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and quantum light sources
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Silicon carbide (SiC) polytypes are emerging for integrated nonlinear and quantum photonics due to
their wide-bandgap energies, second-order optic nonlinearity and process compatibility with
complementary metal-oxide-semiconductor technologies. Among polytypes, 3C-SiC is the only one
epitaxially grown on wafer-scale silicon substrates. However, on-chip nonlinear and quantum light
sources leveraging the second-order nonlinearity of 3C-SiC have not been reported to our knowledge.
Here, we design and fabricate an elliptical microring on 3C-SiC. We demonstrate a nonlinear light
source with a second-harmonic generation efficiency of 17:4 ± 0:2%W�1 and difference-frequency
generation with a signal-idler bandwidth of 97 nm.We demonstrate a spontaneous parametric down-
conversion source with a photon-pair generation rate of 4.8 MHz and a coincidence-to-accidental
ratio of 3361 ± 84.Wemeasure a lowheralded single-photon second-order coherence g 2ð Þ

H ¼ 0:0007.We
observe time-bin entanglement with a visibility of 86:0 ± 2:4% using this source. Our work paves a way
toward SiC-based on-chip nonlinear and quantum photonic circuits.

The silicon carbide (SiC) semiconductor industry is expanding rapidly
driven by the growing needs for high-power electronics1. Meanwhile,
integrated photonic platforms based on SiC polytypes are emerging in
recent years, including hexagonal (4H-, 6H-) SiC and cubic (3C-) SiC. They
offer a wide bandgap energy from 2.3 to 3.2 eV2, which enables transmis-
sions of visible light and does not suffer from nonlinear two-photon
absorption at the 1550/1310 nm telecommunications wavelengths. They
also feature a high hardness for photon-phonon interactions3, a fast heat
dissipation for high-speed directly modulated lasers4 and different color
centers for single quantum emitters5,6. Owing to their non-centrosymmetric
crystal lattices, SiC polytypes feature second-order nonlinear susceptibilities
χð2Þ. For example, 3C-SiC features χð2Þzxy≈ 34 pmV−1 (theoretical)7 while 4H-
SiC features χð2Þzzz≈ −23.4 pmV−1 and χð2Þzxx≈ 13.0 pmV−1 8 This enables
nonlinear and spontaneous quantum light sources based on χð2Þ optic
processes on integrated SiC-on-insulator (SiCoI) platforms.Comparedwith
the integrated lithium niobate-on-insulator (LNoI) platform, SiC offers
process compatibility with the mature wafer-level complementary metal-
oxide-semiconductor compatibility (CMOS) processes and an insignificant
photorefractive effect9–11. Supplementary Table 1 (see Supplementary
Note 1) summarizes and compares conventional integrated second-order
nonlinear photonic platforms.

Nonetheless, none of the crystalline SiC polytypes offers a large
refractive index contrast with their native substrates. Photonic devices on
SiC are thus often fabricated on suspended SiC films12–15 and on the SiCoI
platforms11,16–21. Integrated SiCoI platforms rely on molecular bonding16–21

or anodic bonding11 to transfer the SiC films onto SiO2 substrates, which
enables a better scalability for larger-scale integrated photonic circuits. The
optical nonlinearity of SiC have been studied last decade13,15. Optical
parametric oscillation and soliton generation are demonstrated based on
high-quality-factor (high-Q) (>106) microresonators on a 4H-SiCoI
platform17,18 while four-wave mixing is demonstrated on a suspended 3C-
SiC platformwith relatively lowerQ factors (∼ 7400)14. The demonstration
of χð2Þ nonlinearity-based sources remains a challenge partly due to the
difficulty to attain the phase-matching condition across an octave while
engineering the waveguide dispersion. Recently, second-harmonic gen-
eration (SHG) with efficiencies of 360% W−1 and 3.91% W−1 were
demonstrated in 4H-SiCoI using modal phase matching (MPM) and a
suspended 4H-SiC microdisk19,20, respectively. A time-averaged efficiency
of 15% W−1 using a pulsed laser was demonstrated by using a suspended
6H-SiC photonic-crystal cavity13. Moreover, Pockels-effect-based micror-
ing modulators have been demonstrated on both 4H- and 3C-SiCoI
platforms21,22. To our knowledge, spontaneous parametric down
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conversion (SPDC)-based photon-pair sources have not been demon-
strated on SiC platforms.

In this work, we adopted the 3C-SiC as this is the only polytype that is
epitaxially grown on wafer-scale silicon substrates. This is promising for
future large-scale integration and wafer-scale fabrication. Moreover, an
epitaxially grown 3C-SiC layer features a well-controlled thickness, which
minimizes the non-uniformity in the SiC film thickness and avoids the
material waste during the grinding process which is unavoidable in the case
of utilizing a bulk 4H-SiC substrate20. We demonstrate on our 3C-SiCoI
platform through anodically bonding the 3C-SiC film onto a glass substrate
(see Methods). We design a waveguide-coupled elliptical microring reso-
nator using type-I (signal and idler are linearly polarized orthogonally to the
pump) MPM for χð2Þ-based nonlinear and quantum light sources. We
design for the conversion between 780 nmnear-visible wavelengths and the
1550 nm near-infrared (NIR) wavelengths. We demonstrate an SHG con-
version efficiency of 17.4 ± 0.2% W−1 and difference-frequency generation
(DFG) with a non-degenerate signal-idler bandwidth of up to 97 nm. We
observe DFG across a bandwidth of 9.5 nm around pumping in the 780 nm
wavelengths. We demonstrate a SPDC source with a photon-pair genera-
tion rate (PGR) of 4.8MHz and a coincidence-to-accidental ratio (CAR) of
3361 ± 84 at an on-chip pump power of 5mW. At this pump power, we
obtain a low heralded single-photon second-order coherence g 2ð Þ

H ¼ 0:0007
with a confidence interval of (0.0001, 0.002)with 68%confidence level using
these photon-pairs.We generate a time-bin entanglementwith a visibility of
86:0 ± 2:4% in a free-space Franson interferometer23 using our photon-pair
source,whichwas reported recently24.Ourwork shows the feasibility of SiC-
based on-chip nonlinear and quantum light sources based on χð2Þ

nonlinearity.

Results
Nonlinear and quantum light sources using waveguide-coupled
elliptical microring cavities
Figure 1a schematically illustrates our elliptical microring resonator as a
parametric down-conversionphoton-pair sourceon an integrated3C-SiCoI
platform. We discuss our device design principles starting from classical
nonlinearity based on DFG. The zinc-blende unit cell of 3C-SiC features
tensor elements χð2Þzxy ¼ χð2Þxyz ¼ χð2Þyzx ≈ 34pmV�1;7:Weadopt this theoretical
value because experimentalMaker-fringesmeasurements on bulk 3C-SiC is
not available yet25–27. These elements mix three waves that are linearly
polarized along three orthogonal crystal axes upon satisfying the energy
conservation of ωp ¼ ωs þ ωi, where ωp;s;i are the angular frequencies of
the pump, signal and idler. To minimize the number of waveguide eigen-
modes involved in thenonlinear processes,we choseType-I phasematching
noting that 3C-SiC is non-birefringent. As shown in Fig. 1b, based on the
(001) 3C-SiC film, we set the NIR input signal and the idler waves around
1550 nm to be transverse electric (TE)-polarized (parallel to the chip) with
the x- and y-components of the fields, while the pumpwave around 780 nm
tobe transversemagnetic (TM)-polarizedwith the z-component of thefield.
Wemust satisfy the phase-matching condition ofβp ¼ βs þ βi, whereβp=s=i
are the propagation constants of the three waveguide modes.

A few conventional phase-matching techniques, including periodic-
poling-based quasi-phase-matching (QPM)28,29, birefringence-based phase-
matching30 and cyclic QPM31, are not available for the 3C-SiCmaterial. We

chose to design for aMPM,wherewe adopted a higher-order TM20mode at
the pump wavelength to match the effective refractive index of the funda-
mental TE00 mode at the signal/idler NIR wavelengths.

We must account for the �43m crystal point-group symmetry of 3C-
SiC32 for designing a microring cavity. When the three mixing fields pro-
pagate in an arbitrary direction within the (001) 3C-SiC film, the projection
of thefield of the TE-mode onto the x- and y-crystal axes results in an angle-
dependent effective susceptibility χð2Þeff ¼ cosφ sinφ χð2Þzxy

33. The χð2Þeff is opti-
mizedwith thewaves propagating in directions 45°=135°between the x- and
y-crystal axes. The nonlinear polarization of a �43m crystal has aπ-phase flip
with the wave propagation directions rotated by 90°.While wemay leverage
this characteristic property to attain �4-QPM, as theoretically studied and
experimentally demonstrated in compound III-V material systems featur-
ing the �43m crystal symmetry34–36, this method typically imposes a few-
micron cavity size formicrodisk resonatorswhichmay limit theQ factor34,35.
The design principle also involves careful alignment of resonances with a
certain mode-order difference34–36. These impose an overall tight tolerance
for device fabrication. Figure 1c schematically illustrates our mitigation of
adopting an elliptical cavity. In our scheme, to attain efficiently phase-
matched nonlinear processes within microring cavities, we designed an
elliptical microring cavity, with a major-to-minor-axes aspect ratio of 2 to
increase theMPM interaction length along the flat arc waveguide in one 90°
rotation of thefieldswhile decreasing the reverse conversion around the two
high-curvature poles.We adopted a semi-major axis a ¼ 30μm and a semi-
minor axis b ¼ 15μm, which corresponds to a circumference L ¼ 145μm,
to enable a smaller mode volume compared with mm-sized cavities.

Numerical simulations for attaining MPM
We first fix the pump wavelength at 780 nm and assume degenerate signal
and idler wavelengths at 1560 nm. Figure 2a shows the numerically simu-
lated electric-field amplitude distributions of a TE00mode at 1560 nm and a
TM20 mode at 780 nm, respectively, using a finite-difference eigenmode
tool. To search for the potential waveguide geometry to match the effective
refractive index of the two modes, we systematically vary the thickness and
the width of the rib waveguide structure. Based on our previous device
fabrication results, we assumed a symmetricwaveguide sidewall slope of 86°.
We kept a thin 3C-SiC slab of 100 nm un-etched to avoid undercutting the
SiO2 layer underneath the SiCwaveguide. The 3C-SiC is clad by a SiO2 layer
with a thickness of 500 nm. We adopted a Cauchy model with A, B coef-
ficients of 2.553 and 0.03539 to calculate the material index of 3C-SiC. To
simplify the simulation and design, we assume a straight waveguide struc-
ture. Figure 2b shows the numerically simulated effective refractive indices
of the twomodes with different 3C-SiC film thicknesses as a function of the
waveguide width. The width corresponds to the top side of the trapezoidal
waveguide cross-section.We can attain theMPMwith awaveguidewidth of
1000 nmand a thickness of 800 nm.TheMPMwidth increaseswith the 3C-
SiC film thickness while the mismatch between the effective refractive
indices becomes more tolerant to the waveguide width variation with a
thick film.

We designed thewaveguide dimensions at a thickness of 800 nm and a
top width of 1000 nm, with a slab thickness of 100 nm. Figure 2c shows the
numerically simulated non-degenerate DFG effective refractive indices neff
of the modes with wavelengths. Figure 2d shows the numerically simulated

Fig. 1 | Design principles of a 3C-SiC-on-insulator
elliptical microring resonator. a Schematics of a
parametric down-conversion photon-pair source on
a 3C-SiCoI platform. b Schematics of the Type-I
phase-matching process. c Illustration of an ellip-
tical microring cavity with the normalized effective
nonlinearity χð2Þeff =χ

ð2Þ
zxy ¼ cosφ sinφ as a function of

rotation angle φ of the fields relative to the crystal
x-axis. Purple represents the pump frequency, blue
and red represent the generated signal and idler
frequencies, respectively.
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non-degenerate DFG phase-matching condition map with the non-

degeneracy f s �
f p
2

� �
between the signal/idler frequencies (satisfying

energy conservation) over the pump wavelength, following Fig. 2c. Here,
f sðpÞ is the frequency of the signal (pump) light, respectively. We adopted a

total accumulatedphase-mismatchof ΔβL
�� �� ¼ ðβp � βs � βiÞL

��� ���<πwithin
the cavity as a working criterion for defining the MPM region. We notice a
pumping wavelength range >10 nm and a non-degeneracy >25 THz.
However, a ± 50nm of the waveguide width will significantly red- or blue-
shift the MPM wavelength window beyond the 1:5∼ 1:6μm wavelengths
(see Supplementary Note 2). Finally, we adopted a bus waveguide with the
same width of 1000 nm coupled to themicroring cavity to input-couple the
TE00 mode at NIR wavelengths while utilizing a drop waveguide with a
narrower width of 400 nm to phase-match the TM00 mode in the bus
waveguide and in the TM20mode in themicroring cavity. The coupling gap
spacing is 200 nm for both the coupledwaveguides. The interaction length is
15μm for the through waveguide and is 30μm for the drop waveguide. Both
the waveguides are widened to a width of 4μm for butt-coupling. Supple-
mentary Note 3 details the device layout and the numerical simulations of
the device.

Experimental demonstration of SHG on the 3C-SiCoI chip
We fabricate the device in a cleanroom (see Methods). We characterize the
waveguide transmission and SHG from a waveguide-coupled elliptical
microring (see experimental details in Supplementary Note 4). The oper-
ating device has a designedwaveguide of 1050 nm. Given the uncertainty of
the actual neff induced by the continuously varying waveguide curvature
within the elliptical cavityand thevarianceof thewaveguidewidthcausedby
the fabrication process, we consider this device width a close match to the
simulatedwaveguidewidth forMPM.Figure3a shows the scanningelectron
microscopy (SEM) image of the device. Figure 3b, c shows the SEM images
in zoom-in view of the sidewall and in the cross-sectional view of the
waveguide end-facet, respectively.We extract a root-mean-square (RMS) of
the waveguide sidewall roughness of ~7.3 nm based on analysis of the top-
view SEM image (see Supplementary Note 5). This RMS is significantly

larger than the previously reported value on 3C-SiC16. Figure 3d shows the
near-field image measured at the through waveguide end facet by a charge-
coupleddevice (CCD) camerauponacavity resonance at 787.7 nm. It shows
three intensity maxima, suggesting the cavity resonance has an TM20

waveguide mode while the higher-order mode in the through waveguide
couldbe redistributeddue to thewaveguide tapering.Theactual distribution
Fig. 3e shows the corresponding lens-to-lens normalized transmission
spectra of the device under a stabilized stage temperature of 22°C. The
measured transmission spectra in the 780 nm and 1550 nm wavelengths
show a good double-resonance alignment for SHG between the resonances
of 787.7 nm and 1575.4 nm, as indicated by the zoom-in viewof Fig. 3f. The
loaded Q factors of the 1575.4 nm and of the 787.7 nm resonances are
around 2:5× 104 and 1:4× 104, respectively. This is lower than the
Qloaded>10

5 we previously reported11. By a Lorentzian resonance lineshape
fitting, shown as themagenta dashed line in Fig. 3f, we obtain an intrinsic Q
factor of ~3.0 × 104 and thereby extract a waveguide loss of ~11 dB cm−1 at
1574 nm. The free spectral range (FSR) of the 1575.4 nm and the 787.7 nm
resonances are ~6.9 nm (~800GHz spacing) and ~1.5 nm, respectively.We
conduct the waveguide dispersion analysis of the resonance (see Supple-
mentary Note 6).

We fix the pump power of the TE-mode at 1575.4 nm within the
through waveguide at ~0.5 mWon-chip power (seeMethods) andmeasure
the TM-polarized SHG at the drop waveguide port. Figure 3g shows the
correspondingmeasuredSHGspectrumusing an optical spectrumanalyzer
(OSA). The full-width at half-maximum (FWHM) of the pump and of the
SHG are limited to the equipment resolution of 0.02 nm. The inset shows
the top-viewof the SHG scattering signal captured by aCCDcamera. As the
SHG is a second-order nonlinear harmonic generation driven by simulta-
neously absorbing two fundamental pump photons, the SHG is signified by
a parabolic dependence on the pump power. Figure 3h shows themeasured
pump-to-SHG power dependence in a log-log scale, revealing a fitted slope
of 1:98 ± 0:01 that is consistent with the nature of the SHG.We estimate the

on-chip SHG conversion efficiency to be ηSHG ¼ PSHG

P2p
¼ 17:4 ± 0:2%W�1

with the maximum waveguide end-facet out-coupling loss of 5.8 dB (See
Supplementary Note 7 for details). We calculate the theoretical SHG

Fig. 2 | Numerical simulations to attain modal
phase matching. a Electric-field amplitude dis-
tributions of an TE00 mode at 1560 nm and of an
TM20 mode at 780 nm. b Effective refractive indices
of the pumpmode (solid line) and of the signal/idler
mode (dashed line) with different 3C-SiC film
thicknesses as a function of the waveguide width.
c Dispersion of the TM20 pump mode (solid line)
and of the signal/idler TE00 mode (dashed line).
d Calculated map of the non-degenerate difference-
frequency generation (DFG) phase-matching
condition.
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conversion efficiency as follows37:

ηSHG ¼ γ
�� ��2ω2

_ω2
1

κ21;e
κ1;t
2

� �2 þ Δω1
2

h i2 κ2;e
κ2;t
2

� �2 þ Δω2
2 ð1Þ

where ω1ð2Þ, κ1ð2Þ;t , κ1ð2Þ;e and Δω1ð2Þ are the angular frequencies, the cavity
total loss rates, the cavity external coupling rates and the angular frequency
detuning from the cavity resonances of the 1575 nm pump (SHG) waves.
The nonlinear coupling coefficient γ is given by:

γ ¼ ω1

4

ffiffiffiffiffiffiffiffiffiffi
2_ω2

ϵ0

s R
χ 2ð ÞE1E1 � E�

2dVR
ϵ1 E1

�� ��2dV ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiR
ϵ2 E2

�� ��2dVq ð2Þ

where ϵ0 is the vacuum permittivity and ϵ1ð2Þ ¼ 6:55ð6:81Þ is the relative
permittivity of 3C-SiC at 1550 nm and 780 nm11, respectively (See
Supplementary Note 8 for details). We estimate a nonlinear coupling of
γ≈ 7:6× 105Hz. From (1), assuming a double-resonance condition, we
assumeΔω1ð2Þ ≪ κ1;t .Givenourmeasured loaded-Q factors at 1550 nmand
780 nmandassuminganexternal couplingκ1ð2Þ;e ≈ κ1ð2Þ;t=2we theoretically
estimated ηSHG ≈ 19%W�1, which is consistent with our experimental
estimation.

Table 1 summarizes the state-of-the-art resonance-enhanced SHG
results fromdifferent SiCplatforms13,19,20.Our SHGconversion efficiency on
3C-SiCoI is lower than the best value in 4H-SiCoI because of the limited Q
factors of our platform at this stage. We characterize the same device for
DFG and SPDC processes.

Experimental demonstration of DFG on the 3C-SiCoI chip
We input both the on-resonance near-visible pump and NIR signal waves
from the drop- and input-bus waveguides, respectively (see Supplementary
Note 4). In each experiment, we fix the pump wavelength λp at a cavity
resonance around 780 nm and then tune the signal wavelength around
different cavity resonances at the blue side of 2λp. We fine-tune the pump
and signal wavelengths around their respective cavity resonances to max-
imize the output DFG idler power generated at the red side of 2λp (see

Supplementary Note 9). We fix the estimated on-chip power of pump and
signal waves at 4 mW.

Figure 4a–f show themeasured spectra using theOSA. The dashed line
in each figure denotes the degenerate 2λp positions. The pump cavity
resonances supporting triple-resonance DFG span from 786.17 nm to
795.69 nm, giving a pump spectral window of 9.5 nm. We observe cavity-
enhancedDFG fromat leastfivedifferent signal cavity resonances. Pumping
at a cavity resonance of 795.7 nm, we observe the maximum non-
degeneracy of 97 nm. Figure 4g shows in a scatter plot the measured triple-
resonance-enhanced DFG modes. However, in comparison with the
numerically simulated waveguide dispersion (Fig. 2d), the observed overall
spectral range for attaining triple-resonanceDFG is narrower.We attribute
this to fabrication-induced non-uniformities. While the measured triple-
resonance DFG spectral windows are wider than those reported of similar
microring cavity-based work on the LNoI37 and AlN38 platforms. We also
characterize another waveguide-coupled elliptical microring with a
designed waveguide width of 1000 nm (see Supplementary Note 10) that
shows a blue shift of the overall triple-resonance DFG spectral range, which
is consistent with the numerical simulation of thewaveguide dispersion (see
Supplementary Note 2). Figure 4h shows the measured power-dependence
of theDFG.Wepump at a 787.7 nm cavity resonance and input a signal at a
1569.2 nm cavity resonance and measure the generated idler power at the
corresponding 1581.8 nm cavity resonance. In the log-log scale, the idler
power has fitted slopes of 0:96 ± 0:01 and 0:90 ± 0:01 dependence on the
pump and on the signal, respectively, as expected from a theoretical linear
dependence.

Experimental demonstration of SPDC on the 3C-SiCoI chip
We describe the experimental setup in Supplementary Note 4. We fix the
pump wavelength λp at a cavity resonance at 787.7 nm and measure the
SPDC with two-channel superconducting nanowire single-photon detec-
tors (SNSPDs). The SNSPDs feature dark counts of ~100Hz for each of the
two channels. Figure 5a shows themeasured single-photon flux detected by
the SNSPDs with different dense wavelength-division multiplexed
(DWDM) channels that span the corresponding cavity resonance wave-
lengths in theNIR. The estimated on-chip pumppower is 5.8 mW,which is
the maximum on-chip power obtainable from our setup using a

Fig. 3 | Experimental demonstration of second-
harmonic generation on the 3C-SiCoI chip.
Scanning electron microscopy (SEM) images of (a)
the device, (b) the zoom-in view of the sidewall, and
of (c) the cross-sectional view of the waveguide end-
facet. d Near-field image of the TM20 mode.
e Corresponding lens-to-lens normalized trans-
mission spectra of the device for 780 nm wave-
lengths (red) and 1550 nm wavelengths (black).
f Zoom-in view of the aligned resonances with a
Lorentzian resonance lineshape fitting of the NIR
resonance. g Measured pump (black) and second-
harmonic generation (SHG) (red) spectra. Inset:
Top-view scattering of the SHG light. h Measured
and fitted pump-to-SHG power dependence in a
log-log scale.
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continuous-wave semiconductor laser.We register the photon arrival times
from two non-degenerate photon-pairs, namely 1569/1581 nm and 1563/
1588 nm, by the time-digit converter (TDC) with a resolution of 5 ps per
bin. Figure 5b, c shows themeasured histograms of the relative arrival times
of the two pairs of channels at a pumppower of 5mW,which feature strong
coincidence.We record 60 s of data for each pair for statistics.We adopted a
double-side exponential decay relation NsiðtÞ ¼ N0e

� tj j=τ to fit the data,

whereNsiðtÞ,N0 and τ are the coincidence count in the time-bin at delay t,
the maximum coincidence count at zero-time delay and the photon life-
time. The fitted value of τ ¼ 26 ± 1ps for both the pairs correspond to the
loaded Q factor of ~2:5× 104 in the NIR wavelengths, which is consistent
with our transmission resonancemeasurements (see Fig. 3e).We define the
coincidence counts summedup from the 12 binswithin the ± τ range of the
histograms as the total coincidence count Nsi.

For the SPDC, which is a spontaneous second-order nonlinear gen-
eration of photon pairs by down-converting one pumpphoton, the SPDC is
signified by a linear dependence on the pump power. Figure 5d, e shows the
measured power-dependence of the single-channel counts and of the
photon-pair coincidence counts. We estimate the PGR inside the cavity by
PGR ¼ NsNi

Nsi
, where NsðiÞ are the single-channel counts from the signal

(idler) flux. Figure 5f shows the estimatedPGR.We observe a good linearity
of the estimated PGR and obtain by linear fitting a pair generation efficiency
of 0:94 ± 0:02 MHz mW−1 (1569–1581 nm) and 1:32 ± 0:07 MHz mW−1

(1562–1588 nm). We calculate the theoretical PGR assuming the triple-
resonance condition as follows38:

PGR ¼ 32γ2

κi;t þ κs;t

κp;e
κp;t

2

Pp

_ωp
ð3Þ

Fig. 4 | Experimental demonstration of difference-frequency generation on the
3C-SiCoI chip. a–fMeasured difference-frequency generation (DFG) spectra with
different input pump and signal resonances. Different colors represent various
groups of pump, signal and generated idler wavelengths. g Scatter plot of the triple-

resonance-enhanced DFG modes. The region between the two dashed lines corre-
sponds to the simulatedMPM zone in Fig. 2d. hMeasured power-dependence of the
DFG with varying pump and observed signal powers.

Table 1 | Summary of resonance-enhanced SHG results from
SiC platforms

Platform Structure Phase-
matching

Q factor (104) ηSHG
(% W−1)

4H-SiCoI19 Microring MPM 8 @1555 nm 2
@777.5 nm

360

4H-SiC20 Suspended disk – 710 @1554.2 nm 3.91

6H-SiCoI13 Photonic crystal – 1 @1560 nm 15a

3C-SiCoI
(This work)

Microring MPM 2.5 @1575.4 nm 1.4
@787.7 nm

17.4

aThe experiment adopts a pulsed laser. This value is calculated based on average powers.
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Assuming κp;e ≈ κp;t=2, we obtain from Eq. (3) the theoretical PGR effi-
ciency of PGRPp

¼ 2:3MHzmW�1, which is close to our measured result. Our
estimated PGR values are smaller than those reported values of the AlN
platform38 andof theLNoIplatform39.Weattribute this toourun-optimized
device fabrication process, as the pair-generation efficiency is primarily
determined by the total cavity loss (see Eq. (3)). Figure 5g shows the CAR of

the two pairs, given by CAR ¼ Nsi
Nnoise

. Here we integrate the rare coincidence

counts 1 ns away from the central peak of the coincidence counts to obtain
an average coincidence count per bin and multiply the 12 number of bins
adopted in the summation of Nsi to obtain the Nnoise (see Supplementary
Note 11).Weobtain a highCAR ¼ 3361 ± 84 uponpumping at the on-chip
power of 5mW from the 1569/1581 nmphoton-pairs.We also characterize
the SPDC process using another device with a designed waveguide width of
1000 nm (see Supplementary Note 12). As indicated by the DFG process,
this device generates photon-pairs in the C-band channels.

Experimental demonstration of heralded single-photon sources
We describe the experimental setup in Supplementary Note 4. By adopting
the firing of the idler channel as the gating, wemeasure the signal channel as
aheralded single-photon source.Weutilize afiber-based 50:50beamsplitter
in the signal path to test the single-photon nature. The heralded second-
order coherence is characterized by40:

g 2ð Þ
H ¼ Ns1s2 i

Ni

Ns1 i
Ns2 i

ð4Þ

where Ns1s2 i
is the triple-coincidence counts for both the beam-split signal

channels and the heralding idler channel and Ns1ð2Þi
are the coincidence

counts between the one split signal channel and the heralding idler channel.
Equation (4) indicates that the noise from the idler (heralding) channel has a
dominant effect. To reduce the influence, we assign one channel of the low-
noise SNSPD for heralding, while using another SNSPD channel and one
extra avalanche photodetector for detecting signals 1 and 2, respectively.

We accumulate more than 6 h of data (40 Gb) and obtain only
1 triple coincidence countNs1s2i

while collectingNs1 i
¼ 1; 949; 638,Ns2 i

¼

441; 670 and Ni ¼ 610; 078; 920. Assuming a Poissonian distribution40 of

the triple coincidence event, we estimate a low gð2ÞH = 0.0007 and a con-
fidence interval of (0.0001, 0.002) within approximately one standard
deviation. This is one order of magnitude below recently reported work
using second- and third-order SPDC processes38–41. Hence, our device can
function as low-noise heralded single-photon sources.

Table 2 summarizes the state-of-the-art microring-based quantum
light sources fromdifferent second-order nonlinear platforms38,39. Although
our PGR is limited by our Q factors, we have demonstrated a low-noise
performance with the lowest g 2ð Þ

H among all the platforms.

Experimental demonstration of time-bin entanglement
To demonstrate the potential of building a quantum system based on our
3C-SiCoI platform, we examine time-bin entanglement using our photon-
pair sources. Entangled photon-pairs constitute many quantum-enabled
technologies, including quantum computing and quantum cryptography42.
Among various physical dimensions for entanglement, time-bin entangle-
ment is more robust to perturbations when the photons propagate in fiber
networks42–45.

Figure 6a illustrates the principle of generating time-bin entanglement
using a free-space Franson unbalanced interferometer. The photon-pairs
can simultaneously travel through the short arm together and the long arm
together, which are indistinguishable. The photon-pairs can also travel
through the short arm and the long arm separately, which are distin-
guishable. When the photons re-enter the fiber system and routed to
SNSPDs through theDWDMfilters, the recordedhistogramof their relative
arrival times is shown in the Inset. We attribute the two side peaks as the
distinguishable events that the twophotonspropagate indifferent arms.The
central time-bin measures the photon-pair in an entangled state as
jψ> ¼ 1ffiffi

2
p ðjSS>si þ ei φsþφið ÞjLL>siÞ, where S(L) and φs(φi) denote the short

(long) arm and the optical phase difference between the two arms of the
signal (idler) photon. To separate the central peak time-bin from the side
peak time-bins, we unbalance the interferometer arms by exceeding the
coherence length of the photons limited by the cavity lifetime, calculated by
Lc ¼ τc, which is 7.8 mm for our case.

Fig. 5 | Experimental demonstration of sponta-
neous parametric down conversion on the 3C-
SiCoI chip. aMeasured single-photon flux detected
by the SNSPDs with different DWDM channels.
SNSPDs: superconducting nanowire single-photon
detectors. DWDM channels: dense wavelength-
division multiplexed channels. FSR: free spectral
range. b, cMeasured histograms of the relative
arrival times of the first adjacent resonances at 1569/
1581 nm and of the second adjacent resonances at
1563/1588 nm, respectively. The histograms are
measured multiple times to obtain the error bars for
all the bins. Measured power dependence of: (d) the
single-channel counts, (e) the photon-pair coin-
cidence counts, (f) the estimated PGRs, and of (g)
the estimated CARs. The error bars are the standard
deviations of (b–e) the coincidence counts, (f) PGRs
and of (g) CARs.
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We insert the free-space interferometer into the down-stream of the
SPDC experimental setup to prepare the entanglement. We pump at
787.7 nmwith an estimated 5mWon-chip power andmeasure the photon-
pair channels of 1569/1581 nm. Figure 6b shows the measured histograms
at two different piezo-voltage settings fine-tuning the interferometer long
arm. The three-peak time-bins are separated by a time difference of 0.58 ns,
corresponding to a path difference of 17.4 cm. The coincidence counts
at the jSS>si and jLS>si time-bins are not sensitive to the piezo-voltage
while the total coincidence counts in the central time-bin vary sinusoidally
with the piezo-voltage. The quantum interference between the superposed
photon-pair states jSS>si and jLL>si yields a sinusoidal modulation of
the coincidence counts (assuming 50:50 beam splitters) as 0:5Nmax½1þ
V cos φs þ φi

� ��, where Nmax and V are the maximum transmitted central
time-bin counts and the visibility of the quantum interference. Figure 6c, d
shows the measured channel counts of the signal/idler photons and the
measured coincidence counts of the central time-bin, respectively. Eachdata
point corresponds to a data collection spanning 30 s. We do not observe
first-order (single-photon) quantum interference as the interferometer path
difference is significantly longer than the photon cavity coherence time so
the two wave-packets of the same photon simultaneously traveling in the
two different interferometer arms cannot meet each other. We observe
second-order quantum interference in the coincidence counts in the central
time-bin. Using a sinusoidal fitting, we extract a visibility of
V ¼ 86:0 ± 2:4%. This is significantly exceeding the Bell’s inequality limit
of 70:1%23; indicating a clear time-bin entanglement.We attribute the non-
ideal visibility to the drifts of the optical alignment and collimation condi-
tions of the two interferometer arms during the experiment. We note that
our Franson interferometer is not actively stabilized, and thus phase drift is

potentially the main source of fringe visibility degradation. In our future
work, we could employ active stabilization on the interferometer to over-
come the issue.We note that the superposed jSS>si and jLL>si states do not
have the same probability amplitudes in practice due to different setup
insertion losses for the two interferometer arms.

Conclusion
We demonstrated experimentally that our integrated 3C-SiCoI photonic
platforms enable nonlinear and quantum light sources using waveguide-
coupled elliptical microring cavities. We realized quantum interference
systems, namely, time-bin entanglement using our photon-pair sources. By
exploiting a wafer-scale bonding process, we envision the feasibility to
fabricate on a chip large-scale-integrated cavities and on-chip inter-
ferometers. Our work thus paves the way toward future large-scale-
integrated on-chip nonlinear and quantum photonic circuits based on this
CMOS-compatible second-order nonlinear photonic platform. Besides, the
recently demonstrated Pockels-effect-based 3C-SiC opticalmodulator21 can
be integrated on the same quantum photonic chip to provide even more
complex quantum state manipulation functionalities. Our measured SHG
conversion and pair-generation generation efficiencies are, however, still
below those state-of-the-art values from other on-chip second-order non-
linear photonic platforms, including LNoI38, GaAs36 and 4H-SiC19. The
work reported in those platforms are based on resonators supporting loaded
Q factors of 105 ∼ 106. We attribute our limited Q∼ 104 to our un-
optimized fabrication process, where the waveguide sidewall roughness
resulting from the dry etching causes significant scattering losses. Given our
near-vertical waveguide sidewall slope of 86°, we can fabricate thicker 3C-
SiCdeviceswith awiderwaveguidewidth,which can increase thewaveguide
confinement and reduce the sidewall scattering loss. The scattering losses
caused by the crystal lattice defects within the 3C-SiC film can limit the
cavity Q factor as well. Those defects are generated during the epitaxial
process because of the large (20%) latticemismatchbetween the 3C-SiC and
the Si substrates. We can mitigate this issue by adopting thicker epitaxial
layers, which relax the crystal lattice defects due to the lattice mismatch
gradually with the film thickness46–48, and by thinning down the films to the
target thickness while removing the high-density crystal defects near the
interface with the Si substrate.”

Finally, there are rooms for our elliptical microring to further enhance
the cavity-roundtrip nonlinear interaction coefficient γ. For example, the
ellipse of a larger a=b aspect ratio can further align the cavity along the

Fig. 6 | Preparation of the time-bin entanglement
using the 3C-SiCoI photon-pair source.
a Illustration of the principle of generating time-bin
entanglement using a free-space Franson unba-
lanced interferometer. Inset (i): Illustration of the
three-time-bin histogram. bMeasured histograms
at two different piezo-voltage settings. cMeasured
single-channel counts with different piezo-voltage
settings. d Measured coincidence counts of the
central bin upon various piezo-voltage settings and
fitted with a sinusoidal function.

Table 2 | Summary of microring-based quantum light sources
from various platforms

Platform Qp (× 10
4) Qs/i (× 10

4) Pump
power
(mW)

PGR
(MHz)

CAR gð2Þ
H

AlNoI38 11 20 1.9 11 – 0.088

LNoI39 15 10 0.0034 2.5 451 0.008

3C-SiCoI
(This work)

2.5 1.4 5 4.8 3361 0.0007
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orientation that enables the maximum χð2Þeff (see Supplementary Note 13).
However, the design tradeoff is reducing the bending radius of the
high-curvature poles by the relation Rpole ¼ b2

a . To provide further elonga-
tion while avoiding a larger bending curvature, other non-circular
microring configurations can also be explored, including racetracks
with Euler bending49 and Bezier bending50 designs. However, special
optimization of these bending structures may be required to reduce the
straight-to-curve transition loss of the two different modes at the pump/
signal wavelengths simultaneously. Nonlinear and quantum light sources
based on the 4-bar QPM are possible due to the point-group symmetry of
3C-SiC.

Methods
Device fabrication
We fabricate the devices on the same integrated 3C-SiCoI platform as
described in9. We use the commercially available polished 4” (001) 3C-SiC-
on-Si wafers fromNOVASIC. Before the wafer bonding, we deposit a layer
of plasma-enhanced chemical vapor deposition (PECVD) SiO2 with a
thickness of 500 nm on the 3C-SiC-on-Si dies (1 × 1 cm) to serve as a high-
quality under-cladding layer. The PECVDrecipe features SiH4 andN2Ogas
flows of 15 and 1410 sccm, respectively. The chamber is heated to 300 °C
andkept at a pressureof 900mTorr. The coil power is 30W.Weuse theKarl
Suss SB6wafer bonder for the anodic bonding process between the dies and
the soda lime glass substrate. We attain the bonding under 380 °C in a
vacuum environment and upon an applied voltage of 1000 V. We use the
standard 25% tetramethylazanium hydroxide solution to completely
remove the silicon substrate at 80 °C and to expose the 3C-SiC film. The
thickness of the 3C-SiCfilm is 1.5 μminitially.We thin down the film toour
targeted thickness of ~800 nm by deep reactive ion etching (DRIE) process.
The etching chemistry adopts SF6 andO2 gases with flows of 25 and 5 sccm,
respectively.Wekept the chamberpressure at 10mTorr. The coil powerand
the platen power are 800 and 250W, respectively.We thendeposit a layer of
the PECVD SiO2 as the hard mask. We pattern it with electron-beam
lithography and with a standard SiO2 dry etching process available in the
cleanroom. This SiO2 hardmask etching recipe adopts C4F8 and H2 gases
with gas flows of 12 and 8 sccm, respectively.We kept the chamber pressure
at 4mTorr. The coil power and the platen power are 925 and 130W,
respectively. Then, we use the same SF6-based etching chemistry as in the
film thinning-down process to dry etch the 3C-SiC patterns. To attain a
steep sidewall slope, we add 3 s of C4H8 passivation steps after 5 s of dry
etching steps to protect the waveguide sidewalls. The gas flow of C4H8 is
40 sccm and the coil power is 200W.We recorded an etching selectivity of
3C-SiC:SiO2 ≈ 1.45. Afterwards, we deposit a layer of PECVD SiO2 with a
thickness of 500 nm as the upper-cladding layer. Finally, we cleave the chip
to expose the waveguide end-facets for coupling using long-working-
distance (LWD) objective lenses.

Estimation of the on-chip power
We estimate the on-chip power based on the power measured by an OSA
considering the insertion losses of the lens-to-fiber coupling, theOSAandof
the waveguide output end-facets. Themeasured insertion losses of the lens-
to-fiber coupling and of the OSA are 3.0 dB and 2.4 dB, respectively. We
then estimated the output power. The insertion loss of a test straight
waveguide fabricated adjacent to the device is slightly below12.0 dB for both
the 780 nm and 1550 nm wavelengths. We neglect the waveguide propa-
gation loss over this 1.2mm long waveguide and adopted an average
waveguide end-facet out-coupling loss as 5.8 dB as the maximum out-
coupling loss, assuming the waveguide end-facet in-coupling loss is equal to
or larger than the out-coupling loss, for estimating the on-chip power for
both the 780 nm and 1550 nm light.

Data availability
All the data employed for this work will be made available from the authors
upon reasonable request.
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