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Materials with strong second-order (x®) optical nonlinearity, especially lithium niobate, play a critical role in building
optical parametric oscillators (OPOs). However, chip-scale integration of low-loss x® materials remains challenging
and limits the threshold power of on-chip x® OPO. Here we report an on-chip lithium niobate optical parametric oscil-
lator at the telecom wavelengths using a quasi-phase-matched, high-quality microring resonator, whose threshold power
(~30 W) is 400 times lower than that in previous x® integrated photonics platforms. An on-chip power conversion
efficiency of 11% is obtained from pump to signal and idler fields at a pump power of 93 pW. The OPO wavelength
tuning is achieved by varying the pump frequency and chip temperature. With the lowest power threshold among all
on-chip OPOs demonstrated so far, as well as advantages including high conversion efficiency, flexibility in quasi-phase-
matching, and device scalability, the thin-film lithium niobate OPO opens new opportunities for chip-based tunable
classical and quantum light sources and provides a potential platform for realizing photonic neural networks. © 2021
Optical Society of America under the terms of the OSA Open Access Publishing Agreement

https://doi.org/10.1364/OPTICA.418984

1. INTRODUCTION

Second-order-nonlinearity (x'*)-based optical parametric oscilla-
tors (OPOs) are critical sources of coherent radiation over a wide
spectral range and have been workhorses for spectroscopy in the
near- and mid-infrared regimes [1-3]. They are also widely used as
non-classic light sources for applications in quantum information
processing, including quantum random number generation, quan-
tum key distribution, and recently demonstrated Ising machines
[4-7]. Microcavity-based OPO has been particularly attractive
due to its miniaturization and power efficiency. With ultrahigh
optical quality (Q) factor of 107 —10® afforded by the whispering-
gallery-resonator (WGR) system, low-threshold OPOs have been
achieved in various bulk WGRs [8—14], especially the highly
polished lithium niobate (LN) WGRs with x® nonlinearity.

Opver the past decade, the demand for scalability in photonic
components has stimulated efforts to produce on-chip OPO via
the x® nonlinearity [15], however, whose threshold power is
tens of milliwatts and remains orders of magnitude larger than
state-of-the-art value (6.7 W) of lithium niobate WGR [10].
Hence, low-threshold and scalable X(z) OPO remains challenging.
Recently, thin-film LN has emerged as a compelling integrated
nonlinear and quantum photonics platform whose favorable
performances, including electro-optic modulation [16-18], super-
continuum generation [19,20], Kerr frequency comb generation
[21,22], frequency conversion [23—26], and entangled photon pair
generation [27,28], have by now been well demonstrated.
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In this Letter, we first demonstrate an ultralow-threshold,
chip-integrated OPO using a periodically poled lithium niobate
microring resonator (PPLNMR). With high optical confinement
and strong spatial mode overlap via the quasi-phase-matching,
a threshold power as low as 30 W is demonstrated for the para-
metric oscillation at the infrared band, which is a state-of-the-art
value reported among all current integrated photonics platforms.
Meanwhile, an absolute power conversion efficiency of 11% is
obtained for the combined signal and idler waves at a pump power
0f 93 uW. The OPO wavelength tuning is investigated by varying
the pump frequency and chip temperature. A tuning bandwidth
of 170 nm is addressed through a small change of 5 nm in pump
wavelength. Alternatively, with a fixed pump mode, the tempera-
ture tuning is implemented for fine control of the signal and idler
output wavelengths from a widely separated (230 nm) case to
the degeneracy. Overall, low threshold, wide tunability, as well as
flexibility in phase-matching by domain poling make thin-film
LN OPO the ideal candidate for compact, versatile light sources
for various on-chip optical applications such as sensing, frequency
comb spectroscopy, and quantum squeezers.

2. DEVICE DESIGN AND FABRICATION

Figure 1(a) illustrates the principle of our lithium niobate
microring OPO device, in which the %@ -based parametric
down-conversion process allows the generation of the infrared sig-
nal and idler lights with a near-visible pump. @, /; /w; represent
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Fig.1.

Design and fabrication of a quasi-phase-matched optical parametric oscillator. (a) Illustration of the parametric oscillation using a x® PPLNMR.

Signal and idler lights at the telecom wavelengths are generated by a near-visible pump. w,, @, , and w; represent frequencies for the pump, signal, and idler
lights, respectively. (b) Scanning electron micrograph of a PPLNMR mock-up etched in hydrofluoric acid. (c) Schematics of the mode frequencies (denoted
as Wy, , Wy, » and w,, s respectively) and their respective transmission spectrum with the extracted Q values shown in the inset. The subscripts 0, 1 represent
the intrinsic and coupling Q factors, respectively. The discrepancy between the photon and resonance frequencies is the frequency detuning, which could be

writtenas 8, /s /i = W,/ /i — Oy

the pump/signal/idler photon frequencies with their energy
conservation (@, = @, + ;) shown in the inset. When the phase-
matching and triply resonant conditions are satisfied for these three
optical modes, the parametric process would be enhanced by the
high-Q resonator. The theoretical pump power threshold Py, for
parametric oscillation could be obtained when the optical loss and
parametric gain are balanced [15]:

_ h&/qlci/c; _ hwja)iw; Q1
64> QQ QL

where g is the vacuum coupling strength between the three inter-
acting modes, Q(k); i/, is their respective loaded Q factor (total
dissipation rate), and Q(«),.1 is the coupling Q factor (external
dissipation rate) of the pump mode. Therefore, a large g and high
Q factors are always beneficial to reduce the OPO threshold power.

In the microring resonator, the coupling rate ¢ is depen-
dent on the material x® coefficient and modal overlap factor
y through the relation g oc x®y [25]. Here, to optimize g,
we utilize the largest x® tensor element 33 of z-cut LN thin
film, and we also improve the mode overlap factor y close to
unity by employing fundamental transverse-magnetic (TM)
modes. In contrast to previous study of on-chip OPO in an
AIN platform [15], where the high-order mode is leveraged to
compensate the dispersion at the visible wavelength, we realize
the quasi-phase-matching (momentum conservation) between
fundamental TM modes via the radial periodic poling of the
LN microring. An azimuthal grating number M = 146 (poling
period A =27 R/M =3 um) is designed to compensate for the
momentum mismatch Am = |m; + m; — m,| for the parametric
oscillation at 1550 nm with a pump at 775 nm (see Supplement 1,

Py, (1)

o ng Kp,l

Section 1 for device design details). Figure 1(b) is a scanning elec-
tron micrograph of a fabricated PPLNMR mock-up etched in
hydrofluoric acid, revealing a high-fidelity periodic domain poling
(see Supplement 1, Section 2 for the fabrication details). The cavity
transmission spectra of the signal, idler, and pump modes for the
subsequent OPO are plotted in Fig. 1(c), where Lorentzian fittings
are applied to extractloaded Q factors 0f 2.9 x 10°,2.2 x 10°,and
3.7 x 10°, respectively. Their intrinsic Q factors are calculated to
be 3.6 x 10%, 3.9 x 10°, and 5.9 x 10 at under-coupled condi-
tions, which are confirmed by measuring the dependence of loaded
quality factor on the coupling gap in an array of fabricated devices.

3. RESULT AND DISCUSSION

When pumping the device by a near-visible tunable laser (New
Focus TLB-6712, 766-781 nm), the parametric oscillation at the
infrared wavelengths could be observed if the pump power exceeds
the threshold. In practice, due to the frequency detunings induced
during the fabrication process, as indicated in Fig. 1(c), the OPO
threshold rises to Py, - (1 + 8%/k;k,) even for a resonant pump
(w, =wm/)), with § = Oy = Wiy — Wy, being the resonance
frequency mismatch [29]. By controlling the chip temperature to
adjust 8 and varying the pump power, the parametric oscillation
with the lowest threshold is observed when the device is pumped at
the resonance near 774.1 nm at an optimal temperature of 125°C
(see Supplement 1, Section 3 for the temperature optimization
details). The measured on-chip OPO power P, and absolute
power conversion efficiency, defined as n = P,/ P,, are plotted
against the on-chip pump power with the red circles and aster-
isks in Figs. 2(a) and 2(b), respectively. A threshold power Py,
of 30 £ 1.5 uW is identified and corresponds to an intracavity
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Fig. 2. Power dependence of the PPLNMR-based OPO. (a) The
experimental (red circles) and theoretical (solid line) on-chip infrared
power versus on-chip pump power for the parametric oscillation process.
An example snapshot of off-chip pump (blue) and parametric oscillation
(red) spectra after the device are shown in the inset. (b) On-chip conver-
sion efficiency of pump to both signal and idler fields versus pump power,
where a theoretical fit (solid line) is applied. Error bars are deviations con-
sidering a coupling fluctuation of 2% and 5% for the respective infrared
and near-visible light.

o

pump photon number of ~5.4 x 10%. The parametric oscilla-
tion spectrum at a pump power of 120 W is recorded using an
optical spectrum analyzer (Yokogawa AQ6374, 350-1750 nm),
where distinct signal and idler waves are resolved at 1529.7 and
1568.4 nm, respectively, as shown in the inset. Based on the
microring geometry, the azimuthal numbers of the corresponding
pump, signal, and idler modes were respectively simulated to be
m, = 1196, m; = 534, and m; =516, whose momentum mis-
match is successfully compensated by a radial poling structure with
M = 146 as designed. To capture the OPO spectrum, the laser-
cavity locking is achieved by approaching the resonance from the
red-detuned side, similar to the process discussed in Refs. [30,31]
Substituting the measured threshold and Q factors [Fig. 1(c)]
in Eq. (1), we extracta g /21 of 1.18 £ 0.03 MHz, consistent with
the value obtained via the independent second-harmonic gener-
ation (SHG) measurement [26]. Theoretically, the power of the
signal and idler OPO emission under the triply resonant condition

could bederived as [15]

2 Qs 2 Qi ) Qp
P = ) 22 p (JP Pe—1). (@)
+ <Q:,1 Qi,l prl th ( p/ th )

The theoretical predictions (solid black lines) based on Eq. (2)
are plotted in Figs. 2(a) and 2(b) and match well with the experi-
mental data (red symbols). With an elevated on-chip near-visible
pump power of 93.0 uW, we record an off-chip infrared power

of 1.5 pW corresponding to an on-chip OPO power of 10.5 pW,
which further translates to a conversion efficiency n of 11%
[Fig. 2(b)]. According to Eq. (2), the conversion efficiency
reaches its maximum on the condition that P, = 4Py, where
Mmax = (2Q, / Qs 1 +2Qi/ Qi 1)(Q,/ Q1) /4. The efficiency
depletion at the high-power regime is mainly attributed to the
back-conversion of the signal and idler fields. Different coupling
conditions could be adapted by varying the gap between the bus
waveguide and microring for various applications. For example,
a Nmax of 0.25 is derived with the assumption that all three inter-
acting modes are critical coupled, while a strong over-coupling
condition provides a 7. approaching unity. In our case, the
under-coupling condition provides an ultralow threshold of
30 uW, though it limits our current npya to 11%. During the
measurement, we observe that subsidiary peaks appear due to the
cascaded second-order nonlinearity, and third-order nonlinear
effect starts to kick in when we drive the device at higher pump
powers. These lead to the power jump and Pockels microcomb
generation due to the competing second- and third-order optical
nonlinearities, which we are actively investigating and will be
discussed in a future work.

We further verify the feasibility of our ultralow-threshold OPO
in wavelength tuning over a large spectrum range, which promises
flexible coherent optical sources for future on-chip applications. It
is well known that, in the microring resonator, the phase-matching
condition could be satisfied simultaneously by many signal-idler
mode pairs, with their wavelength difference increasing at inter-
vals of 2 times the free spectral range (FSR) for given pump mode
and temperature. However, due to the inherent dispersion, the
frequency mismatch § varies for different mode pairs, and only one
pair of modes oscillates with the lowest threshold. Therefore, we
investigate the tuning of signal and idler wavelengths by varying
the resonator temperature as well as the pump mode number.

As indicated by the solid colored lines in the middle panel of
Fig. 3, the theory predicts that the quasi-phase-matched signal and
idler wavelengths could be continuously tuned as a function of the
pump wavelength and the chip temperature (see Supplement 1,
Section 1 for the simulation details). However, due to the con-
straint of the resonant condition, we could only experimentally
access discrete points on these lines as marked by the red circles. On
the one hand, the pump wavelength tuning provides discrete and
relatively large OPO tuning step limited by the FSR. For a given
temperature, the spectral separation between the signal and idler
increases with the decreasing pump wavelengths. Asan example, by
fixing the operation temperature at 125°C, the OPO wavelength
could be tuned from 1460 to 1630 nm, with a pump wavelength
change of 5 nm. The detailed spectra are plotted on the right panel,
whose signal and idler wavelengths are mapped to the middle
panel (red circles) and show good agreement with the theoretical
predication (solid lines). On the other hand, precise wavelength
tuning could be achieved by utilizing the thermo-optic effect of
the LN microring. As indicated in the blue shaded region of Fig. 3,
for a given pump mode, the thermal tuning allows for the fine
control of the signal and idler wavelengths from a widely separated
situation to the degeneracy. With a pump around 770.5 nm, the
measured OPO spectra at various temperatures are plotted on the
left panel. The signal and idler wavelengths are tuned from 1430 to
1670 nm by varying the temperature between 100°C and 140°C,
including an degenerate case demonstrated at an optimal tempera-
ture around 140°C. Here the tuning range is mainly limited by the
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Fig. 3.

OPO wavelength tuning by varying both the temperature and pump wavelength. Middle panel: simulated (solid lines) and measured (circles)

OPO wavelengths versus the pump wavelength at various temperatures. As an example, the right panel plots the recorded spectra with different pump wave-
lengths at 125°C. The left panel indicates the occurrence of degenerate parametric oscillation by varying the temperature.

Table 1. Performances of Various Nonlinear Integrated Platforms for Microcavity-Enhanced Parametric Oscillation
Nonlinear Process ~ Materials  #,  x® (107%m?/W)  x? (pm/V) i, —A,—1;(nm) Q(x10°)  Py(mW) Ref.
x@ LN 2.2 0.18 40 770-1430-1670 0.6 0.030 this work

AIN 2.1 0.23 6 780—1480-1650 1.0 12 [15]

x® SizNy 2 0.25 — 1560-1550-1570 13.8 0.073 [46]
900-700-1400 2.5 0.90 [32]

Si0, 1.4 0.022 — 1550-1560-1570 100 0.050 [47]

1549-1548-1550 1100 0.95 [48]

Si 3.5 10 — 2600-2500-2700 0.6 3.1 [49]

AIN 2.1 0.23 6 1560-1530-1590 1.6 25 [36]

LN 2.2 0.18 40 1560-1540-1580 1.1 80 [21]

GaP 3.1 11 82 1560-1540-1580 0.2 3.0 [50]

AlGaAs 3.4 26 240 1540-1520-1560 1.5 0.036 [51]

SiC 2.7 1 24 1560-1525-1595 1.1 8.5 [52]]

dispersion. In principle, it could be further extended by tailoring
the device geometries for the dispersion engineering [32]. Overall,
our OPO device has shown good potential to realize the relatively
precise control of oscillation wavelengths over a broad range by
combining pump wavelength and temperature tunings. Noting
that the demonstrated wavelength tuning is broad but inherently
discrete, continuous tuning (mode-hop free) is always demanding
and remains to be investigated. The thermal tuning has proven to
access tens of gigahertz (GHz) continuous tuning range [33]. By
cascading multiple microrings with varying device geometries on
one single bus waveguide [34,35], in cooperation with the thermal
tuning, the ultimate tuning range of multiple resonators could
possibly overlap and cover one single FSR continuously.

Finally, we compare the performances of various integrated
platforms, including both the x® and x ® mechanisms, for their
respective state-of-the-art cavity-enhanced OPOs in terms of the
material, refractive index 7, nonlinear coefficients, device struc-
ture, operating wavelengths (extracted from the situation in which
signal and idler have the widest separation), Q factor, and threshold
power as presented in Table 1.

Theoretically, Py, o< 1/ Q? for the x® OPO [36]. However,
in the case of the x® process, Py ox 1/Q? [Eq. (1)]. Therefore,

to reach the same threshold, the x® OPO has a less stringent
requirement on its Q factor. Despite the fact thatsilicon photonics,
including Si, Si3zNy, and SiO,, have much higher Q factors due
to their mature fabrication techniques, the demonstration in this
work, to the best of our knowledge, delivers the lowest thresh-
old power among all on-chip OPOs so far. Moreover, due to the
three-wave-mixing nature, the x@ OPO offers broader spectral
separation between the pump and signal (idler) fields intrinsi-
cally, which promises for sufficient on-chip filtering. We note that
piezoelectric III-V materials, such as Al(Ga)N, (Al)GaAs, and
Gab, feature both significant x® and x® nonlinear coefficients,
while relying on challenging waveguide geometrical engineer-
ing to achieve modal phase matching between fundamental and
high-order modes, which limits their OPO performance as well as
operation wavelengths. Overall, the periodically poled thin-film
lithium niobate microresonator prove to be an efficient OPO
with the lowest power threshold. In addition, due to its flexibility
in ferroelectric domain control for quasi-phase-matching and
greatly enhanced light-matter interaction afforded by its high
effective x® nonlinearity and Q factor, our device on a integrated
photonic chip opens new possibilities for various applications,
and alternative device designs could be envisioned based on target
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applications. Firstly, the PPLNMR device promises chip-based
tunable classical and quantum light sources. For example, the
poling grating number M could be tailored to realize parametric
oscillation at the mid-infrared wavelengths for molecular spec-
troscopy [37]. Over-coupling the degenerate signal modes could
lead to efficient on-chip squeezers, which play a crucial role in con-
tinuous variable quantum information processing [38]. Second,
due to the multiple modes and nonlinear optical processes present
in the same device, the OPO dynamics could be an indicator for
novel physics of light—matter interactions in the microresonator
[39]. For example, inspired by the recent demonstrations on AIN
microrings [40] and LN WGRs [41,42], an ultra-efficient Pockels
soliton microcomb could be foreseen in the same device with the
efforts of coordinating its Kerr, quadratic, and photorefractive
effects [31,43]. Lastly, by coupling several PPLNMRs, significant
nonlinear interplay between the OPOs offers an platform for
realizing photonic neural networks and Ising models, which find
applicationsin artificial machine learning [44,45].

4. CONCLUSION

In conclusion, we demonstrate x? optical parametric oscillation
in lithium niobate nanophotonics. Leveraging the high optical
confinement as well as optimized quasi-phase-matching condi-
tion, an ultralow power threshold (30 WW) of optical parametric
oscillation is obtained, and an on-chip conversion efficiency of
11% is measured with an on-chip pump power of 93 pW. The
tunability of the OPO wavelengths is also investigated via the
pump-wavelength and temperature tuning, and the experimental
results indicate a wide tuning range. By further pushing the Q fac-
tor to that of bulk LN WGRs, approaching 108, a pump threshold
down to several picowatts could be attainable in PPLNMR devices,
allowing the study of OPO at a few-photon level and critical for
the scalability of photonic quantum systems. In light of the most
recent works on near-octave comb generation, efficient SHG, and
bright photon pair generation, PPLNMR devices hold promise for
chip-based tunable coherent light sources as well as the monolithic
realization of nonlinear and quantum photonics.
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