and in general, the coupling rate20

increases as frequency decreases (wavelength increases), due to21

increased modal overlap. For microrings, point coupling, where22

the waveguide is tangent to the ring, can exhibit a coupling rate23

variation of a few orders-of-magnitude across an octave [28],24

as depicted in coupling scheme i in Fig. 1(a), with the geom-25

etry shown on top and a typical coupling quality factor (Qc)26

spectrum shown on bottom. Thus, a waveguide designed to be27

critically coupled at short wavelengths results in strong over-28

coupling at long wavelengths. Pulley coupling [scheme ii in29

Fig. 1(a)], where the waveguide is wrapped around a portion30

of the ring, can reduce such coupling dispersion, though even31

optimized designs can exhibit more than one order of magnitude32

variation when bandwidths extend beyond an octave [28, 29].33

To mitigate strong overcoupling in targeted spectral bands, the34

pulley coupling anti-resonances, in which local regions of the35

spectrum exhibit pronounced reduced coupling, can be care-36

fully engineered, but is often highly sensitive to dimensional37

variations. On the other hand, unoptimized coupling strongly38

impacts the performance of wideband nonlinear nanophotonics39

http://dx.doi.org/10.1364/PRJ.XX.XXXXXX
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Fig. 1. (a) Four possible coupling schemes (top) for wideband, air-clad
nonlinear integrated photonics that are designed to optimize coupling
quality factor (Qc) across visible (532 nm), near-infrared (780 nm), and
telecom (1550 nm) wavelength bands highlighted in light green, pink and
red, respectively (bottom). The inset shows a schematic of the coupling
region between the waveguide (red) and the microring resonator (dark
gray). The hatched gray rectangular area in the representative Qc spec-
tra denotes the design target for critical coupling with Qc = 106 to 107.
i. Single straight waveguide (red): critically coupled at 1550 nm, but
severely undercoupled at shorter wavelengths; ii. Single pulley waveg-
uide (purple): broadband coupling with a fabrication-sensitive pulley
anti-resonance preventing overcoupling at 1550 nm. Despite this de-
sign effort, Qc varies by two orders between the three targeted bands;
iii. Two separate straight waveguides: one narrow, small-gap waveg-
uide (green) is optimized for visible and near-infrared with a cutoff
wavelength near 1000 nm, ensuring it only guides shorter wavelengths.
The other wide, large-gap waveguide (red) is optimized for critical
coupling at 1550 nm; iv. One straight waveguide combined with one
pulley waveguide: similar to scheme iii, the straight waveguide (red)
is designed for critical coupling at 1550 nm but now the narrow pulley
waveguide (blue), with a cutoff wavelength near 1200 nm, has more
optimal coupling at 532 nm and 780 nm. These two waveguides thus,
in principle, cover all three bands optimally. (b) Detailed explanation
of loss channels for scheme iii in (a): the intrinsic loss (κ0), dominated
by material absorption and microring sidewall roughness scattering,
exhibits weak wavelength dependence (varying within a factor of 3).
For efficient coupling, the coupling rate (κNW

c and κWW
c for the narrow

and wide waveguides, respectively) is typically designed to match κ0,
with slight under- or over-coupling depending on application needs.
Here, we identify a parasitic loss channel (κp), induced by the narrow
waveguide, which elevates the effective intrinsic loss (κ′0 = κ0 + κp) for
longer wavelengths. Such loss is often overlooked but can have a strong
impact on performance.

devices, for example, in term of conversion efficiency, output40

power, and other metrics.41

A successful solution to this wideband coupling challenge42

is to take advantage of cutoff in waveguides with asymmet-43

ric cladding, which can be realized through a silicon dioxide44

(SiO2) layer underneath the waveguide and air surrounding45

on all other sides, as shown in Fig. 1(a). For a given waveg-46

uide geometry, there exists a cutoff wavelength, above which47

guided modes are not supported [30]. This property doesn’t48

exist for symmetrically clad rectangular waveguides, resulting49

in Q degradation at long wavelengths caused by parasitic loss,50

even when careful design is employed [17]. Using cutoff, the51

coupling task for wideband nonlinear photonics can be split52

between two (or more) waveguides, with each responsible for53

different spectral regions. Typically, a narrow width, small gap54

waveguide addresses shorter wavelengths (and is cutoff at long55

wavelengths), while a wider width, large gap waveguide ad-56

dresses longer wavelengths (with negligible coupling at short57

wavelengths due to the large gap). Representative cases where58

the narrow width waveguide is point coupled [iii in Fig. 1(a)] or59

pulley coupled [iv in Fig. 1(a)] to the microring, and the wider60

width waveguide is point coupled to the microring in the same61

fashion as in i in Fig. 1(a), have been used for octave-spanning62

microcombs [31, 32], highly non-degenerate entangled photon63

pair sources [33], and telecom-to-visible spectral translation [24].64

In addition to the coupling benefits, dispersion wise, the use65

of asymmetrically-clad structures naturally dovetails with visi-66

ble wavelength dispersion engineering [6, 19], where a top air67

cladding eliminates the normal dispersion of the typical SiO268

top cladding, which would otherwise require compensation in69

the resonator design.70

A crucial assumption underlying the above strategy is that71

the cutoff waveguide has no impact on the resonator for suf-72

ficiently long wavelengths. However, in this paper, we report73

that this plausible assumption needs to be examined and exe-74

cuted with care: it turns out that even a waveguide satisfying75

the cutoff condition can still induce substantial parasitic loss76

(κp) in the microring, as depicted in Fig. 1(b), either due to scat-77

tering or coupling to leaky modes. We quantitatively study78

the impact of κp in the context of wideband Kerr OPO. Such79

OPOs enable the generation of visible light from a near-infrared80

pump [19, 20], with wavelengths across the full green gap spec-81

tral region recently been reported [23]. Our study highlights how82

the previously neglected κp contribution from a cutoff waveg-83

uide can limit extension of OPO spectral coverage deeper into84

the visible. In particular, we show that degradation of the Q of85

the long-wavelength idler mode inhibits OPO threshold from86

being reached, thereby setting a limit on the longest (and there-87

fore shortest) wavelengths achievable in a given OPO design.88

Our results are vital in understanding how to design nonlinear89

nanophotonic devices to realize efficient conversion across the90

full range of wavelengths allowed by the resonator dispersion91

and material transparency.92

2. RESULTS AND DISCUSSIONS93

Out of various wideband nonlinear optical processes, we choose94

Kerr OPO as it is a highly informative tool to unveil the impact95

of the cutoff coupling waveguide on nonlinear light generation.96

The versatility of OPO lies in its ability to generate light across a97

wide range of signal and idler frequencies (νs and νi) by varying98

the pump frequency (νp), with a change of ≈ 5 THz enough99

to shift the output frequencies by > 120 THz [19, 23]. More-100

over, dispersion engineering by adjusting the ring width (RW)101

between devices on the same chip provides further tuning of the102

output frequencies [18–21, 23]. These characteristics enable a de-103

tailed analysis of the onset of performance degradation in terms104

of the widest OPO separation achievable at a given pump power,105

as the OPO threshold is inversely proportional to the Qs of all106

three modes involved [18]. This means that a sufficiently large107

reduction in Q as the targeted signal/idler bands become increas-108

ingly spectrally separated from the pump – for example, due to109
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Fig. 2. (a) Schematic of a Kerr optical parametric oscillator (OPO) device
with a zoomed-in cross-sectional view. The microring resonator features
two waveguides for coupling the pump/signal and idler, respectively.
The undercut structure is symmetrically etched using heated potassium
hydroxide treatment. Key geometric parameters include the outer ring
radius (RR), ring width (RW), Si3N4 thickness (H), and total undercut
(U). (b) Simulated spectral coverage for OPO devices (RR = 25 µm, H =
600 nm, U = 140 nm, RW = 800 nm to 900 nm). Top panel: Frequency
mismatch spectra (∆ν = νs + νi − 2νp) for RW = 800 nm to 880 nm
with fixed mp = 383. Middle panel: Spectra for RW = 890 nm with
mp = 376 to 381. Solid circles mark zero crossings, which predicted
νs and νi frequencies with empty circles indicating configurations in
which OPO is not supported. Bottom panel: Spectral map showing OPO
coverage from ≈ 190 THz to ≈ 590 THz. Color scale denotes RW and
odd mp values are labeled. Dashed black and red boxes link to cases in
the top and middle panels, respectively. Vertical dashed lines highlight
degenerate νs/νi generation via multiple RW and mp combinations.

excess parasitic loss induced by the cutoff waveguide at long110

wavelengths – would prevent threshold from being reached.111

In practice, it would be challenging to map Q and threshold112

at every wavelength due to laser availability and wavelength-113

dependent coupling; instead, we quantify performance by the114

maximum span at a fixed on-chip pump power. Such analysis115

would be challenging with other nonlinear processes like SHG116

and THG, which have no threshold power and generally lack117

the capacity to probe a broad set of output wavelengths within a118

single device. In addition, OPO, as an oscillation process seeded119

by vacuum fluctuations, is constrained by its threshold power,120

while the complementary process of StFWM, where a seed laser121

is injected along with the pump, is thresholdless. They can122

thus be used together to validate whether the inability to reach123

threshold is due to resonator dispersion or loss [24].124

We utilize high-Q silicon nitride (Si3N4) microring resonators125

as a platform for our widely-separated OPO devices. The chip126

uses an underlying SiO2 cladding and top side air cladding with127

all key parameters depicted in Fig. 2(a). Figure. 2(b) shows128

the simulated spectral coverage for such OPO devices with129

RR = 25 µm, H = 600 nm, U = 140 nm, and RW ranging130

from 800 nm to 900 nm. The undercut U, achieved by heated131

potassium hydroxide etching, helps to enhance the robustness of132

OPO generation [23]. The pump wavelength is constrained from133

765 nm to 781 nm, matching the tuning range of the external cav-134

ity diode laser (ECDL) pump laser, corresponding to the pump135

mode azimuthal number (mp) ranging from 375 to 384 for the136

fundamental transverse electric mode (TE0) with the microring137

resonator geometries mention above. Simulations in Fig. 2(b)138

are performed through eigenmode calculations of the micror-139

ings using the finite-element method. For Kerr OPOs, a pair140

of νi and νs that are widely separated from νp can be achieved141

when the pump dispersion is normal but close to zero [18], and142

the frequency mismatch, defined as ∆ν = νs + νi − 2νp, has143

a small but positive value (∆ν ≳ 0). Two sets of frequency144

mismatch spectra are shown in the top and middle panels in145

Fig. 2(b). The top panel shows frequency mismatch spectra for146

nine devices with RW varying from 800 nm to 880 nm at a fixed147

mp = 383, while the middle panel presents the spectra for a148

single device with RW = 890 nm while mp ranges from 376 to 381.149

The solid circles are the zero-crossing points, which representing150

the prospective νi and νs for different RW and mp combinations.151

The two bold curves don’t have zero-crossing points, indicating152

that OPOs are not supported in those cases. mp and RW thus153

serve as two tuning knobs for OPOs: When mp is fixed at 383, as154

RW is increased from 800 nm to 870 nm, νi (νs) could cover the155

spectral range between ≈ 318 THz (≈ 465 THz) to ≈ 199 THz156

(≈ 582 THz); when RW is fixed at 890 nm, as mp is increased157

from 376 to 381, νi (νs) could cover the spectral range between158

≈ 219 THz (≈ 549 THz) to ≈ 189 THz (≈ 586 THz). The bottom159

panel in Fig. 2(b) shows the simulated spectral coverage of OPOs160

after exhausting all possible combinations of mp and RW. In161

theory, these OPOs could generate any light between ≈ 190 THz162

to ≈ 590 THz.163

In addition, the two vertical dashed lines connecting three164

panels in Fig. 2(b) demonstrate that several combinations of RW165

and mp [parameterized as (RW, mp)] can be employed to gener-166

ate a specific νi or νs. For example, combinations of (870 nm, 383),167

(880 nm, 381), (890 nm, 379), and (900 nm, 377) could generate168

νi ≈ 200 THz, and other combinations of (870 nm, 383) and (900,169

378) could generate νs ≈ 582 THz. This ability to reach the same170

νi or νs through multiple RW and mp configurations provides171

a critical diagnostic capability: If a broader νi-νs span, as pre-172

dicted by dispersion simulations, remains unattainable despite173

testing all viable RW and mp combinations, the limitation must174

stem from a parameter outside those governing dispersion —175

specifically, as we will discuss later, the cutoff waveguide width.176

In order to experimentally investigate the influence of κp on177

the idler due to the narrow coupling waveguide, we fabricate178

these OPO devices with dimensions as mentioned above while179

also varying the width of the pump/signal waveguide (Wp),180

thereby varying the wavelength at which long-wavelength cut-181

off occurs. The device design is created with the NIST Center182

for Nanoscale Science and Technology’s Nanolithography Tool-183

box [34]. A silicon wafer is thermally oxidized to produce a184

3 µm thick SiO2 layer, followed by deposition of a 600 nm thick185

Si3N4 film using low-pressure chemical vapor deposition. Layer186

thicknesses and wavelength-dependent refractive indices are187

determined via spectroscopic ellipsometry and modeled with188

an extended Sellmeier equation. The wafer is then diced into189

small pieces for patterning. Electron beam lithography with190

positive tone resist defines the patterns, which are transferred191

to the Si3N4 via oxygen and fluoride-based reactive-ion etching.192

Post-etch chemical cleaning removes residual polymer, and the193

device is annealed at 1100 °C for 4 hours under nitrogen. An194

oxide lift-off process selectively air-clads the devices while pre-195

serving SiO2 cladding on input/output waveguides for efficient196
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Fig. 3. (a) Scanning electron microscope (SEM) images of a Kerr OPO microring resonator, with zoomed-in views of pump/signal and idler coupling
regions. The width of the pump/signal waveguide is defined as Wp. νp is injected through port A, with the residual pump and νs collected at port B. In
cases where νi is cutoff through the pump/signal waveguide, it can be detected at port D together with residual pump. For stimulated four-wave
mixing (StFWM), a seed at νi is injected at port C at the same time as the pump in port A. b Experimental setup for OPO and StFWM. TA: Tapered
amplifier, FPC: Fiber polarization controller, OSA: Optical spectrum analyzer, PD: Photodiode. (c) Experimentally observed νs and νi for OPO (circles,
I–V) and StFWM (stars, V) with different Wp. Solid circles: νs and νi directly obtained from OSA1; empty circles: νi calculated via energy conservation
from measured νp and νs. Stars: νs measured at OSA1 and νi measured at OSA2. Simulated spectral coverage from Fig. 2(b) (shadowed in the
background for comparison) closely matches experimental data, using identical geometries. Vertical dashed lines mark maximum νi − νs spans for
each Wp. (d) Widest OPO (I – IV) and StFWM (V) spectra in (c). Here, 0 dB is referenced to 1 mW, i.e., dBm. Idler cutoff through the pump/signal
waveguide occurs in III, IV, and V collecting no idler in OSA1, while spectrum in V combines the spectra recorded from OSA1 and OSA2. The right
panel shows the optical microscope images of scattered signal light with 20 µm scale bars.

edge coupling. Microring undercuts are formed via 70 °C KOH197

etching, with lateral etching rates calculated from vertical rate198

measurements and validated by cross-sectional scanning elec-199

tron microscope (SEM) imaging. The chip is diced, polished,200

and prepared for lensed-fiber coupling.201

Figure 3(a) shows the SEM images of the fabricated devices.202

Two straight waveguides are used to inject and extract light in203

and out of the OPOs, following scheme iii from Fig. 1(a). The nar-204

row waveguide, of width Wp and with a small coupling gap, is205

designed to in-couple the pump through port A and out-couple206

the pump and signal light through port B, and is cut-off in the207

idler band. The second (wide) waveguide with a large coupling208

gap is designed to out-couple the idler light at long wavelengths209

through port D. The zoomed-in SEM images show the coupling210

regions for these two waveguides. The measurement setup is211

shown in Figure 3(b). An amplified ECDL with tunable range be-212

tween 765 nm to 781 nm is injected from port A through lensed213

fiber after fiber polarization controller. The on-chip pump power214

is limited ≈ 100 mW with a calibrated insertion loss ≈ 3 dB per215

facet for the pump. The device RW and pump mode selected act216

as two tuning parameters, as illustrated previously in Figure 2(b).217

OPO can be observed in devices with appropriate RW config-218

urations when the on-chip pump power exceeds the threshold219

while the pump wavelength is scanned from shorter to longer220

wavelengths, provided dispersion conditions are properly en-221

gineered. When OPO is generated, νs, νp, and νi (when shorter222

than the cutoff wavelength for the pump/signal waveguide) can223

be recorded from OSA1 through port B. OSA2 through port D224

can be used to record νi and part of νp as the wider idler waveg-225

uide is designed for critically coupling νi but undercoupling for226

νp and νs. Another tunable laser at telecom wavelengths near227

νi can be injected from port C (the wide waveguide input) in228

addition to νp injection at port A for StFWM experiments, which229

can be used to validate the dispersion.230

Figure 3(c)[(I) - (IV)] show the experimentally observed OPO231

νi and νs distributions for different Wp values. Data points232
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within the same connected line are from a single device with the233

same RW. Simulated spectral coverage in the bottom panel of234

Fig. 2(b) is shadowed in the background, and shows a good con-235

sistency between the simulation and experiment. Figure 3(d)[(I)236

- (IV)] display the widest achievable OPO spectrum for different237

Wp, with the right panel showing representative optical micro-238

scope images of scattered light of the generated visible signal.239

This plot clearly shows that, for a given Wp, there is a νi-νs span240

limit (marked with dashed lines), with multiple OPO devices241

with different RW reaching this maximum OPO span at dif-242

ferent νp. The widest νi-νs span increases from ≈ 210 THz to243

≈ 350 THz as Wp decreases from 470 nm to 320 nm, as demon-244

strated from (I) to (IV). Clearly, Wp significantly impacts the245

maximum OPO span, even if the resonator dispersion and pump246

mode suggest that wider OPO is achievable.247

To that end, we perform StFWM experiments to confirm248

that our OPO span is not limited by an inability to achieve249

phase- and frequency-matching. For the same devices with Wp250

= 320 nm, when injecting a seed laser near νi from port C in251

addition to the near-infrared pump from port A, we are able to252

see extended νi-νs spans up to ≈ 390 THz, thereby achieving the253

edge of the simulated spectral coverage, as shown in Fig. 3(c)(V).254

Figure 3(d)(V) displays a typical StFWM spectrum created by255

combining the spectra recorded from OSA1 and OSA2, while256

the right panel shows the generated representative cyan color257

scattered from the microring. Compared to OPO, StFWM is258

a significantly more efficient process with no threshold power259

requirement [24]. This extension of the νi-νs span for the same260

set of devices under StFWM demonstrates that the resonator261

dispersion is not likely to be the limitation on the OPO span in262

(IV), and suggests that Q degradation may instead be the cause.263

To investigate the reason for OPO performance degradation264

with increasing Wp, we measure the intrinsic quality factor (Q0)265

near 1600 nm using the idler waveguide as shown in Fig. 4(a).266

These devices feature the same geometric parameters includ-267

ing the RR of 25 µm, H of 600 nm, and RW of 850 nm, with268

the only variation being in Wp, which ranges from 235 nm to269

495 nm. This narrow pump/signal waveguide is designed to270

remain below cutoff for all Wp in the telecom band, so 1600 nm271

provides a consistent operating point for Q extraction and field272

visualization. Figure 4(b) shows SEM images for the coupling273

regions, transmission measurements, and the fits to extract Q0 at274

1600 nm when Wp = 270 nm, 370 nm, and 470 nm. We find that275

Q0 decreases from ≈ 2.5 × 105 to ≈ 2.7 × 104 as Wp increases276

from 270 nm to 470 nm. Figure 4(c) summarizes the Q0 trends277

with different Wp values under three different coupling gap con-278

figurations, and clearly show a substantial decrease of Q0 with279

increasing Wp in all cases. This significant reduction in Q0 for280

a prospective idler mode elevates its OPO threshold [19]. Func-281

tionally, this means that for a given Wp, there is a maximum idler282

wavelength (and hence minimum signal wavelength) for which283

OPO threshold is reached given the pump power available. This284

is consistent with the experimental observations in Fig. 3, where285

larger Wp limits the shortest achievable OPO signal wavelength286

and longest OPO idler wavelength.287

Conventionally, Q0 in microring resonators is only deter-288

mined by material absorption and sidewall scattering losses.289

However, the devices studied here — created in a single fabri-290

cation run on the same piece (less than 4 cm2 area) and with291

identical microring geometries (RR, H, and RW) — exhibit an292

order-of-magnitude variation in Q0 at the idler band [Fig. 4(c)].293

This discrepancy cannot be attributed to fabrication nonunifor-294
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Fig. 4. (a) Setup for telecom wavelength transmission measure-
ments through the idler waveguide and in the presence of a varying
width pump/signal waveguide. (b) Top-view SEM images for the
pump/signal waveguide coupling region with red dashed box in a
for Wp = 270 nm, 370 nm, and 470 nm. The bottom panels show corre-
sponding Q measurements and fits near 1600 nm for these Wp values.
(c) Summary of the intrinsic quality factor (Q0) for modes near 1600 nm
as a function of Wp with three different coupling gap configurations,
which clearly shows that Q0 at the telecom wavelength is significantly
degraded as Wp increases. The uncertainties in (b) and error bars in (c)
are one standard deviation values from the fits.

mity, as the process-induced variations in material and scattering295

losses are negligible within 4 cm2 area. The sole distinguishing296

parameter is the pump/signal waveguide width Wp, which is297

intentionally varied below the cutoff width for telecom wave-298

lengths. Thus, contrary to initial expectations, where such sub-299

cutoff Wp was assumed to negligibly perturb long-wavelength300

modes (e.g., idler wavelengths λi ≈ 1600 nm), the observed Q0301

degradation implies an unaccounted κp arising from the cutoff302

waveguide, as illustrated in Fig. 1(b).303

We further validate our experimental observation of the re-304

duction in Q0 with increasing Wp through 3D finite-difference305

time-domain (FDTD) simulations. We analyze κp by focusing306

on the coupling region of the ring and pump/signal waveguide307

through the simulation configurations illustrated in Fig. 5(a).308

Detailed simulation setup and methodology is provided in the309

appendix below. Figure 5(b) illustrates the 3D FDTD simula-310

tion results for the pump/signal waveguide coupling region311

at λ = 1600 nm for Wp of 350 nm, 550 nm, and 700 nm. The312

top- and cross-sectional- views [field 1 and field 2 in Fig. 5(a)]313

of simulation results are displayed in the left and right panels,314

respectively. For Wp = 350 nm [top panel of Fig. 5(b)], the waveg-315

uide width lies far below the cutoff, resulting in no observable316

light coupling into the pump/signal waveguide, and the mi-317

croring remains unaffected, with nearly all power retained in318

the through port. As Wp increases to 550 nm [middle panel319

of Fig. 5(b)], partial coupling occurs despite the width remain-320

ing below the cutoff threshold. Here, light coupled into the321

pump/signal waveguide radiates and leaks into the substrate322
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Fig. 5. (a) Schematics of 3D finite-difference time-domain (3D FDTD)
simulation configurations from top (left panel) and cross-sectional (right
panel) views. (b) Simulated normalized electric field profiles in the
microring-pump/signal waveguide coupling region for Wp = 350, 550,
and 700 nm. Left panels show top-view profiles at the plane marked
by the red dashed line for field 1, and right panels show cross-sectional
profiles along the pump/signal waveguide midplane for field 2, as
defined in the right panel of (a). (c) Left panel shows the transmission
at the through port and couple port as the function of Wp. Right panel
shows the cut-field lines through the pump/signal waveguide showing
the electric field decay lengths. (d) Comparison of κp extracted from
3D FDTD simulation with the combination of κp and κ0 extracted from
experiments in Fig. 4.

along the propagation direction. Although such light is unlikely323

to reach the chip facet (where it could be measured), it never-324

theless results in significant κp. Finally, at Wp = 700 nm [bottom325

panel of Fig. 5(b)], which is close to the cutoff width, efficient326

coupling is achieved with minimal radiative and leakage losses327

to the substrate, enabling stable light propagation along the328

waveguide.329

These observations are quantified in Fig. 5(c). The left panel330

shows transmission at the through and coupled ports as a func-331

tion of Wp, while the right panel illustrates intensity decay along332

the pump/signal waveguide. The results clearly suggest three333

regimes for Wp in the pump/signal waveguide. Firstly, at con-334

siderably smaller Wp than the nominal cutoff value (i.e., Wp =335

350 nm), the pump/signal waveguide has little impact on tele-336

com propagation within the ring, resulting in approximately337

zero power being coupled from the microring to it. Second,338

in the intermediate regime, near but still below the nominal339

cutoff value (Wp ranging from 500 nm to 600 nm), the micror-340

ing couples telecom light to the pump/signal waveguide, with341

that coupled light strongly radiating into the substrate as it342

propagates away from the ring. This light coupled into the343

pump/signal waveguide results in non-zero κp for the telecom344

(idler) mode. Third, at sufficiently large Wp with respect to the345

cutoff value (Wp = 700 nm), the microring couples to a propa-346

gating waveguide mode with negligible radiative and leakage347

losses, as typical in a standard resonator-waveguide coupler.348

Parasitic loss induced by the pump/signal waveguide thus349

depends critically on its width relative to the 700 nm cutoff for λ350

= 1600 nm. While conventional designs assume κp is negligible351

for sub-cutoff waveguide widths, our results demonstrate that352

even in an intermediate regime where Wp is significantly below353

cutoff e.g., (at 550 nm) — where the waveguide cannot guide354

light over long distances — partial coupling from the micror-355

ing persists, creating a significant κp. This coupling to a leaky356

waveguide mode, visible in the radiative and substrate leakage357

at Wp = 550 nm [middle panel of Fig. 5(b)], highlights the key358

oversight in assuming sub-cutoff widths universally suppress359

κp. To eliminate κp entirely, Wp must be well below the inter-360

mediate regime (e.g., 350 nm in this case), as evidenced by the361

near-zero intensity decay in the top panel of Fig. 5(b). Here, the362

intermediate regime refers to the near-cutoff window where the363

pump/signal waveguide, though nominally below cutoff, cou-364

ples light into short-propagation-length leaky substrate modes365

rather than supporting a fully guided mode, thereby adding a366

parasitic loss channel. The onset of this regime is wavelength367

dependent and is set by modal confinement, including core368

dimensions, the coupling gap, and the core–cladding index con-369

trast. Thus, avoiding the intermediate regime is essential for370

applications targeting the widest OPO νi-νs span.371

Figure 5(d) compares the experimentally extracted and simu-372

lated κp as a function of Wp. The total loss κt (red curve) com-373

prises the microring’s intrinsic loss κ0, the parasitic coupling374

loss κp to the pump/signal waveguide, and the coupling loss375

to the idler waveguide. The black curve represents the effective376

intrinsic loss κ′0 = κ0 + κp, derived from quality factor fits [consis-377

tent with Fig. 4(c)]. The blue curve corresponds to κp obtained378

from 3D FDTD simulations,which capture waveguide-mediated379

leakage to substrate modes but do not include scattering from380

the coupling waveguide and gap region. Despite systematic381

offsets attributed to unmodeled material absorption and scatter-382

ing losses in the experiment, both datasets exhibit a monotonic383

increase in κp with Wp, validating the intermediate regime’s role384

in parasitic coupling. The remaining discrepancy in onset and385

magnitude likely arises because the experimental κp aggregates386

both waveguide-mediated leakage and scattering introduced by387

the presence of the coupling waveguide, whereas the simulation388

includes only the leakage loss channel. Isolating and quantifying389

the waveguide-scattering contribution is left for future work.390

3. CONCLUSION391

In this work, we identify and quantify a critical parasitic loss392

channel in microring resonators arising from cutoff waveguides,393

a phenomenon previously overlooked in wideband nonlinear394

photonic designs. While conventional approaches assume that395
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sub-cutoff waveguides negligibly perturb resonator modes, our396

experiments and simulations reveal a significant intermediate397

regime where coupling persists, albeit to a waveguide mode that398

is leaky and has a very short propagation length. In this regime,399

light partially couples from the microring into the nominally400

cutoff pump/signal waveguide, radiating into the substrate and401

introducing κp that degrades the intrinsic quality factor of idler402

modes at long wavelengths by up to an order of magnitude. This403

effect directly impacts nonlinear processes such as OPO, where404

elevated losses at the idler wavelength can prevent the system405

from reaching threshold, thereby limiting spectral coverage. We406

confirm this behavior in experiments that conclusively demon-407

strate OPO spans that are dependent on the width of this cutoff408

waveguide, with stimulated four-wave mixing experiments ver-409

ifying that phase- and frequency-matching are not the limitation410

on achievable OPO spans.411

Our 3D FDTD simulations elucidate the underlying mecha-412

nism: even waveguide widths slightly below the formal cutoff413

support evanescent coupling sufficient to extract light from the414

microring, yet insufficient to guide light efficiently, still resulting415

in radiative leakage. Crucially, κp are suppressed only when416

waveguide widths are designed well below the intermediate417

regime, as evidenced by the near-zero field decay in such con-418

figurations. These findings suggest a revised design guideline419

for wideband microring devices using air-cladding configures,420

emphasizing that cutoff compliance alone is inadequate for min-421

imizing κp. Instead, rigorous avoidance of the intermediate422

regime is essential to ensure robust pump/signal and idler isola-423

tion and to enable nonlinear processes requiring high Q across424

widely separated spectral bands, such as visible-telecom OPO.425

Moreover, these design principles are equally critical for other426

wideband nonlinear photonics processes — like Kerr micro-427

comb generation, SHG, THG, StFWM and FWM-BS — where428

maintaining high Q at key operative wavelengths is vital for429

optimal performance. This insight advances the engineering430

of integrated photonic platforms for applications demanding431

octave-spanning spectral control.432

Appendix: Simulation Method The geometric parameters in433

the simulation for the microrings are the same as in the previous434

experiment with RR = 25 µm, RW = 850 nm, and H = 600 nm.435

Wp is our sweep parameter, ranging from 200 nm to 700 nm436

with a step size of 50 nm, while the gap is fixed at 140 nm. Our437

simulation setup incorporates three ports: an input port (from438

the microring) as the mode source, a through port with a mode439

expansion monitor after the coupling region, and a couple port440

with a mode expansion monitor at the pump/signal waveguide441

output. Additionally, two field monitors are positioned strategi-442

cally – one in the top view plane at half the waveguide thickness443

(field 1) and the other in the middle along the length of the444

pump/signal waveguide (field 2), as shown in Fig. 5(a). The445

entire simulation is enclosed within a region bounded by per-446

fectly matched layers, utilizing a Cartesian mesh grid of 20 nm.447

We launch a fundamental TE0 mode at the input port, which448

propagates in the ring to the through port, with a portion of the449

power being coupled to the pump/signal waveguide.450

To evaluate κp in simulations, we utilize the mode expansion451

monitors and extract the scattering matrices data containing the452

transmission coefficients. This data is then used to compute the453

normalized transmission modal powers at both the through and454

couple ports, as shown in Fig. 5(a). However, recording all the455

power coupled to the pump/signal waveguide at the location of456

the couple port is challenging due to power radiation and leak-457

age to the substrate caused by the cutoff pump/signal waveg-458

uide mode regime. Instead, we calculated the power coupled459

to the pump/signal waveguide by subtracting the transmitted460

through power from the input power. Notably, at Wp = 0 (in461

the absence of the pump/signal waveguide), we observed that462

the microring resonator itself introduces additional bending and463

scattering losses. Thus, to ensure the reliability of our results,464

we conducted thorough convergence testing. Specifically, re-465

garding the Cartesian mesh grid, we observed little impact on466

the results (i.e., the transmission spectrum does not uniformly467

vary with the increase in the mesh grid size). We attribute the468

resonator’s intrinsic loss to bending and scattering losses from469

the microring resonator itself, along with a small contribution of470

loss/uncertainty due to the Cartesian mesh grid. Finally, we nu-471

merically determined κp by subtracting the transmitted through472

power and the resonator’s intrinsic loss from the input power.473
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