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Optical parametric oscillators are widely used to generate coherent light at frequencies not accessible by conventional
laser gain. However, chip-based parametric oscillators operating in the visible spectrum have suffered from pump-to-
signal conversion efficiencies typically less than 0.1 %. Here, we demonstrate efficient optical parametric oscillators
based on silicon nitride photonics that address frequencies between 260 THz (1150 nm) and 510 THz (590 nm). Pump-
ing silicon nitride microrings near 385 THz (780 nm) yields monochromatic signal and idler waves with unprecedented
output powers in this wavelength range. We estimate on-chip output powers (separately for the signal and idler) be-
tween 1 mW and 5 mW and conversion efficiencies reaching ~ 15 %. Underlying this improved performance is our
development of pulley waveguides for broadband near-critical coupling, which exploits a fundamental connection be-
tween the waveguide-resonator coupling rate and conversion efficiency. Finally, we find that mode competition reduces
conversion efficiency at high pump powers, thereby constraining the maximum realizable output power. Our work
proves that optical parametric oscillators built with integrated photonics can produce useful amounts of visible laser

light with high efficiency.
I. INTRODUCTION

Lasers operating at visible and near-infrared (NIR) wave-
lengths are essential to modern science and technology'™,
but affordable systems typically suffer from poor spectral pu-
rity and gaps in spectral coverage, while higher-performance
options are large and expensive. The latter often rely on
bulk nonlinear optics to spectrally translate longer-wavelength
lasers to the targeted frequency, employing either sum-
frequency or second-harmonic generation in y(?-nonlinear
media®~’. Their operational complexity and substantial power
consumption (they often require liquid cooling systems) ren-
ders them impractical in many situations. Hence, it is de-
sirable to transition the nonlinear wavelength conversion to a
more scalable nonlinear optics platform, e.g., integrated pho-
tonics.

One approach is to leverage the wavelength flexibility
inherent to optical parametric oscillators using nonlinear
microresonators, which possess large optical quality fac-
tors (Q) and small mode volumes to intensify circulating
light and promote efficient nonlinear interactions®. Re-
cent studies of microresonator-based optical parametric os-
cillators (LOPOs) have demonstrated broad spectral sepa-
ration between pump and generated light'%'2, low-power
operation'>!%, and visible-wavelength access'>. In particu-
lar, operating in the visible spectrum presents specific chal-
lenges: Stronger material dispersion, larger scattering losses
that reduce quality factors, and shorter evanescent field decay
lengths that impede waveguide coupling. While both ¥ and
75(3) UOPOs offer some wavelength flexibility, 75(3) systems
are useful to generate visible light from a NIR pump; more-
over, their natural availability in the popular silicon photon-
ics platform'® can enable their scalable fabrication and inte-
gration with other components, including pump lasers'”. On
the other hand, the reported or inferred (e.g., from optical

spectra) conversion efficiencies are < 0.1%'%13:1518-20 and

the available output power is far too low for many applica-
tions (e.g., <10 W for previous visible OPOs'3). Realiz-
ing higher conversion efficiencies and output powers would
enable a wide range of on-chip applications and broaden the
reach of silicon photonics in the visible spectrum.

Here, we demonstrate efficient tOPOs that generate co-
herent light within the spectral window between 260 THz
and 510 THz (590 nm and 1150 nm). We measure con-
version efficiencies between 3.5 % and 14.5 % with corre-
sponding on-chip output powers greater than 1 mW (and as
high as 5 mW). Our results spring from efficient broadband
waveguide-resonator coupling, which we realize with pulley-
waveguide geometries designed using coupled-mode simula-
tions. Notably, previous tOPO works have implemented such
geometries to minimize threshold power”; in contrast, our
goal is to maximize output power using pulleys that operate
in a fundamentally different regime. In the rest of this paper,
we first introduce the key fOPO physics and specify our ex-
perimental procedures. Then, we explain our coupled-mode
simulations and present measurements to confirm their ac-
curacy. Next, we present the optical spectra of 16 different
UOPOs, from which we determine output powers and conver-
sion efficiencies. Finally, we show how parasitic nonlinear
processes currently constrain the maximum realizable output
power. Our work is an important step forward in the quest
for practical, chip-based sources of visible laser light using
nonlinear optics.

The nOPOs we consider generate monochromatic signal
and idler waves from a continuous-wave (CW) pump laser
through resonantly-enhanced degenerate four wave mixing
(FWM), as depicted in Fig. 1a?!. In experiments, we pump
a fundamental transverse-electric (TEO) eigenmode of a sili-
con nitride microring near 385 THz, and FWM transfers en-
ergy to TEO signal and idler modes. In principle, the range of
accessible output frequencies, as constrained only by energy
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FIG. 1. Achieving high conversion efficiency (CE) across a wide spectral band with microresonator-based optical parametric oscillators
(uLOPOs). (a) Conceptual depiction of x(3) optical parametric oscillation. Two pump photons (frequency @j) are converted to one signal ()
photon and one idler (@;) photon. We focus on generating different tOPOs (faded arrows) within the spectral window between 260 THz and
510 THz, as marked by the green stripe. (b) Depictions of microring couplers, as viewed from above, which rely on evanescent coupling
between the microring and either a straight access waveguide (top panel) or a pulley waveguide (bottom panel). Couplers are defined by three
geometric parameters: the waveguide width, WW, the gap (or distance) between the microring and waveguide, G, and the length of waveguide,
Ly, that runs parallel to the microring. (c) Simulated coupling ratios, K (gray), and measured gOPO spectra (blue) for identical microrings
with different coupling geometries. The top panel data corresponds to a straight waveguide (WW = 375 nm; G = 125 nm) coupler, while
bottom panel data corresponds to a pulley waveguide (same WW and G; L, = 3 pm).

conservation, is DC to 2@y, where @, is the pump frequency.
However, in practice this range is dictated by the group ve-
locity dispersion (GVD), which must be engineered such that
FWM to the targeted signal and idler modes is favored (simul-
taneously phase- and frequency-matched), but FWM to other
modes is suppressed. In the Supplemental Material, we re-
count our approach to dispersion engineering that is also de-
scribed in Ref. 15.

A separate challenge is to ensure that pump power is effi-
ciently converted into output signal or idler power. Hence, we
define the on-chip conversion efficiency as:

e))

where Fy;) is the signal (idler) power in the waveguide output,
and P, is the pump power in the waveguide input. Recent
theoretical work has derived the maximum obtainable CE as:
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where ;) and k;, are the waveguide-resonator coupling rates
of the signal (idler) and pump modes, Iy and I, are the to-
tal loss rates (i.e., loaded linewidths) of the signal (idler) and
pump modes, and (ONH) and @y, are the frequencies of the signal
(idler) and pump light, respectively'?. Clearly, obtaining large
CE involves engineering k for both the pump mode and tar-
geted signal/idler modes. Such coupling engineering is a com-
mon problem in the nonlinear optics of Kerr microresonators;
it arises, for example, in the efficient extraction of octave-
spanning Kerr microcombs??. The problem is that, given a
straight waveguide evanescently coupled to a microring res-
onator, K decreases exponentially with frequency due to de-
creasing overlap of the microring mode with the waveguide
mode. Hence, when the pump mode is critically coupled, the
signal mode is undercoupled, resulting in low CE. Moreover,
when s is a visible frequency, the smaller evanescent de-



cay length compared to NIR frequencies exacerbates the chal-
lenge. One solution is to utilize so-called pulley waveguides,
which increase the physical distance over which the waveg-
uide and microring can exchange energy®>>*. Figure 1b il-
lustrates the physical differences between straight-waveguide
couplers (top panel) and pulley-waveguide couplers (bottom
panel), and it depicts the three geometric parameters that de-
fine such couplers in our study: The waveguide width, WW,
the waveguide-resonator gap, G, and the pulley length, L,
(which approaches zero in the straight-waveguide limit). In
Fig. 1c, we present measurements of tOPO spectra extracted
from nominally identical microrings using either a straight-
waveguide coupler (top panel) or a pulley-waveguide coupler
(bottom panel). These measurements are representative of
other comparisons between the two coupling schemes. While
P, is roughly the same in each case, Py is approximately 20x
greater in the pulley waveguide. To explain the result, we
show in the same panels the simulated coupling ratio, defined
as K = k/v (equivalently, K = Q;/Q., where Q; and Q. are
the intrinsic and coupling quality factors, respectively), where
Y =TI — Kk is the intrinsic loss rate. Near @, K is ~ 8 higher
for the pulley-waveguide coupler.

Il. DESIGN AND TEST OF WAVEGUIDE COUPLERS

To design couplers for testing, we simulate kK spectra for
a variety of coupling geometries with the goal of achieving
K =~ 1 (i.e., critical coupling) at frequencies between 260 THz
and 510 THz. Notably, achieving high CE only requires that
K be optimized at @, and either @; or ®;, depending on which
output wave (signal or idler) is to be used. (Moreover, ideally,
the unused wave is undercoupled to reduce threshold power).
At the same time, broadband near-critical coupling is prefer-
able, since then a single coupling geometry is robust against
design imperfections, and it may be used for many different
HOPOs. Our simulations are based on a coupled mode theory
for optical waveguides?, which calculates k according to:

— c
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where R is the microring outer radius, c is the speed of light,
ng is the group refractive index, and ki is a coupling coefficient
defined as:

k= % / { / (ewG — &r) Ef - Ewgdrdz| €dl,  (4)
L [JA

where &wgr) is the dielectric permittivity of the access
waveguide (microring), Ewgr) is the electric field of the
waveguide (microring) eigenmode, and ¢ is an accumulated
phase accounting for the difference in the waveguide and mi-
croring propagation constants. The coordinates r and z are
horizontal and vertical coordinates in-plane with the micror-
ing/waveguide cross section, as labeled in the Fig. 2a inset,
and [/ follows the direction of light propagation. The cen-
tral integral in Eq. (4) evaluates the evanescent overlap be-
tween the microring and waveguide modes at the frequency
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FIG. 2. Design, simulation, and measurement of coupling rate
(x). (a) Simulated x spectra for a silicon nitride (SiN) microring with
waveguide parameters WW = 375 nm, G = 150 nm, and L, = 0 um
(bold gray curve), 2 um (faded blue), 3 um (green), 4 um (faded
red), and 5 um (faded yellow). The circular data points indicate
measured K values for the coupler with L, = 0 m. The inset depicts
the waveguide/microring cross section, including labels for the ring
width (RW) and height (H), and shows axes for the coordinates r and
z over which we integrate Eq. 4. (b) Simulated x spectra for a SiN
microring with waveguide parameters G = 150 nm, L, = 3 pm, and
different values of WW. The circular data points indicate measured
Kk values for the coupler with WW = 375 nm. The uncertainty in the
measured k values as determined from a nonlinear least squares fit
to the resonator transmission spectrum is smaller than the data point
size.

. For more details, see Ref.?2, Figure 2a shows simulated
K spectra for a SiN microring with R = 25 um, ring width
RW = 825 nm, and height H = 500 nm, which are chosen
to suitably engineer the GVD (see Supplemental Material). In
addition, we choose WW = 375 nm, G = 150 nm, and L, from
0 pum (i.e., a straight-waveguide coupler) to 5 um. Increasing
L, results in larger k at higher frequencies compared to the
straight-waveguide coupler (dark grey line), but it introduces
resonances in the k spectra (i.e., regions where kK — 0) that
arise from the coherent energy exchange between the micror-
ing and waveguide. These resonances blueshift when L, is in-
creased. Based on these data, we select L, = 3 um for further
study because it minimizes variations in K over the targeted
spectral region.

Next, we optimize WW and G. The predominant effect of
changing G is to vertically shift the entire k spectrum; i.e., G
has little impact on the spectral location of the coupling reso-
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FIG. 3. uOPO spectra, conversion efficiency, and output power. (a) £OPO spectra from a series of devices recorded with an optical
spectrum analyzer (OSA). No correction factors (e.g., from optical losses) are applied to these data. The transmitted pump light is shown
in gray, and the signal/idler light is shown in color. (b) CE (gray) and P, or P; (purple; left and right portions of data, respectively) versus
frequency, taking into account optical losses between the waveguide and OSA (see Supplemental Material). Error bars are estimated from the
precision uncertainties in our measurements of optical power. The gray dashed line is a theoretical estimate of the maximum achievable CE

based on our coupling measurements and Eq. 2.

nances. However, the relationship between x and WW is more
complex. Within the range of values considered, larger WW
increases Kk because the waveguide propagation constant shifts
closer to the microring propagation constant, and the evanes-
cent overlap between the microring and waveguide modes is
not appreciably changed. At the same time, coupling reso-
nances are redshifted. Figure 2b shows «k spectra for G = 150
nm, L, =3 pm, and three values of WW. Apparently, the
flattest x spectra are realized for WW between 375 and 400
nm. After choosing WW, G may be chosen to realize critical
coupling near @,.

To assess the accuracy of our simulations, we fabricate an
array of SiN microrings with systematic coupling parameter
variations (see Supplemental Material for details on our fab-
rication process), and we measure K for each device. Specifi-
cally, we use either L, = 0 or L, = 3 um, G between 110 nm
and 160 nm, and WW between 350 nm and 400 nm. We carry
out mode spectroscopy using a CW Titanium Sapphire (TiS)
laser, which is tunable from 305 THz to 415 THz (720 nm
to 980 nm), and from the microresonator transmission spectra
we calculate K and « values following Pfieffer et al?°. In ad-
dition, we can perform sum frequency generation with the TiS
laser and a 154 THz (1950 nm) laser to generate coherent light
from 460 THz to 510 THz (590 nm to 650 nm). We find that
simulations predict slightly larger k values than we measure;
to compensate, we reduce G by approximately 20 nm in exper-
iments. In Fig. 2a, we present kK measurements (gray circles)
of a straight-waveguide-coupled device with WW = 375 nm
and G = 125 nm. The measured k values are slightly lower
than the corresponding simulation with G = 150 nm, but both
data decrease exponentially with frequency, which is a known
characteristic of straight-waveguide couplers??. Specifically,
we measure K ~ 800 MHz near 350 THz, but it drops sharply
to kK ~ 40 MHz near 500 THz. In contrast, we observe a more
achromatic x spectrum in a pulley-waveguide-coupled device
with WW = 375 nm, G = 135 nm, and L, = 3 um. Our mea-

surements (green circles) are shown in Fig. 2b, and they agree
with the corresponding simulation with G = 150 nm. Our
measurements indicate that, between 300 THz and 500 THz, x
takes on values over the relatively narrow range (compared to
the straight-waveguide coupler) of 180 MHz to 400 MHz. We
also measure ¥ ~ 300 MHz that is approximately independent
of optical frequency for the wavelengths of interest (we have
observed that 7y increases at higher frequencies, but this be-
havior varies between different fabrication runs and requires
further examination). Therefore, according to Eq. 2, our best
pulley-waveguide-coupled devices should support many dif-
ferent HOPOs with CE > 1%.

Ill. uOPO GENERATION AND CONVERSION
EFFICIENCY MEASUREMENTS

To test our prediction, we record tOPO spectra with a cal-
ibrated optical spectrum analyzer (OSA) and calculate F, P,
and CE values after accounting for optical losses between the
waveguide and OSA (for details, see Supplemental Material).
To generate OPOs, we tune @, into resonance, starting blue
detuned and decreasing @, until Py and P, are maximized. We
repeat this procedure for different P, values with the goal of
maximizing CE. To ensure a variety of @) values, we en-
gineer the GVD by systematically varying RW in different
devices (see Ref.!> and Supplemental Material). We utilize
pulley-waveguide couplers such as those characterized in Fig.
2, and we find that CE is maximized for L, =3 pum, WW
between 375 nm and 400 nm, and G between 125 nm and
135 nm. In Fig. 3a, we present a compiled set of £OPO
spectra that we extract from pulley-waveguide couplers with
parameters in the above optimum range. In most cases, both
P and P, are greater than 1 mW, and P, is typically between
30 mW and 45 mW. However, there are atypical £OPO spec-
tra for which either P or P, is < 1 mW. Most likely, these
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FIG. 4. Mode competition constrains the 1 OPO output power.
The figure depicts pOPO spectra at three different pump powers,
P,,. For P, =32 mW (top panel), only the pump, signal, and idler
modes oscillate. As P, is increased (middle and bottom panels),
mode switching occurs, and mode competitions distribute energy to
modes other than the targeted signal/idler pair, leading to reduced
Py(3). To guide the eye, we include a red line in each panel that marks
the top-panel P, level.

result from mode interactions that locally alter the microring
GVD and Q?"-?%. Table II in the Supplemental Material lists
the individual pump, signal, and idler frequencies and powers
for each pOPO spectrum shown in Fig. 3(a).

To characterize the OPO performance, we calculate from
Fig. 3a the largest values of P; and P, in spectral bins spanning
approximately 20 THz each, and we plot the results in Fig. 3b
along with the corresponding CE values. We find P, > 1 mW
from 264 THz to 346 THz and P, > 2 mW from 275 THz to
346 THz. In the best case, we generate 4 mW of idler power
at 315 THz using P, = 34 mW, which equates to CE ~ 12%.
Meanwhile, P, > 1.9 mW from 416 THz to 506 THz, and in
the best case, we generate 5 mW of signal power at 454 THz
using P, = 34 mW, which equates to CE ~ 14.5%. Moreover,
as expected from our simulations and measurements of k¥ and
Eq. 2, CE decreases in the spectral wings as a result of smaller
k. Indeed, we can make a useful comparison between our
CE measurements and a theoretical prediction (gray dashed
line) based on our coupling measurements and Eq. 2. The
central portion of data indicate CE values smaller than our
theoretical prediction due to competing nonlinear processes
that are exacerbated for narrow-band spectra®”. Discrepan-
cies at higher frequencies are primarily due to imperfect fre-
quency mismatch arising from the stronger impact of higher-
order dispersion. In between these extremes, we observe good
agreement between our measurements and theory.

IV. LIMITATIONS ON OUTPUT POWER

Finally, we discuss the limits to pOPO output power
and analyze an example. The relationship between F;),
P, and other experimental parameters has been analyzed
theoretically?®. Therein, it was predicted that Py increases
with P, for P, 2> Py, but further increases in P, lead to sat-
uration or even reduction of Fy;). The reason is that para-
sitic FWM processes compete with the targeted OPO pro-
cess. The predominant parasitic FWM process that we ob-
serve in experiments is mode competition between the tar-
geted signal/idler modes and their spectral neighbors?®. In
Fig. 4, we show the ©OPO spectrum for a single device as
Py, is increased. For P, = 32 mW, only the pump, signal, and
idler modes oscillate, and Py(;) > 1 mW (top panel). The idler
power in this case is marked by the red line in each panel.
When P, = 50 mW (middle panel), @, and @; shift to higher
and lower frequencies, respectively. This behavior was pre-
dicted in Ref.?® and termed ‘mode switching.” In addition,
other modes with frequencies close to @) begin to oscillate
and steal energy from the uOPO. Hence, P, decreases to a
level below the red line, despite the increase in P,. When
Py is further increased to 70 mW (bottom panel), Fy;) re-
mains approximately the same, but the power in the competing
modes increases. The behavior demonstrated in this exam-
ple is ubiquitous within our tOPO devices and explains why
Py(;) cannot be increased arbitrarily by increasing Py Still, in-
creasing CE and Fy;) beyond the levels we demonstrate may
be possible using alternate phase- and frequency-matching
strategies, such as that reported in Ref.30. As it stands, the
achieved power levels are relevant for some applications, such
as spectroscopy of various coherent near-infrared and visible
systems>132,

V. DISCUSSION

In conclusion, we have demonstrated energy-efficient
HUOPOs with practically-relevant output powers in a crucial
portion of the visible and near-infrared spectrum. Our results
are enabled by broadband pulley-waveguide couplers that we
design using coupled-mode simulations. For the most widely-
separated UOPOs, we observe relatively lower CE values
that are consistent with undercoupled signal and idler modes.
Hence, an important focus for future work is to extend the
spectral bandwidth over which devices are nearly critically
coupled, thus broadening the range of frequencies that can be
efficiently extracted into a single waveguide. Other possible
approaches include using frequency-specific coupling geome-
tries (e.g., one may optimize x at the HOPO-specific frequen-
cies s and @y, while neglecting the idler), or to couple mul-
tiple waveguides - each designed for different portions of the
UOPO spectrum - to one microring. Moreover, new strategies
should be devised to avoid parasitic FWM processes and in-
crease the realizable output power. Nonetheless, our work is
a compelling demonstration that gOPOs can help satisfy the
demand for compact sources of visible laser light.



VI. SUPPLEMENTARY MATERIAL

The supplemental material describes how the microres-
onator geometry is controlled to engineer GVD for uOPO, ex-
plains our conversion efficiency calculations, and details our
device fabrication.
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