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Entangled photon pairs from spontaneous parametric down-conversion (SPDC)*
are central to many quantum applications® . SPDCis typically performed in non-
centrosymmetric systems’ with aninherent second-order nonlinearity (y?)5°.

We demonstrate strong narrowband SPDC with an on-chip rate of 0.8 million pairs
per second in Si;N,. Si;N, is the pre-eminent material for photonic integration and
also exhibits the lowest waveguide loss (which is essential for integrated quantum
circuits). However, being amorphous, silicon nitride lacks an intrinsic y?, which limits
itsrolein photonic quantum devices. We enabled SPDC in Si;N, by combining strong
light-field enhancement inside a high optical Q-factor microcavity with an optically
induced space-charge field. We present narrowband photon pairs with a high spectral
brightness. The quantum nature of the down-converted photon pairs is verified
through coincidence measurements. This light source, based on Si;N, integrated
photonics technology, unlocks new avenues for quantum systems on a chip.

Since its demonstration’, spontaneous parametric down-conversion
(SPDC) hasbeen widely used to generate entangled photon pairs fora
range of applications? ®. Traditionally, non-centrosymmetric’ materials
with a strong second-order nonlinearity y* have been used for SPDC.
The advent of thin films of non-centrosymmetric materials has made
SPDC possible in integrated photonics. For example, on-chip wave-
guides in lithium niobate®’ and aluminium nitride' enable quantum
light sources at smaller footprints, and their fabrication uses scalable
methods. Alongside non-centrosymmetric systems, it has also been
possible toinduce an effective y® inamorphous systems with the pho-
togalvanic effect. Historically, thisapproach was first demonstratedin
optical fibres" where second-harmonic generation (SHG) was observed.
More recently, aphotogalvanic-induced y*® has also been observed in
Si;N, waveguides and used to generate efficient SHG'> ¢, Also, SPDC at
low photon flux rates has been observed in Si;N, waveguides”.

The relatively weak nature of the photogalvanic-induced x®, com-
pared to non-centrosymmetric systems, poses a challenge for its appli-
cation to SPDC. Nonetheless, if overcome, SPDC in the Si;N, system
would offer an unparalleled capability for photonic integration, includ-
ing the heterogeneous integration with active components'®*’, More-
over, the recent development of Si;N, waveguides with an ultra-low
optical loss?** makes this platformideally suited for both the transport
of quantum states on-chip and the seamless (that is, nearly lossless)
coupling of these waveguides to an efficient SPDC source.

To overcome the weak second-order nonlinearity, weimplemented
SPDCinhigh quality factor (high-Q) Si;N, resonators. We achieved pair
generation rates of up to 0.8 million pairs per second on-chip at ahigh
spectral brightness. Furthermore, the associated resonance linewidths
ensured that the SPDC was narrowband, so that the photon-pair source

could be applied inapplications such as quantum memory**and entan-
glement swapping®* without the need for alossy spectral filter. Signifi-
cantly, this generation rate was attained with an on-chip pump power of
only1.5 mW, alevelthatisreadily attainable using semiconductor lasers
heterogeneously integrated to the Si;N, SPDC device™. To confirm the
quantum nature of these down-converted photons, we performed
coincidence measurements, finding a coincidence-to-accidental ratio
ranging from 50 to 2,500 depending upon the on-chip pump power.
We also describe a transient behaviour in the SPDC process, which
requires a periodic refresh of the photogalvanic effect.

SPDCinsilicon nitride

Figure 1a,b illustrates the preparation and application of the SPDC
process in a high-Q Si;N, microresonator with an effective x®. First,
780 nm (near-visible) pump photons enter the microresonator and
interact withaspatially varying y*® to produce 1,560 nm (near-infrared)
photon pairs through SPDC. The pump and SPDC photons are resonant
inthe cavity, and the resulting resonant enhancement makes it possi-
ble toleverage the relatively weak x® to realize significant photon-pair
generation rates. Moreover, the processis quasi-phase-matched, but
unlike conventional quasi-phase-matching in which lithographically
defined electrodes are required to write domains through the appli-
cation of an external electric field, quasi-phase-matching was per-
formed without lithography through anall-opticalinduction process
referred to as all-optical poling™*>%. This process writes a periodic
space-charge field through the photogalvanic effect, and this field in
combination with the third-order Kerr effect (y* nonlinearity) induces
an effective ' that reverses sign periodically to quasi-phase-match
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Fig.1|Principle of photogalvanic-induced SPDC. a, Depiction of the formation
of aperiodicspace-charge gratinginaSi;N, microresonator. Inputlightat w
(1,560 nm) is coupled into the resonator, and aninitial weak second-harmonic
signalat 2w (780 nm) is generated through symmetry breaking, for example,
atthe waveguide-claddinginterface®. The co-propagatinginputlight and
second-harmonicsignalinduce a periodic space-charge distribution. The
resulting electric field combined with the inherent x® of Si;N, creates an
effective y', thereby further enhancing the second-harmonicsignal.

b, Depiction of SPDCin a Si;N, microresonator. After the space-charge grating
forms (a), pump light at 780 nmis coupled into the resonator and near-infrared
entangled photon pairsare generated by SPDCat1,560 nm. The lasers (both
1,560 and 780 nm) and resonators can be integrated on asemiconductor

the SPDC process. For a high-Qresonator, itis only necessary that the
pump and subharmonicresonances are frequency aligned by tuning
the temperature of the resonator. Figure 1a illustrates the resulting
optically induced y® inside asilicon nitride microresonator. Further
details of the photogalvanic process are provided in the caption of
Fig.la-e.

SPDC photonspectra

The resonator uses Si;N, waveguides cladded with silica. The waveguide
core (5 pum wide and 0.1 um thick) was multimode. This wider dimen-
sionreduced theloss and boosted the Qfactor. The free spectral range
(FSR) of theresonator was 35 GHz. Two different waveguide-resonator
couplers were used to couple 1,560 and 780 nm light (Fig. 1a-c). The
pumping and fundamental coupler waveguides had designs with
slightly different geometries to ensure coupling to the fundamental
mode of the resonator. The Q factors of the near-infrared mode and
the near-visible mode were retrieved by fitting the linewidth of the
Lorentzian transmission when a laser was scanned across the reso-
nance of the cavity. The measured Qfactors are shownin Fig. 2a. After
establishing an operating temperature at which frequency-matching
occurs between the near-visible and near-infrared modes, the on-chip
near-infrared pumping power of 60 mW produced a second-harmonic
signal through the build-up of the photogalvanic x?. The concomitant
SHG achieved an efficiency of 650% per watt. Details of the set-up and
characterization of the SHG are included in the Methods.
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photonic chip. c, Photograph of asection of the 8-inch wafer showing the many
Si;N, resonators used in this work (highlighted region). d, The photogalvanic
processrelies upon two-photon transitions (780 nm) and three-photon
transitions (one 780 nm photon and two 1,560 nm photons) that occur
simultaneously inSi;N,. Quantuminterference** of these two processes breaks
the symmetry and creates a field thatinduces drifting by the conduction
electrons generated by the absorption process. e, Diagram of the charge
distribution with respect to the phase of two optical signals along the
propagationdirection. The net space-charge accumulation is proportional to
the phase difference between two optical frequencies (¢,, — 2¢,,). This space-
charge distribution and the resulting electric field quasi-phase-match the
momentum difference for SHG. Scale bar, 5 mm.

Oncetheeffective y® was created, the resonator was pumped at the
near-visible mode to generate SPDC using a continuous-wave laser.
The down-conversion signal was collected through the 1,560 nm
port. Beneficially, the 1,560 nm coupler also served as afilter that sup-
pressed coupling of the 780 nm pump light with a high extinctionratio
of 60 dB. The spectral distribution of the SPDC light was measured
using a high-sensitivity spectrometer (Fig. 2b). The results are shown
in Fig. 2c. The measured spectra were integrated over 10 s, and the
indicated photon count rate is on-chip.

The down-conversion process can be either degenerate or non-
degenerate depending on the frequency-matching condition, which
is controlled by the chip temperature. Degenerate down-conversion
happened when the near-visible mode frequency was exactly twice the
frequency of the near-infrared mode, the same condition as for SHG. By
increasing the temperature away from the second-harmonic matching
frequency, the near-visible mode frequency mismatched the central
near-infrared mode (data in Fig. 2c), resulting in down-conversion to
non-degenerate modes. However, because of the second-order disper-
sion, the down-conversion process experienced a gradual frequency
mismatchwith increasing amounts of non-degeneracy (the signal and
idler modes become more spectrally separated). This frequency mis-
match is given by w,, + w_,, — 2w, = m*D,, where w, is the near-infrared
frequency of perfect matching with the pump frequency,andw,,and w_,,
arethe frequencies of the signal and idler modes, with marelative mode
number such that w, corresponds tom = 0. Also, D, is the second-order
dispersion coefficient. The spectral locations of the signal and idler

Nature | Vol 639 | 27 March 2025 | 923



Article

a 1.0 C
40l —— 234°C
—— 23.7°C
- 0.8 o 24.2 °C
2 £ sor 24.7°C
o 06 o ’
& € 25.2°C
3
g 04 8 20} —— 257°C
= c
02l Visible mode | Near-infrared %
' Q, = 2.2 million Q, = 13.9 million £
ol | | | | | | | |
-200 -100 0 100 200 -50 -25 0 25 50
Frequency (MHz) Frequency (MHz)
Wavelength (nm)
b e ____ d
/
| - ~ oL ® Measurement
Near-infrared | 8 ) —— Theory
photon pairs \ I o
SiN resonator Liquid ‘E 25— \ /
\ / nitrogen o)
Visible pump | cooling g— \ /
. 0 Qo4
ECDL N \'\./
Spectrometer 23 | | |
1,540 1,550 1,560 1,570

Fig.2|Experimental results for photon-pair generation. a, Measurements
of resonator Qfactors for the near-visible (left) and near-infrared (right) modes.
Blue traces are measurements, and red traces are the theoretical fit. Q, stands
forloaded Qfactor. b, Experimental set-up for SPDC spectral measurements.

A 780 nm external-cavity diode laser pumps the resonator, and SPDC photons
areanalysed by aliquid-nitrogen-cooled high-sensitivity spectrometer.

waves versus temperature are plotted in Fig. 2d. Amodel (black curvein
Fig.2d) based on frequency tuning versus temperature measurements
and measurements of the second-order dispersion agrees well with this
data. Details of the model and measurement are givenin the Methods.

Wavelength (nm)

¢,SPDC photonspectrameasured at several chip temperaturesas giveninthe
legend. d, Measured wavelength-temperature dependence (dots) is plotted
alongwith the theoretical calculationbased on thermal frequency tuning. ECDL,
external-cavity diodelaser; PC, polarization controller; PD, photodetector;
LN2, liquid nitrogen.

The continuous-wave pump and the narrow linewidth of the resona-
torensured that the signaland idler photons were spectrally separable,
provided that the phase-matching restricted emission into a single
idler and single signal mode resonant frequency. This occurred for
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Fig.3|Second-order quantum-correlation measurement.a,b, Illustration
ofthe measurement set-up showing degenerate (a) and non-degenerate (b)

cases. ¢, Measured g for the degenerate SPDC case through elf-correlation.
d, Measured g® for the non-degenerate SPDC case through cross-correlation
ofthe signalandidler photons. e, Measured g?(0) of non-degenerate SPDC at
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different pump powers. The red open circles show the g?(0) at different
detector countrates, and the blue curveis aninverse proportional fit. Insets,
g2(0)=2.530 was obtained with a17.2 kHz on-chip photon-pair generation
rate, and g?(0) = 52.8 was obtained with a 795 kHz on-chip pair generationrate.
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Fig.4|Measured SFWMand SPDCbrightness and loss performance
comparison. The results achieved in this work are compared with other
integrated quantum photonics platforms using two metrics, waveguide optical
loss and source brightness®%1730354 Thesource brightness metric hasbeen
frequently used in this context. The waveguide loss metricis of critical
importance for integrated quantum systems as itimpacts quantum state
transportacross the semiconductor chip. The brightness was calculated from
the maximumreported pair generation rate divided by the spectral span (from
theresonator total quality factor). The waveguide loss was estimated from the
resonator intrinsic quality factor, if not reported. The plot shows both SFWM

the two cases presented in Fig. 2c (orange and red lines for tempera-
tures of 25.2 and 25.7 °C). As discussed in the Methods, the resonator
second-order dispersion as well as the resonator linewidth (or, cor-
respondingly, the optical Q factor) can be used to ensure the single
idler and signal condition for spectral separability. Most notably, the
use of alarger FSR resonator (over 74 GHz) would guarantee this con-
dition for all cases. Conversely, multimode frequency-bin entangled
sources can be useful for encoding information when photon pairs
are generated across seveal cavity resonances (dark blue and light
blue traces in Fig. 2c)*. Nonetheless, in the current resonator design,
several simultaneous pair wavelengths can occur due to second-order
dispersion.

Quantum nature of the down-converted photons

The quantum nature of the SPDC photon pairs was verified by measur-
ing the second-order correlationg®. Experimentally, down-converted
photons were detected by superconducting single-photon detectors
(SNSPDs) manufactured by ID Quantique. Both degenerate SPDC
(Fig. 3a) and non-degenerate SPDC (Fig. 3b) were studied by adjust-
ingthe temperature of the resonator. Inthe degenerate case, a spectral
filter with a10-GHz bandwidth selected only the centre mode, and
the filtered photon-pair stream was passed through a 50/50 coupler
before being detected by the SNSPDs. Inthe non-degenerate case, the
signal and idler photons (typically separated by tens of nanometres)
were selected with two 10-GHz-bandwidth spectralfilters before being
detected by the SNSPDs. Inboth cases, the second-order correlation was
measured by counting the two-photon coincidence rates at different
delay times for the two optical paths.

(red points) and SPDC (blue points) processes. The pump powers used in the
references are as follows: 1.5 mW (this work), 13.4 pW (ref. 8), 0.45 mW (ref.9),
2.3 mW (ref.10),0.43 mW (ref.17),0.45 mW (ref. 30), 25 pW (ref. 35), 60 pW
(ref.36),2.0 mW (ref.37), 6.2 mW (ref. 38), 22 uW (ref. 39),1.2 pW (ref. 40) and
0.33 mW (ref. 41). Inset, conceptual figure for anintegrated photonic SPDC
source featuring asingle integrated near-infrared (telecom) DFB pump that
isfrequency-doubled (SHG) by a high-QSi;N, resonator to provide the near-
visible pump for a high-QSi;N, resonator SPDC source. DFB, distributed
feedbacklaser; FH, first harmonic; NIR, near-infrared; SH, second harmonic.

The two cases were first studied at a relatively low pumping power
of 50 pW (on-chip). Measurements of g2 versus the time delay for the
degenerate and non-degenerate cases are presented in Fig. 3¢,d, respec-
tively. The data were fitted (blue and green curves) using the theo-
retical results gféeneme =1+ (1/4Rt)exp(-7/7) and gr(lf)’n_degenerate =
1+ (1/2Ry)exp(-1/7) for cavity-enhanced SPDC'*%. In these expres-
sions, R is the photon-pair generation rate, 7, is the loaded cavity
lifetime and ris the delay between two detectors. The data fit gave
cavity lifetimes of 11.2and 11.9 ns for Fig. 3¢,d, respectively, which are
ingood agreement with the lifetime of 11.5 ns obtained from the 13.9
million cavity Q measurement. Moreover, the fitted on-chip pair gen-
eration rateswere 35and 33 kHz, respectively. These should be com-
pared with the measured detector count rates of 3.7 and 3.4 kHz for
Fig.3c,d, respectively. Accounting for the 9.8 dB chip to detector loss,
these measurements are in good agreement with the fitting to
theory.

In Fig. 3e, we examine the relation between g®(0) and the photon-
pair generation rate R. A larger generation rate reduced g®(0)
because there was a higher probability of detecting uncorrelated
photons. The observed inverse relationship of g?(0) on genera-
tion rate is consistent with the theory. g?(0) values spanning from
53 t0 2,530 were measured. These values correspond to detector
count rates from as high as 80.2 kHz (1.5 mW on-chip pump power)
to as low as 1.8 kHz (25 uW on-chip pump power). As an aside, the
80.2 kHz at-detector rate corresponds to a 795 kHz on-chip rate,
whichis an exceptionally strong level for a non-centrosymmetric
material.

During the experiment, we observed that the down-converted
photon flux rate decayed over time. We believe that this was caused
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by washing out of the space-charge distribution by the near-visible
pump. At this wavelength, electrons may be excited to the conduc-
tion band through multiphoton absorption. These free charges
could then drift to neutralize the accumulated charges and thereby
reduce the effective . At 1.5-mW on-chip pump power, the reduc-
tion of pair production for non-degenerate conditions was relatively
slow, taking several minutes to impact the measurement. Moreover,
the generation rate fully recovered when pumping was combined
with a near-infrared signal. Specifically, this decay phenomena did
not occur for SHG when near-infrared and visible light were simul-
taneously present. Details about this behaviour are provided in
Methods.

Discussion and outlook

In addition to SPDC, spontaneous four-wave mixing (SFWM) also
offers excellent performance for pair production on-chip?. Figure 4
compares demonstrated brightness values versus waveguide opti-
cal losses for both SPDC and SFWM. To compare the usable pho-
ton pairs for applications, we considered the maximum reported
photon-pair generation rates in the literature. All the input power
levels required are readily achievable with integrated laser sources®.
Although the photogalvanic-induced x® nonlinearity in our system
is weak, the combination of a high quality factor and high spectral
coherence ensures that the generated photons are tightly centred
within a narrow bandwidth leading to high brightness. Preserva-
tion of the fidelities and interference visibilities of the quantum
states is facilitated during transport by chip integration. Ultra-low-
loss waveguides could improve these metrics over chip-scale dis-
tances, as well as over greater distances, such as for introducing atime
delay.

In contrasting SFWM with SPDC, it can be seen that SPDC requires
anear-visible pump light source. However, in the present Si;N, sys-
tem, the photogalvaniceffect can efficiently generate the SPDC pump
as the second harmonic of a telecom pump'. As aresult, the entire
integrated SPDC system (including pair source and pump) can oper-
ate from asingle telecom semiconductor laser pump in a manner like
that employed for SFWM. This concept s illustrated in the inset of
Fig. 4. Furthermore, SPDC provides excellent pump and photon-pair
isolation (octave-span) because of the intrinsic octave-span nature of
the process. Even though the octave-span separation of photon pairs
from the pump wave is possible in SFWM?*°, phase-matching requires
that the signal and idler photons are widely separated in wavelength.
Besides the non-equivalent optical loss in transporting such widely
separated photon pairs across a chip, integrated components typically
feature very different characteristics over such wide optical spans. As
aresult, the ability of SPDC to generate photon pairs that are both well
isolated from their pump yet still within the telecomband s a possible
advantage.

Insummary, we have demonstrated a strong SPDC process and veri-
fiedits quantum nature in anon-centrosymmetric material. Moreover,
the material, Si;N,, is the dominant photonic material for ultra-low-loss
integration with other photonic devices, including actives such as
11I-V semiconductor lasers’®. The high Q factors give rise to the
concentrated frequency distribution and spectral separability of
the down-converted photon pairs, which are important for interac-
tions with atomic and narrow-linewidth solid-state systems in real
applications. The ability to integrate both pump lasers (780 nm) and
near-infrared lasers (1,560 nm) with the SPDC cavity also provides a
way to refresh the space charge to ensure that the system can work
repetitively. Integration with other components will also enable more
complex systems on-a-chip that rely upon the SPDC process. Overall,
the addition of the SPDC process to the suite of capabilities provided
by Si;N, offers significant opportunities for the photonic integration
of quantum systems>®"*2,
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Methods

Effective x® creation through SHG

To induce an effective y® and simultaneously quasi-phase-match the
down-conversion process, aspace-charge grating was created using the
experimental set-up shownin Extended Data Fig. 1a. The temperature
ofthe microresonator was carefully controlled to frequency-match the
visible mode and the near-infrared cavity mode. These frequencies were
monitored using a near-infrared band tunable laser (1,560 nm) that was
frequency-doubled using a periodically poled lithium niobate crystal.
Once thiswas done, the frequency of the near-infrared laser was tuned
tothe cavity resonance. A periodic space-charge field then built up and
generated second-harmonic power, as described elsewhere’®. A steady
state was achieved within afew seconds, and the grating persisted for a
long time without the external excitation. The second-harmonic power
conversion efficiency and x® strength were then characterized using
alower-power near-infrared pump power, as shown in Extended Data
Fig.1b. We observed an11-mW on-chip 780 nm second-harmonic signal
when 41 mW of1,560 nm laser power was launched into the waveguide.
This corresponds to asecond-harmonicefficiency () of 651% per watt.
We believe this value is limited by saturation of the second-harmonic
process and the presence of cascaded sum-frequency generation to
520 nm (ref. 42).

For comparison, the second-harmonic efficiency can also be esti-
mated from the measured photon-pair generation rate R and visible
(780 nm) pump power P, in the SPDC process'®:

K1131,L
R=2"7
8Kig e

’IPvis' (1)

where k, (kir ) is the loaded (external) cavity loss rate of the near-
infrared mode. At 1.5-mW on-chip pump power, the photon-pair gen-
eration rate was measured as 800 kHz. Using the above expression
and opticalloss rates from the main text, the calculated SHG efficiency
n=624% per watt, in close agreement with the above measured value.
As an aside, we expect that this calculation underestimated the peak
SHG efficiency, because, as noted in the main text, the charge distri-
bution faded away in the presence of the 780 nm pump (see Methods
for more details). In particular, the 800 kHz rate was recorded a few
minutes after the 780 nm pump had been coupled into the resonator,
and the charge distribution would, therefore, not be as strong as the
initial state. Overall, the agreement of these two inferred efficiency
values might be fortuitous in view of the experimental uncertainties.

SPDC spectral measurements

We used a alow-noise liquid-nitrogen-cooled spectrometer for the
spectral measurements (PyLoN IR1024-1.7). It had aquantum efficiency
of more than 75%. The spectrometer had a300 lines per millimetre grat-
ing (1.2 um blaze) and an efficiency of more than 50% for wavelengths
below 1,600 nm.

Temperature dependence of the photon-pair wavelengths

The wavelengths of the generated photon pairs are determined by the
frequency-matching condition between the visible pump mode and the
near-infrared-band mode family. To determine this matching condition,
the dispersion of the near-infrared mode family was first measured
using a calibrated Mach-Zehnder interferometer in combination with
awavelength-tunable laser*. The resonant frequency w,, of mode m
canbeapproximated as a Taylor series relative toamode at w, defined
to have arelative mode number m = 0:

1., 1 ;
W@y = 0o+ Dym-+ - Dym +,§2 o, 2)

where D; is the jth-order dispersion coefficient. Specifically, D,/21t
equals the FSR, and D, is the second-order dispersion coefficient

at mode m = 0. As shown in Extended Data Fig. 2a, a second-order
expansion agrees well with the measurements over a range of mode
numbers within a few hundreds of m = 0. The parabolic fitting gives
D,/2m=-863.7 kHz.

The resonant frequency tuning coefficients 6w/6T were directly
measured by varying the temperature of the microresonator chip
using a thermoelectric cooler. The results are shown in Extended
DataFig.2b. Using these measurements, the relative frequency detun-
ing rate (6w,;/ 6T - 26w,z/8T) was determined to be -814.8 MHz K,
where w,;;and w represent the resonance frequency of the near-visible
and near-IR modes respectively. Combined with the negative D, meas-
ured above, the temperature detuning coefficient changed the SPDC
process from degenerate to non-degenerate on changing the resonator
temperature. Accordingly, suppose that the degenerate SPDC process
is frequency-matched to near-infrared mode number m =0 at tem-
perature T, (wyi(To) = 2wo(T,)). Then, using the dispersion expansion
(equation (2)), the non-degenerate frequency-matching condition at
temperature 7 can be written as,

@,is(T) = 0, (T) + 0_,(T) = 200(T) + Dm?, (3)

Dy’ = wyi(T) = 200(T) = (60yis/6T - 260 /6TIT=To).  (4)

where mode numbers +mand —mare therelative mode numbers of the
near-infrared modes involved in the SPDC process. From equation (4)
and using the measured value for w,;/6T - 26w,z/6T, the quadratic
coefficient of the chip temperature as a function of the photon-pair
wavelengthwas calculated to be 0.0131 K nm, which was used to plot
the quadratic functionin Fig. 2d.

Bandwidth of the down-converted photon pairs

In the spontaneous down-conversion process, a few near-infrared
mode pairs can frequency-match with the visible pump mode because
aslight frequency mismatch caused by dispersion can be smaller than
the resonator linewidth. The frequency-matching condition can be
written as:

DZmnzmx - Dzmrﬁin =2Aw, (5

where tm,,, (xm,,,) is the largest (smallest) relative mode number of
the frequency-matched mode pairs, and Aw = w/Q is the full-width at
half-maximum of the near-infrared resonances. Inthe degenerate case,
My = 0. My, is then given by,

Dzm[)zeg,max =2Aw, (6)

Using current resonator values, mp., ., Was calculated to be 5.7, which
is consistent with the dark blue trace in Fig. 2c.

A condition for Mpeg ma =11s given by D, > 2Aw = 2w,/Q where Q is
the loaded cavity Q factor of the near-infrared modes. By rewriting
D, interms of the FSR Avi (hertz) and the waveguide group velocity
dispersion parameter S, (ref. 43), the following design condition for
single-mode SPDC emerges:

sz >L’
QAvgsy ,B,| (7)

where A, and n are the wavelength and effective index of the mode
m=0,respectively. B,isrelatedtoD,as §, = - nD,/cD? and was calcu-
lated to be 540 ps?km™, using the parameters from the previous sec-
tion. ¢ stands for the speed of light in the vacuum. For other values
typical of the ultra-low-loss Si;N, system, this gives QAv;g> >
5.49 x 10" GHZ. Assuming Q = 100 million, which is readily attainable
by this system, Avi; > 74 GHz is sufficient to guarantee single-mode
degenerate SPDC.



Inthe non-degenerate case, the equation can be modified as:

20w =2D,mAm, 8)

where m = (M + Mpin)/2and Am = (M5 — Mpyin)/2.At23.7°C,m =16
and Am was calculated to be 1. This is again consistent with observa-
tions, as for both long and short wavelengths of the spectrum, photon
fluxes were observed in only one neighbouring mode on each side of
the strongest mode. At even higher temperatures, no side peaks were
observedin the spectrum.

£? measurements

Theg®(t) and pair generation rates were measured with a pair of 1.55-pm
SNSPDs with a quantum efficiency of 85% provided by ID Quantique.
Thessignals from the SNSPDs were recorded by aID900 time-to-digital
converter with atemporal resolution of 2 ns.

Temporal degradation of the effective y?
As mentioned in the main text, the SPDC rate was observed to decay
in time. We believe that this results from multiphoton excitation of
conductionband electrons by the 780 nm pump. These electrons would
gradually neutralize the space charge, thereby diminishing the effective
x@. This section investigates the speed of this effect. It is experimen-
tally challenging toreconstruct the decay directly from the SPDCrate,
because the SPDCrateis sensitive to temperature and laser detuning.
Alternatively, we chose to monitor the charge through the SHG signal
when scanning the 1,560 nm laser across the resonance. We recorded
the peak value of the second-harmonic signal, as shown in Extended
DataFig.1b. This measurement samples arange of different detunings
and should be less affected by the temperature change.
Theexperimental set-up is the same asin Extended Data Fig.1a. The
space-charge grating was firstintroduced through SHG as described
inthe section ‘Effective x? creation through SHG". Then, the 1,560 nm
laser was turned off and the 780 nm laser was tuned to resonance to
simulate the condition for SPDC. After each15-sinterval, the 780 nm
signal was turned off and the 1,560 nm laser was scanned across the
resonance to collect the second-harmonic peak value. Two on-chip
780 nm pump powers (0.5and 1.5 mW) were used. The resultis shown
in Extended Data Fig. 3. An exponential decay fitted to the data gives

lifetimes of 68 and 40 s for pumping powers 0.5 and 1.5 mW, respec-
tively. As expected, the decay was faster with the higher pump power.
Also note thatas timeincreased, the data significantly deviated from
the exponential fitand the decay rate decreased. Possible mechanisms
that could impact the SHG efficiency include changes in the pump
laser phase or polarization. As the SPDC measurement in the main
text requires a wait time of a few minutes for the chip temperature
to achieve a steady state, the observed decay times are consistent
with our observation that the SPDC rate can be observed over several
minutes.

Data availability
Thedataareclearly representedin Figs.1-4 and Extended Data Figs.1-3.

Code availability

The code to produce the plots is available from the corresponding
author (such as for comparison with a new platform).
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Extended DataFig.1|Experimental setup and characterization of second
harmonicgeneration.aAnexternal cavity diodelaser (ECDL) is amplified by an
erbium-doped fiber amplifier (EDFA), and then coupled to the resonator chip
using alensed fiber. The chip-waveguide is designed to couple power in the
near-IR (1560 nm) to the high-Qsilicon nitride microresonator. The SH harmonic
signalis coupled to the second waveguide. A microwave function generator (FG)
enables frequency sweeping of the laser, and the frequency sweep is measured
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usinga calibrated Mach-Zehnder interferometer (MZI). The transmitted

1560 nmsignaland the generated SH signal are collected and sent into two
photodetectors (PDs), separately. The detected electrical signalsare sentinto
an oscilloscope (OSC). Alsoshown are PC: polarization controller, OSA: optical
spectrum analyzer. b After the space-charge grating builds up, the on-chip
transmitted pump power (blue) and generated SH power (red) are recorded
whenscanningthe frequency of the pump laser across a cavity resonance.



)
(op

- —h
0r- . I o} 40 g
¥ -~ 5
3 <
O Sr N 8 2 10 g 2}
= g5 oOF 1TV< &
& c < oo
% = & -10 1203 &
o 151 1 X5 >
'8o o  Experiment £ > Experiment 29
s —  Fitting ® ¢ -15- —— Fitting {-308 3
é -20 — 4 zZ %_)- O
5 N
25 L& 1 1 1 1 1 1 1 = 20 I I I -40 ~
-250 -200 -150 -100 -50 0 50 100 150 17.7 21.7 25.7
Relative mode number m Chip temperature (°C)
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Extended DataFig. 3 |Measured y? intensity decay asafunction oftime at
different visible pump powers. The second-harmonicintensity isnormalized
totheinitial condition after writing of the space-charge grating. The red (blue)
circlesrefer to the on-chip pump power of 0.5 (1.5) mW and are fitted by a
exponential function (solid lines). The decay lifetimeis fitted tobe 68 (40) s,
respectively.
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