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We report four-wave mixing with different polarization and spatial modes in a single 4H-silicon carbide photonic device. Our device shows great potential to perform high-dimensional multiplexing for optical communication and highdimensional entanglement in quantum networks. We use a polarization insensitive grating coupler and a multimode
microring resonator that supports three polarization and spatial mode resonances. Finally, we show the polarization
dependence of the third-order nonlinearity of 4H-silicon carbide. The measured nonlinear refractive index of the light
polarized along the extraordinary axis, which is n2,TM = (13.1 ± 0.7) × 10−19 m2 /W, is twice as large as that of the light
polarized along the ordinary plane, n2,TE = (7.0 ± 0.3) × 10−19 m2 /W, indicating that the extraordinary polarization
is more efficient for nonlinear experiments in the 4H-silicon carbide integrated platforms as compared to the ordinary
polarization.
I.

INTRODUCTION

Four-wave mixing (FWM), a third-order nonlinear process, enables many applications in both classical optical
communication and quantum communication systems, such
as all-optical signal processing and correlated photon-pair
generation1,2 . In the FWM process, two pump photons annihilate, while a photon pair, a signal and an idler photon, with
new wavelengths are created. If the process is seeded with a
signal, then any information in the signal will be transferred
to the wavelength of the idler, which is referred to wavelength conversion. The wavelength conversion is regarded
as an important technique for wavelength-division multiplexing (WDM) in classical optical networks3 . Since current
optical networks have made the maximal use of the WDM,
polarization-division multiplexing and space-division multiplexing are considered as important emerging strategies, for
the purpose of increasing the information transmission capacity considerably4,5 . In quantum networks, by combining the
time-energy entanglement based on the spontaneous FWM
with the polarization entanglement and spatial mode entanglement, individual photons are able to carry more information, so quantum entanglement with high dimensionality can
be achieved for large quantum capacity6,7 . FWM is also the
fundamental mechanism for Kerr frequency combs8 . These
are very promising for applications within spectroscopy and
imaging9,10 . Orthogonal polarization pumping and spatial
mode multiplexing provide ways to generate two frequency
combs in a single microring resonator, relaxing the demands
on the fabrication precision, as well as simplifying the experimental setup11,12 . Thus, in this paper we research FWM based
on different polarization and spatial modes in a single device.
Wide-bandgap semiconductor-based integrated nonlinear
platforms have seen greatly increased interest during the past
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decade, including Si3 N4 , AlN, LiNbO3 , and silicon carbide
(SiC)13–16 , because of their low two-photon absorption and
subsequent free-carrier absorption, which facilitates efficient
nonlinear phenomena, such as FWM and second harmonic
generation. Recently, SiC has attracted a lot of interest in
integrated nonlinear photonics also thanks to its high refractive index, which facilitates strong mode confinement and promotes strong nonlinear interaction17–20 . Among the different polytypes of SiC, 4H-SiC exhibits excellent crystal quality, low material absorption, and high third-order nonlinearity. 4H-SiC is a positive uniaxial crystal, in the 6mm point
group21 . The on-axis cut of the 4H-SiC wafers is commercially available, so that the extraordinary optical axis parallel
to the c axis of the crystal is perpendicular to the wafer plane.
As a result, optical properties of ordinary (transverse-electric
(TE)) polarized light in the 4H-SiC waveguides, aligned to the
wafer plane, are different from those experienced by extraordinary (transverse-magnetic (TM)) polarized light, aligned to
the extraordinary optical axis22 . Especially, the third-order
nonlinear susceptibility element along the extraordinary opti(3)
(3)
(3)
cal axis, χ3333 , is not equal to χ1111 , χ2222 , or the cross terms,
(3)

(3)

(3)

including χ1122 , χ1221 , and χ1212 , within the wafer plane, resulting in polarization-dependent third-order nonlinearity in
4H-SiC23 . For nonlinear applications and experiments, the
polarization with larger nonlinear refractive index is preferred
to achieve the highest efficiency. Efficient FWM and optical
parametric oscillation with TE polarized light in the microring
resonator, which enables significant nonlinear enhancement
within a small footprint, have been demonstrated in 4H-SiCon-insulator (SiCOI) integrated platforms17,18 , while nonlinear experiments with TM polarized light have not been reported yet.
The vertical coupling scheme using gratings to couple light
from the optical fiber to the planar waveguide has shown great
advantages and convenience in integrated photonics24 , since
it does not require post processing after the waveguide fabrication, such as cleaving and polishing. In addition, it en-
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II. DEVICE DESIGN, FABRICATION, AND
CHARACTERIZATION
A.
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ables device testing on wafer scale, benefiting large volume
fabrication, and has large coupling tolerance. However, the
grating couplers usually have polarization selectivity, which
limits the applications requiring two orthogonal polarizations.
Although the inversed taper based edge coupling enables efficient light coupling of both polarizations, it usually requires
a thick buried oxide layer and a thick upcladding layer, especially for the TM mode, in order to match the mode profile
of the cross section with the lensed fiber. The grating based
vertical coupling is more tolerant to the surrounding layers, as
the light is diffracted upwards.
In this paper, we propose a flexible polarization-insensitive
4H-SiC grating coupler, that transmits both TE and TM polarized light with a broad bandwidth. We fabricate and show
the experimental characterization of the grating coupler and
the multimode microring resonator with three different polarization and spatial mode resonances. We also perform
FWM measurements with all three modes in the 4H-SiCOI
integrated platform and extract the nonlinear refractive index,
and we show experimentally the polarization-dependent thirdorder nonlinearity in 4H-SiC integrated platforms. Thereby,
we demonstrate that the extraordinary polarization is more efficient than the ordinary polarization, which has never been
experimentally demonstrated before, to the best of our knowledge.
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FIG. 1. (a) Simulated TE (blue) and TM (red) transmission spectra
of the designed grating coupler at 74◦ diffraction angle. (b) Measured TE transmission spectra of the fabricated 4H-SiC grating coupler at 80◦ (blue dash) and 75◦ (blue solid) diffraction angle and TM
transmission spectra at 75◦ (red solid) and 70◦ (red dash) diffraction
angle.

layer of 2.1 µm. First, the device pattern was defined on the resist AR-P 6200.09, through e-beam lithography. Second, the
pattern was transferred to an aluminum layer as a hard mask,
through the metal evaporation and lift-off processes. Third,
the chip was etched by inductively coupled plasma reactive
ion etching (ICP-RIE), to transfer the pattern to the 4H-SiC
layer. Finally, the chip was wet oxidized to reduce the thickness of the 4H-SiC layer by 100 nm, and cladded with 2.3 µm
SiO2 afterwards, by plasma-enhanced chemical vapor deposition (PECVD). The fabricated device, with a multimode microring resonator and a bus waveguide connected to a pair of
grating couplers, is shown in Fig. 2. The microring resonator
will be discussed later.

Polarization-insensitive grating coupler

To couple light with different state of polarization between
an optical fiber and our integrated waveguides, we designed
a polarization-insensitive grating coupler. The grating type is
selected to be fully etched strip gratings, so that they can be
fabricated together with other devices on the chip, and have
large fabrication tolerance. The simulation was carried out
using the Lumerical FDTD solutions software. The strategy
of the design is that we sweep the pitch and the duty cycle
of the grating structure, and find the light diffraction angle
between the fiber and the chip surface, for both fundamental
TE and TM modes at 1550 nm. A specific diffraction angle
is selected, when the grating is able to diffract both modes,
simultaneously and equivalently. The grating couplers, enabling transmission of both modes, are optimized with a pitch
of 1100 nm and a duty cycle of 0.48. The simulated transmission spectra of the TE and TM modes of the grating coupler are shown in Fig. 1(a), at a diffraction angle of 74◦ . The
maximal coupling efficiency of TE and TM modes is −5.3 dB
at 1571 nm and −6.3 dB at 1536 nm, respectively. The 3 dB
transmission bandwidths of TE and TM modes are 130 nm
and 150 nm, respectively. From the spectrum, the grating coupler is polarization independent near 1550 nm, with a coupling efficiency of ∼ −6.4 dB.
The 4H-SiCOI integrated platform was fabricated by the
ion-cut process25 . The photonic devices were fabricated in
a chip with a top 4H-SiC layer of 500 nm and a buried SiO2

FIG. 2. Scanning electron microscope image of the microring resonator and a zoom-in image of the grating coupler.

The inset in Fig. 2 shows a zoom-in image of a fabricated
grating coupler. A pair of 100 µm long tapers are used to
connect the input and output grating couplers to a 500 nm
wide bus waveguide, which only guides the fundamental TE
and TM modes. The characterization results of the grating
coupler are shown in Fig. 1(b). Due to the fabrication imperfections, the measured transmission spectra are not the
same as the simulated ones. At a diffraction angle of 75◦ ,
the grating coupler is almost polarization insensitive between
1520 nm and 1580 nm, with a coupling efficiency of approximately −10.5 dB. The 3 dB transmission bandwidth of the
TE and TM modes is about 80 nm and 100 nm within the
measured wavelength range, respectively. It is seen from the
spectrum that the peak of the TM mode transmission is beyond 1620 nm, and the maximal coupling efficiency within
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the measured wavelength range is −7.8 dB. Using a higher
or lower coupling angle, one can tune the peak of the transmission with a red or blue shift, respectively, and the coupling
efficiency can also be changed. With a diffraction angle of
80◦ , the peak of the TE mode transmission is red shifted by
more than 50 nm, and the maximal coupling efficiency within
the measured wavelength range is increased to −7.3 dB. With
a diffraction angle of 70◦ , the peak of the TM mode transmission is blue shifted to about 1580 nm, with a maximal coupling efficiency of −7.6 dB. However, it is also found in the
experiment that the grating coupler becomes polarization dependent within the measured wavelength range, with a diffraction angle of either 70◦ or 80◦ .
B.

Multimode microring resonator

The multimode microring resonator consists of a microring
and a bus waveguide. The bus waveguide is 500 nm wide. The
gap between the bus waveguide and the microring is 400 nm.
The microring has a radius of 33 µm and a cross section of
1200 nm × 400 nm. The multimode microring resonator supports TE00 , TE10 , and TM00 modes, of which the distribution
of the electric field is shown in the insets of Fig. 3(b), 3(c),
and 3(d), respectively.

mode has a smaller group index than the TE10 mode, so the
FSR of the TE00 mode, equal to 482 GHz, is larger than that
of the TE10 mode, equal to 461 GHz. The resonance of TE00 ,
TE10 , and TM00 at around 1565 nm are plotted in Fig. 3(b),
3(c), and 3(d), respectively.
The quality factor of every resonance is calculated by
Q=

λres
,
λFWHM

(1)

where λres is the resonant wavelength, and λFWHM is the fullwidth at half-maximum of the resonant transmittance. The
quality factors of TE00 , TE10 , and TM00 modes are 46k, 21k,
and 19k, respectively. The quality factor has two contributions, one from the round-trip loss in the microring resonator
and the other from the coupling efficiency between the bus
waveguide and the microring resonator, which are quantified
by the intrinsic and external quality factors, respectively. The
intrinsic (Qin ) and external (Qex ) quality factors are expressed
as26
ω
,
αvg

(2)

ωL
,
|κ|2 vg

(3)

Qin =
and
Qex =

1
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where α is the attenuation coefficient of the microring resonator, ω is the angular frequency, vg is the group velocity, L
is the circumference of the microring resonator, and κ is the
coupling coefficient. From the measured transmission spectra, the intrinsic and external quality factors of all the modes
are calculated, through27
1
1
1
=
+
,
Q Qin Qex

(4)

and
EX =
(c)

Qin − Qex 2
,
Qin + Qex

(5)

(d)

FIG. 3. (a) Measured normalized TE (red) and TM (blue) transmission spectra of the multimode 4H-SiC microring resonator. (b) (c)
(d) Measured normalized transmittance (blue solid) and Lorentzian
lineshape fitting spectra (red dash) of TE00 , TE10 , and TM00 modes,
respectively, and their corresponding distribution of the electric field.

By individually launching TE and TM polarized light into
the grating coupler, the normalized transmittance of TE and
TM modes of the microring resonator as a function of wavelength is measured and is plotted in Fig. 3(a). Resonances
for the three modes, TE00 , TE10 , and TM00 modes, are observed in the spectrum. The TE00 and TE10 resonances are
distinguished by the difference of FSR. According to the simulation by the Lumerical MODE Solutions software, the TE00

where EX is the extinction ratio of the resonant transmittance. By characterizing multiple microring resonators with
the same width and radius, but different gaps, it is found that
the microring resonator operates in the undercoupled regime
for the TE00 mode, which indicates Qin < Qex , and in the overcoupled regime for the TE10 and TM00 modes, which indicates Qin > Qex . Thus, the intrinsic quality factors of TE00 ,
TE10 , and TM00 modes are calculated to be 60k, 60k, and 57k,
respectively. According to Eq. 2, the propagation loss of the
TE00 , TE10 , and TM00 modes is calculated to be 8.8 dB/cm,
9.2 dB/cm, and 9.4 dB/cm, respectively. The total propagation loss is contributed by the material absorption due to the
existence of the defects, the material scattering due to the micropipe in 4H-SiC, and the waveguide confinement loss due to
the scattering induced by the sidewall and surface roughness.

A.

Four-wave mixing experiment

The experimental setup used for nonlinear characterization,
is shown in Fig. 4. One continuous-wave (CW) laser, used
as the pump, is connected to an erbium-doped fiber amplifier
(EDFA) to amplify the pump power, a tunable attenuator to
vary the pump power, and a polarization controller (PC) to
control the polarization of the incident light, in sequence. To
monitor the pump power, a 20 dB splitter is used to separate
the path into two. The other CW laser, used as the signal seed,
is also connected to an EDFA and a PC. Then, the two paths
are combined by a 3 dB coupler, and the light is launched into
and out of the grating couplers in the 4H-SiCOI chip with the
same diffraction angle of 75◦ . The output light is separated
by another 20 dB splitter to monitor the output power and to
measure the output spectrum, simultaneously.

FIG. 4. Schematic experimental setup. CW: continuous-wave laser
source, EDFA: erbium-doped fiber amplifier, ATT: tunable attenuator, PC: polarization controller, PM: power meter, OSA: optical spectral analyzer.

By aligning the pump and signal polarizations to be quasiTE and sweeping them into the adjacent TE00 (or TE10 ) resonances, stimulated FWM based on the TE00 (or TE10 ) modes
in the microring resonator is observed. Similarly, by aligning the pump and the signal polarizations to be quasi-TM
and sweeping them into the adjacent TM00 resonances, FWM
based on the TM00 mode in the microring resonator can be
observed. In order to show FWM with sufficiently large signal to noise ratio, we performed FWM with a strong signal
seed, which has the same power of 10 mW as the pump. The
spectra of the strong-signal FWM based on all the three modes
are shown together in Fig. 5(a). The figure shows the occurrence of three FWM processes with different polarization and
spatial modes is achievable in a multimode 4H-SiC microring
resonator. Two idlers of the TE10 and TM00 modes are observed on both sides of the incident light, while one idler of
the TE00 mode cannot be distinguished due to the high amplified spontaneous emission background from the EDFA. It
is noticed when the pump and signal are not on resonance, no
idler can be observed from the spectrum, indicating that the
FWM phenomena are not contributed by the coupled fibers,
gratings, or the bus waveguide, but are only dominant by the
enhancement of the multimode 4H-SiC microring resonator.
By varying the pump power, the conversion efficiency of
the degenerate FWM as a function of the on-chip input pump
power for the TE00 , TE10 , and TM00 modes are measured, as
seen in Fig. 5(b). The maximal conversion efficiency, de-
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FIG. 5. (a) Measured FWM output spectra of the multimode 4H-SiC
microring resonator, with TE00 (blue), TE10 (red), and TM00 modes
(green). (b) The conversion efficiency of measured data (circle) and
lines fitted to the low-power data with slope fixed at 2 (solid line)
with TE00 (blue), TE10 (red), and TM00 (green) modes as a function
of the on-chip input power in the bus waveguide.

fined by the ratio of the off-resonance signal power and the
on-resonance idler power, of TE00 , TE10 , and TM00 modes
are measured to be around −47 dB, −45 dB, and −43 dB,
respectively. Generally, the FWM of the TM00 modes has
the highest conversion efficiency, while the FWM of the
TE00 modes has the lowest conversion efficiency. It is apparent that the conversion efficiency starts to saturate above
the pump power of 10 mW, approximately. Considering the
bandgap of 3.26 eV for 4H-SiC, the cut-off wavelength of
the two-, three-, and four-photon absorption are 760.72 nm,
1141.07 nm, and 1521.43 nm, respectively28 . Therefore, it is
not the multi-photon absorption induced nonlinear losses or
subsequent free-carrier absorption that cause the conversion
efficiency saturation29 . Instead, we attribute the saturation to
the absorption-induced thermal effects including the thermooptic effect and the thermal expansion, that shift the resonance
to longer wavelengths. As a result, the pump and the signal
are not exactly located at the resonant wavelength of the microring resonator. In order to mitigate the thermal instability
of the microring resonator, the off-chip temperature controlling by the thermoelectric cooler or the on-chip temperature
controlling by the microheater can be introduced27,30 .
B.

Polarization dependent nonlinear refractive index

The conversion efficiency of the FWM in the microring resonators is theoretically calculated by31
CE = (γPp Leff )2 FEp4 FEs2 FEi2 ,

(6)

where Pp is the pump power. In Fig. 5(b), the solid lines represents a linear fit to the data measured at low pump power
with a slope of 2, which shows that the conversion efficiency
of the FWM with the three modes is quadratic in the pump
power, well matching Eq. 6. γ denotes the nonlinear parameter, given by
γ=

2πn2
,
λ Aeff

(7)

where n2 is the nonlinear refractive index, and Aeff is the effective area. The effective area of the TE00 , TE10 , and TM00
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modes is simulated to be 0.477 µm2 , 0.734 µm2 , and 0.790
µm2 , respectively. Leff denotes the effective length, expressed
as
2

2
Leff
= L2 e−αL

1 − e−αL+j∆kL
,
αL − j∆kL

(8)

where ∆k = 2kp − ks − ki is the phase mismatch, in which k p,s,i
is the propagation constant of the pump, signal, and idler, respectively. The phase mismatch of TE00 , TE10 , and TM00
modes in the microring resonator is plotted in Fig. 6(a).
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FIG. 6. (a) Simulated phase mismatch of TE00 (blue), TE10 (red),
and TM00 (green) modes as a function of the signal wavelength.
(b) Simulated second-order derivative of the propagation constant of
TE00 (blue), TE10 (red), and TM00 (green) modes as a function of
the wavelength.

It is found that the phase mismatch induced effects on the
effective length are very weak, as the signal and the idler are
very close in wavelength to the pump. Hence, the effective
lengths of TE00 , TE10 , and TM00 modes are calculated to be
198.85 µm, 198.44 µm, and 198.23 µm, respectively. FEp,s,i
is the on-resonance field enhancement factor of the microring
resonator for the pump, signal, and idler, respectively, which
is given by
FE =

κ
1 − τe−

αL
2

,

(9)

√
where τ = 1 − κ 2 is the transmission coefficients between
the bus waveguide and the microring resonator, which is obtained from Eq. 3. It is found that the field enhancement
factors of the pump, signal, and idler are almost equivalent
for every mode. Therefore, the on-resonance field enhancement factors of TE00 , TE10 , and TM00 modes are calculated to
be 4.0, 4.6, and 4.5, respectively. The modes with resonance
approaching the critical coupling of the microring resonator,
that means Qin = Qex and has the lowest extinction ratio in
the transmittance according to Eq. 5, have the strongest enhancement. The conversion efficiency is proportional to the
field enhancement factor to the power of eight, according to
Eq. 6. As the field enhancement factor of the TE10 mode is
larger than that of the TE00 mode, the conversion efficiency
of the TE10 mode is higher, even though the TE00 mode has
a larger nonlinear parameter due to its small effective area.
The second-order derivative of the propagation constant of
TE00 , TE10 , and TM00 modes is plotted in Fig. 6(b). As
can be seen, the fundamental TE and TM modes have near-

5

zero group velocity dispersion in the FWM operation wavelength range. It indicates that the resonances of the fundamental TE and TM modes are equally spaced, so the pump,
signal, and idler wavelengths have tiny mismatch with the
resonances. Additionally, the thickness variation of the 4HSiC layer is below 3% within the 1 cm2 4H-SiCOI chip, and
the microring has a much smaller footprint of 3.5 × 103 µm2 ,
so the thickness induced dispersion variation is negligible.
Based on the data of the fundamental TE and TM modes
in Fig. 5(b) and Eqs. 6 - 9, the nonlinear refractive index
of the ordinary and extraordinary polarized light in 4H-SiC
can be extracted as n2,TE = (7.0 ± 0.3) × 10−19 m2 /W and
n2,TM = (13.1 ± 0.7) × 10−19 m2 /W, respectively. The nonlinear refractive index of the TE polarized light is consistent
with previous reported values17,18 , while that of the TM polarized light has not been reported yet. The high nonlinear refractive index and the strong enhancement of the TM00 mode
makes FWM more efficient than what may be achieved using
the TE00 or the TE10 modes in the experiment, resulting in the
highest conversion efficiency.
The experimental results indicate that the third-order nonlinearity of 4H-SiC is polarization dependent, and the nonlinear refractive index of the extraordinary polarized light is
twice as large as that of the ordinary polarized light in the
4H-SiCOI integrated platforms. The waveguide investigated
in this experiment has a very thin 4H-SiC film of 400 nm,
which cannot strongly confine the TM00 mode, as shown in
the inset of Fig. 3(d). This results in a larger effective area,
compared to that of the TE00 mode. Hence, the nonlinear parameters of the TM00 and TE00 modes are 6.66 W−1 m−1 and
5.89 W−1 m−1 , respectively, which are almost equivalent, and
the higher conversion efficiency of the FWM with the TM00
mode is mainly contributed by the stronger field enhancement
factor.
Waveguides with a thicker 4H-SiC film exhibit more similar effective areas of the TM00 and TE00 modes, so assuming
the same microring resonator induced field enhancement, the
nonlinear parameter of the TM00 mode is about twice as large
as that of the TE00 mode according to Eq. 7, and the conversion efficiency of the FWM with TM00 mode is about four
times as large as that of the TE00 mode according to Eq. 6.
Therefore, TM00 polarization is much preferred for efficient
nonlinear applications of the 4H-SiC integrated platform.

IV.

CONCLUSION

In this work, we have demonstrated the design and fabrication of polarization-insensitive grating couplers with a
bandwidth of over 60 nm in the 4H-SiCOI integrated platform. We have also demonstrated a multimode 4H-SiC microring resonator with three polarization and spatial mode
resonances, and three FWM processes with these modes
are achieved. This shows the potential of utilizing the polarization and the spatial modes as additional degrees of
freedom to increase the transmission capacity of optical
and quantum communication networks. We also find that
the nonlinear refractive index of 4H-SiC is polarization de-
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pendent, and the nonlinear refractive index of the extraordinary polarization, n2,TM = (13.1 ± 0.7) × 10−19 m2 /W, is
much stronger than that of the ordinary polarization,
n2,TE = (7.0 ± 0.3) × 10−19 m2 /W, which indicates that TM
polarization is more efficient for the applications involving
the third-order nonlinearity, such as Kerr-nonlinearity optical
parametric oscillation and frequency comb generation.
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