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The unique material property of silicon carbide (SiC) and the recent demonstration of low-loss SiC-
on-insulator integrated photonics platform have attracted considerable research interests for chip-scale
photonic and quantum applications. Despite the impressive progresses made in SiC photonics, some of its
beneficial photonic properties are yet to be fully explored. Here, we carry out a thorough investigation of
the Kerr nonlinearity among 4H -SiC wafers from several major wafer manufacturers, and reveal that their
Kerr nonlinear refractive index can be significantly different. By eliminating various measurement uncer-
tainties in the four-wave mixing experiment, the best Kerr nonlinear refractive index of 4H-SiC wafers is
estimated to be approximately 4 times, instead of the prior estimate of 2 to 3 times, of that of stoichiomet-
ric silicon nitride in the telecommunication band. In addition, experimental evidence is developed that the
Kerr nonlinearity in 4H-SiC wafers can be stronger along the ¢ axis than that in the orthogonal direction.
Our examination of the Kerr nonlinear refractive index also compels a useful correction to the existing
model in high-index-contrast waveguides; otherwise, considerable errors can be introduced.
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L. INTRODUCTION

Silicon carbide (SiC) recently emerged as a promising
photonic and quantum material due to its unique proper-
ties, including a wide transparency window spanning from
the visible to the mid-infrared, simultaneously possess-
ing second- and third-order optical nonlinearities, large
thermal conductivity, and the existence of various color
centers that can be exploited as single-photon sources or
quantum memories [1-3]. In addition, SiC is a robust,
CMOS-compatible material with its quality supported by a
fast-growing industry, as single-crystal 4H-SiC substrates
up to six inches are already commercially available at an
affordable cost [4]. These features, coupled with the recent
demonstration of a low-loss SiC-on-insulator integrated
photonics platform [5-9], portend potential disruption of
quantum information processing through scalable integra-
tion of SiC-based spin defects with a wealth of quantum
electrical and photonic technologies on the same chip [3].

Despite the impressive progresses made in SiC pho-
tonics over the past decade, some of its beneficial pho-
tonic properties are yet to be fully explored [10]. For
example, the Kerr nonlinear refractive index n, of SiC,
a third-order nonlinear property that underpins optical
nonlinear applications such as optical parametric oscil-
lation (OPO) and Kerr frequency comb generation, is
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predominantly reported in the literature to be in the range
of (5-8) x 107" m?/W in the telecommunication band
(see Table I). (Note this number is approximately 2—3
times of that of stoichiometric silicon nitride, which is
around 2.5 x 107! m?/W at 1550 nm.) However, our
recent work suggested that 4H-SiC wafers from differ-
ent manufacturers seem to yield different levels of Kerr
nonlinearity, as n; of 4H-SiC from ST Microelectronics
(formerly known as Norstel AB and hereinafter referred
to as “Norstel” for short) is estimated to be near (3.0 +
1.0) x 107! m?/W for the transverse-electric (TE) modes
while that of II-VI Incorporated (“II-VI” for short) 4H-
SiC wafers is even lower [11]. A closer look into the
literature also exposes the limited data points relied upon
by most of the existing works for the n, estimation, which
tended to ignore various uncertainties in the experiment
and thus introduced sizeable errors to the process [11—16].

In this work, a systematic approach for the accurate
measurement of the Kerr nonlinearity in 4H-SiC wafers
is developed. We focus on on-axis, semi-insulating 4H -
SiC wafers from three major wafer manufacturers, i.e.,
Norstel, II-VI, and Cree. While both Cree and Norstel
SiC wafers are of high purity (i.e., undoped), the II-VI
wafers attain high resistivity through vanadium doping,
which has been shown to result in color centers that
emit single photons in the telecommunication O band
(1278—1388 nm) [17]. Our study confirms that the Kerr
nonlinearities of the aforementioned commercial 4H-SiC
wafers are indeed significantly different, with Cree wafers
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TABLE L.

Comparison of the measured Kerr nonlinear refractive index of different SiC wafers in the literature versus this work,

where various approaches, including cross-phase modulation (XPM), self-phase modulation (SPM), four-wave mixing (FWM), optical
parametric oscillation (OPO), and comb generation, are employed. Our work also reveals the larger Kerr nonlinear refractive index
for Norstel 4H-SiC wafers along the ¢ axis (//c) compared to the orthogonal direction (L ¢). The Cree and II-VI wafers show similar
behavior, although their n, difference between the two polarizations is smaller and within the measurement uncertainties.

SiC Wafer Estimation A Kerr ny
References polytype mft. method (nm) (107 m?/W)
Luetal [12] a-3C XPM 1550 59+0.7
Martini et al. [13] 3C . FWM 1550 5.31+£0.04
Cardenas et al. [14] 4H Norstel SPM 2360 8.6+ 1.1
Zheng et al. [15] 4H .. FWM 1550 6.0£0.6
Guidry et al. [16,18] 4H Cree OPO 1550 69+1.1
Caietal [11] 4H Norstel Comb 1550 Lec:3.0£1.0

4H I-VI FWM 1550 23+05
This work 4H Norstel FWM 1550 Le:314+05

//c:4.6+0.6
4H Cree FWM 1550 9.1+t1.2

exhibiting the highest 7, of (9.1 £1.2) x 107! m?/W
while II-VI wafers exhibiting the lowest n, of (2.3 +
0.5) x 1071 m?/W. For 4H-SiC wafers, our work also
points to a stronger Kerr nonlinearity along the ¢ axis
compared to the orthogonal direction, with the Norstel 4H -
SiC wafers exhibiting 7, of (4.6 £ 0.6) x 10~' m? /W for
the transverse-magnetic (TM, dominant electric field along
the ¢ axis) modes and n, of (3.1 £0.5) x 107" m?>/W
for the TE modes (dominant electric field orthogonal to
the c-axis). Finally, our examination of various waveguide
geometries made of the same SiC material also compels a
correction to the existing model for the n, estimation in
high-index-contrast waveguides; otherwise, considerable
errors can be introduced.

II. FWM EXPERIMENT AND y MEASUREMENT

Our approach to determining the Kerr nonlinear refrac-
tive index is based on measuring the four-wave mixing
(FWM) efficiency between two narrow-linewidth lasers
(pump and signal, linewidth <100 kHz) in high-Q SiC
microresonators (intrinsic Qs in the range of 1-5 million)
[13,15,19]. For this purpose, 4-inch-size SiC-on-insulator
(SiCOI) wafers are fabricated using a customized bond-
ing and polishing approach (NGK Insulators) for on-axis,
semi-insulating 4H-SiC substrates obtained from Norstel,
II-VI, and Cree. After dicing each wafer to 1 x 1 cm?
chips, we fabricate high-Q SiC microring and racetrack
resonators using e-beam lithography and dry etching. In
addition, grating couplers are designed to facilitate the
input and output coupling between fibers and on-chip
waveguides, with typical insertion loss near 5—7 dB at the
center wavelength for each grating coupler [11].

As illustrated in Fig. 1, light from the pump laser (Top-
tica CTL1550, output power fixed at 10 mW) and the sig-
nal laser (Agilent 81642A, output power fixed at | mW) is
combined before being coupled to the on-chip waveguide

through a fiber V-groove array (VGA) [11]. The power of
each laser can be externally varied through a variable opti-
cal attenuator (VOA) to minimize thermo-optic bistability
and higher-order idler generation in the FWM experiment.
In addition, the high attenuation accuracy and repeatability
(error <0.1 dB) of VOAs enables an individual estimation
of the on-chip power for the pump and signal separately.
This is achieved by applying the maximum attenuation (60
dB) to the pump (signal) laser while keeping the normal
attenuation level (<15 dB) for the signal (pump) laser,
measuring the off-chip powers from the VGA fibers (“in”
and “out” ports as illustrated in Fig. 1) using an opti-
cal power meter (OPM), and inferring the corresponding
on-chip signal (pump) power with the estimated insertion
loss. At the output, the pump and signal wavelengths are
separated into two paths through a wavelength-division
multiplexing (WDM) filter, allowing each of them to be
photodetected and tuned to their respective resonances
from the transmission scan [20]. Once aligning the pump
and signal laser wavelengths to the selected cavity reso-
nances, we measure the idler power, which is generated
from the FWM process in the SiC microresonator, using
an optical spectrum analyzer (OSA). At this stage, we also
tune the pump and signal laser out of resonance and ver-
ify that the power measured by OSA is consistent with the
number obtained previously from OPM. Such a power cal-
ibration scheme proves to be critical as the insertion loss
from the chip can deteriorate by 1-2 dB due to unstable
fiber-grating alignment during the resonance scan and/or
the idler power measurement, resulting in an inaccurate
estimation of on-chip powers.

We define the FWM efficiency as the ratio between
the idler power (denoted as P;, which is the on-chip idler
power in the waveguide) and the signal power (denoted as
Ps in, which is the on-chip signal power before entering the
SiC microresonator). In the frequency matched scenario,
i.e., the pump, signal, and idler are all perfectly aligned

034083-2



MEASUREMENT OF THE KERR NONLINEAR...

PHYS. REV. APPLIED 19, 034083 (2023)

® Input lasers

pump
laser m

FPC VOA

OO0 |

FPC VOA

NV

PD

NIy S

PD

® Scan calibration using MZI

FIG. 1.

® SiC microring

OPM

® Power calibration

® Resonance scan

1545
Wavelength (nm)

® OSA measuring FWM efficiency

1549 1553

Experimental schematic for the measurement of the Kerr nonlinearity in SiC microresonators: FPC, fiber polarization

controller; VOA, variable optical attenuator; WDM, wavelength-division multiplexer; PD, photodetector; MZI, Mach-Zehnder inter-
ferometer; OPM, optical power meter; and OSA, optical spectrum analyzer. Detailed description of the experiment is referred to the

main text.

to their respective resonances and their wavelengths are
close to each other, this FWM efficiency is given by the
following expression [19]:

‘ 4 2\2 /)2 2
Do () ()’ (g) (%> (&>
Ps,in JTl’lg«/Z P Qc P Qc s Qc ,‘,
(D)

where A, is the pump wavelength; n, is the group index of
the resonant modes in the C band; L is the circumference
of the SiC microresonator; y is the FWM nonlinear param-
eter, which is proportional to the Kerr nonlinear refractive
index ny; P, i, denotes the on-chip pump power before
entering the SiC microresonator; and Q; (Q.) is the loaded

(coupling) Q of the resonant mode with the subscripts
p,s,i denoting the pump, signal, and idler, respectively.
According to Eq. (1), y is explicitly determined by the

following factors:
2
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where the first multiplying factor can be accurately com-
puted given that A, and L are known, and n, is inferred
from the mode’s free spectral range [FSR, which is related
to n, through FSR = ¢/(ngL) with ¢ being the speed of
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(a) Nonuniform frequency tuning rate in the piezo scan of the signal laser (Agilent 81642A) characterized by an imbalanced

Mach-Zehnder interferometer (MZI, see Fig. 1): the blue and red curves correspond to the forward and backward scan responses at
a scan rate of 1 Hz, respectively. (b) Left: swept-wavelength transmission of a representative high-Q resonance in a SiC racetrack
microresonator with a bending radius of 100 wm [TMyo in Fig. 3(d)]: the blue dots are the experimental data and the red curve is its
Lorentzian fitting, showing a loaded (intrinsic) Q near 2.3 (3.9) million. Right: extracted loaded Qs for the same resonance shown on
the left with repeated continuous sweeps from the signal laser. The three colored regions indicate the different tuning speeds varied
from 0.5 to 10 nm/s with all the other scanning parameters kept the same: the blue circles are the loaded Qs extracted directly from
motor scans (fluctuations up to 20%) and the red crosses are the Qs calibrated using MZI (fluctuations <3%).
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Experimental results for the y estimation in four devices from two distinct Norstel SiC chips. For (a)(d), the left figure

shows the measured loaded Q (Q;) as well as inferred intrinsic Q (Q;) and coupling Q (Q.) for various azimuthal orders of the
resonances used in the FWM experiment [note the y axis for (c) is in the log scale while the rest is linear]. On the right we plot the
extracted y for the corresponding pump wavelengths, with the signal and idler resonances being 1 FSR away. The blue diamond and
red star curves are for the same pump resonance but with the signal and idler positions exchanged. Devices in (a),(b) (from chip 1)
are 36-pm-radius microrings while devices for (c),(d) (from chip 2) are racetrack resonators with a bending radius of 100 pwm. Their

specific waveguide geometries are provided in Table II.

light in vacuum]. The second multiplying factor in Eq.
(2), which is the ratio between the on-chip idler power
(after the SiC microresonator) and signal power (before
the SiC microresonator), is experimentally determined by
tuning the pump laser into resonance and recording the
idler power (when the signal is on resonance) and the sig-
nal power (when it is off resonance) both from OSA (see
Fig. 1). This practice removes uncertainty in the common
loss factor shared by the signal and idler, including the
insertion loss from the grating coupler and fiber connec-
tors. To address the possibility that this loss factor might
be slightly different between the signal and idler, we switch
their spectral positions (i.e., set the signal laser at the idler
wavelength while keeping the pump the same) and obtain
another FWM efficiency for statistical averaging. As such,
the FWM efficiency can be reliably measured with an
estimated relative uncertainty <10%. The third factor in
y is inversely proportional to the on-chip power for the
pump, whose error is predominantly caused by the unstable
fiber-grating alignment during the FWM experiment. With
our power calibration protocol in place (see discussions

TABLE II.
all of which are made from the same Norstel SiC material.

following Fig. 1), its relative uncertainty is controlled to
be <10%. The final constituent factor in y indicates the
crucial importance of accurate Q estimation, as y scales as
0?/07} and a 10% error in Q; can generate up to 20%—40%
errors in the y estimation.

To accurately determine the Q factors from the linear
swept-wavelength transmission measurement, we divide a
portion of the tunable laser output to a fiber-based MZI,
which has a path difference of 3 m and an FSR of 68.1
MHz around 1550 nm (see Fig. 1). By scanning the SiC
chip and MZI simultaneously and using the known FSR
of the MZI to calibrate the swept wavelengths, we are
able to correct various scan nonidealities arising from the
limited tuning resolution in tunable lasers. Take the sig-
nal laser (Agilent 81642A), for example: the frequency
tuning rate of the piezo scan (i.e., varying the laser
frequency in a narrow range by applying an external
voltage) is found to be nonuniform across a linear volt-
age scan [Fig. 2(a)]. This directly affects the Q esti-
mation as the inferred cavity linewidth will depend on
the relative position of the resonance within the scan

Estimation of the Kerr nonlinear refractive index and the impact of different Ay formulas for SiC devices shown in Fig. 3,

Norstel Width Height Measured y ny with Eq. (3) ny with Eq. (4)
devices Mode (nm) (nm) (W m™ (107 m?/W) (107 m?/W)
Fig. 3(a) TEgo 2200 £ 100 475 £25 2.054+0.15 39+0.6 3.1+£0.5
Fig. 3(b) TMoo 2500 £ 100 475 £ 25 24+0.2 10.0 £2.0 4.6 +0.6
Fig. 3(c) TE o 2500 £ 100 850 + 50 1.15+0.1 4.0+0.6 35£06
Fig. 3(d) TMoo 2500 £ 100 850 + 50 1.8+£0.1 63+0.8 53+£0.8
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FIG. 4. Computation of two different expressions of 4.y, i.¢., Egs. (3) and (4), for the waveguide modes corresponding to Figs. 3(a)
and 3(b). While numerical values of 4.g for the TE polarization are reasonably close between the two formulas, their results are more
than 2 times different for the TM polarization, which are contributed by the weighted field integral by the relative permittivity and a
factor depending on the ratio between n, and ny. Both waveguides have an oxide cladding underneath and an air cladding on top.

range, which is difficult to control precisely from one
scan to another. On the other hand, repeated contin-
uous frequency sweeps from the laser’s motor scan
also yield 10%—20% fluctuations in the inferred loaded
QOs without calibration [Fig. 2(b)]. Such scan nonide-
alities are ultimately related to the limited wavelength
resolution (pm level) present in most of the tunable
lasers, which poses a challenge to determining optical Qs
accurately on the million level and above. Hence, the
introduction of the MZI to this experiment for the scan
calibration becomes necessary, which improves the uncer-
tainty in the Q; estimation to be <3% [Fig. 2(b)].

Despite the developed calibration processes for the
power and O measurement, appreciable variations (on the
order of 20%—30%) in the y estimation (and hence n,)
still exist. To further reduce the uncertainties, we carry
out the FWM experiment on multiple devices for each
SiC material so that a statistically meaningful average is
obtained. Moreover, different combinations of azimuthal
orders in each device are employed to account for the

a
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zfc‘: 2F 00 \%

Q O/m =

1 xl/"_h"\lx—x—x 3.7, .
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Wavelength (nm) Ap (nm)

FIG. 5.

variations in their intrinsic and coupling Os, which are par-
tially attributed to their scattering-limited radiation losses
and frequency-dependent couplings [21]. In Fig. 3, exem-
plary results for four different devices based on the Norstel
SiC (test grade) are presented: the two devices correspond-
ing to Figs. 3(a) and 3(b) are 36-pwm-radius microrings
from the SiC chip that has been previously used for
the microcomb generation [11], with an approximate SiC
thickness around 475 nm; on the other hand, the devices
corresponding to Figs. 3(c) and 3(d) are larger racetrack
resonators (bending radius of 100 wm and circumference
near 1.3 mm), which are fabricated on a different SiC
chip with a nominal thickness around 850 nm. To ensure
frequency matching between the interacting waves in the
FWM process, we choose resonances belonging to the
same mode family with only one FSR separation and ver-
ify that their dispersion is indeed small enough [11]. The
mode order and polarization of each mode family are iden-
tified by comparing the measured FSR and coupling Qs
to the simulation results [21]. While in theory we should

(b) 15
TM 00
=) 4.1f
5
Q
&
Q
3.8
05 L 1 1
1530 1545 1560 1535 1554
Wavelength (nm) A, (nm)

Experimental results for the y estimation in two 36-pm-radius SiC microrings on a Cree SiC chip. The specific device

parameters are listed in Table II1. For (a),(b), the left figure shows the measured loaded Q (Q)) as well as inferred coupling Q (Q.) and
intrinsic Q (Q;) for the resonances that have been used in the FWM experiment (pump, signal, and idler are only separated by 1 FSR);
and on the right we plot the extracted y for varied pump wavelengths (i.e., different azimuthal orders), with the blue diamond (red star)
curve corresponding to the case that the signal wavelength is smaller (larger) than the pump wavelength.
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TABLE IIL

Estimation of the Kerr nonlinear refractive index for the Cree SiC devices shown in Fig. 5. Both devices have an etch

depth near 500 nm and a top cladding layer of oxide. The sidewall angle of the device is estimated to be near 80°.

Cree Width Height Measured y ny with Eq. (3) ny with Eq. (4)
devices Mode (nm) (nm) (W lm™h (107 m? /W) (107 m? /W)
Fig. 5(a) TEgo 2500 £ 100 630 + 30 4.0+0.18 104+1.2 89+1.1
Fig. 5(b) TMgo 2500 £ 100 630 £ 30 3.95+0.11 13.6+1.2 94+09

expect a uniform y for the same mode family, the fluctu-
ations observed in Fig. 3 indicate that the aforementioned
experimental uncertainties for the y estimation cannot be
completely removed.

I11. n, ESTIMATION FROM MEASURED y

After extracting y from the FWM experiment for
each device, the final step in the Kerr nonlinear refrac-
tive index measurement is to connect y to n, based on
y = 2mny/(ApAerr), Where Aefr is the effective mode area.
The exact definition of Ay, however, is not well agreed
upon in the literature. For example, one common version
of A that is applicable to low-index-contrast waveguides
takes the following form [22]:

() B, y) Pddy)”
A= T Bl sy ®

where E(x,y) is the electric field of the waveguide mode
under consideration and x,y are the coordinates in the
waveguide cross section. [Note the denominator in Eq. (3)
is only integrated within the waveguide core, which is the
only material assumed to possess a nonzero n,.] For high-
index-contrast waveguides, which is the case for SiCOI,
we believe that A.¢ needs to be modified as (see derivation
in Sec. II1.D of the Supplemental Material from Ref. [20]):

Aur =
" ffcore Eg(x’y)lE(X,y)|4dxdy

- ([ ey B, y)Pdxdy)” (n_0>2 @

ng

where €,(x, y) is the relative permittivity and ny denotes the
refractive index of the waveguide core (n for the TM and
TE polarizations is slightly different given that 4H-SiC is
uniaxial). Note that while the first multiplying factor in Eq.
(4) resembles the effective mode volume derived in Ref.
[23], an additional correcting factor, which depends on the
ratio between ng and n, (group index), is introduced here.

This factor can be intuitively understood based on the fact
that n, is defined for the bulk material while y is obtained
from confined waveguide modes.

Aside from theoretical justification, experimental evi-
dence for the correct 4. can be developed by computing
n, from the measured y for various waveguide geome-
tries made of the same material, which should result in
a consistent #n;. Such an example is provided in Table
IT for the SiC devices measured in Fig. 3. By focusing
on the TM polarization, we find that Eq. (3) resulted in
dramatically different numerical values of n, for the two
distinct waveguide geometries corresponding to Figs. 3(b)
and 3(d), despite the fact that they are both fabricated from
the same Norstel SiC wafer. In contrast, the application of
Eq. (4) leads to consistent n, (within measurement uncer-
tainties), which lends strong support to its validity. Given
the sensitivities of the ¢ estimation to the Q measurement
and the smaller uncertainties in the O estimation of 36-pm-
radius microrings compared to those of the larger racetrack
resonators, we adopt the n, result for the Norstel material
in Table I based on Figs. 3(a) and 3(b).

To better understand the difference between the two A.s
expressions, in particular their reasonable agreement for
the TE-polarized modes and significant disagreement for
the TM-polarized modes in Table 11, we use the waveguide
modes corresponding to Figs. 3(a) and 3(b) as an exam-
ple. As shown in Fig. 4, the TE modes are well confined
within the waveguide core and their group index is close
to the material index ng (ng &~ 2.6 at 1550 nm). As a result,
the difference between Egs. (3) and (4) is relatively small.
On the other hand, the TM mode expands more outside
the waveguide core, given that the vertical dimension is
much smaller than the horizontal dimension. This results
in a 35% reduction in the field integral of 4.y by weight-
ing the electric field with the relative permittivity (i.e., €,),
as done in Eq. (4), compared to the one without [as in
Eq. (3)]. In addition, Eq. (4) has another multiplying fac-
tor that depends on the ratio between ng and n,. Because

TABLE IV. Estimation of the Kerr nonlinear refractive index for the II-VI SiC devices shown in Fig. 6. Note both devices have an
etch depth near 500 nm and a top cladding of air. The sidewall angle of the device is estimated to be near 80°.

I-VI Width Height Measured y ny with Eq. (3) ny with Eq. (4)
devices Mode (nm) (nm) W m™ (107 m? /W) (107 m? /W)
Fig. 6(a) TEwo 2500 £ 100 600 £+ 30 0.96 + 0.08 23+03 20+£03
Fig. 6(b) TMyo 3000 £ 100 600 £ 30 0.98 +0.07 394+04 254+04
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FIG. 6. Experimental results for the y estimation in two devices from the same II-VI SiC chip. The specific device parameters are
listed in Table IV. For (a),(b), the left figure shows the measured loaded Q (Q;) as well as inferred coupling O (Q.) and intrinsic O
(Q;) for the resonances that have been used in the FWM experiment (pump, signal, and idler are only separated by 1 FSR); and on
the right we plot the extracted y for varied pump wavelengths (i.e., different azimuthal orders), with the blue diamond (red star) curve
corresponding to the case that the signal wavelength is smaller (larger) than the pump wavelength. Note that the y axis in (a) is in the
log scale as the coupling Qs of the TEy, mode family are much larger than the intrinsic Qs (i.e., undercoupled).

the group index n, for the TM mode is considerably larger
than ny, this factor will contribute another 30% reduction
in the effective mode area. Combined together, the numer-
ical value of 4. given by Eq. (4) is approximately 46%
of that obtained with Eq. (3) for the waveguide mode cor-
responding to Fig. 3(b). We believe the data presented in
this paper unanimously supports the adoption of Eq. (4)
as the general formula for connecting y to n,, while Eq.
(3) is only applicable for the waveguide mode that is well
confined in the waveguide core and whose group index is
similar to the refractive index of the bulk material.

IV. y MEASUREMENT AND #n; ESTIMATION FOR
CREE SiC

We perform similar device fabrication and FWM mea-
surements for the Cree SiC (production grade) wafer as
we did for the Norstel material. The Cree chip has an
estimated thickness of (630 &£ 30) nm based on reflectom-
etry. The SiC microrings have a radius of 36 pm and
varied ring widths. In the dry-etching step, we remove
approximately 500-nm SiC (calibrated using profilome-
ter), leaving a pedestal layer with a nominal thickness
around 130 nm. In the end of the fabrication, a 1-pm-thick
PECVD oxide layer is deposited on top of the SiC devices.

In Fig. 5, we present exemplary results for the TE and
TM resonances supported by the SiC microrings. Using

the extracted y, we estimate n, in Table IIl by tak-
ing the uncertainties in the waveguide dimensions into
consideration. While the mean value of n, for the TM
polarization (whose dominant electric field is along the
¢ axis) is slightly bigger than that of the TE polariza-
tion (whose dominant electric field is orthogonal to the ¢
axis), this difference (approximately equal to 5%) is within
the measurement error and is not statistically significant.
Therefore, we averaged n, for the TE and TM polarizations
in Table I and increased its uncertainty slightly to account
for both cases.

V. y MEASUREMENT AND n, ESTIMATION FOR
II-VI SiC

Likewise, we fabricate 36-pm-radius SiC microrings on
semi-insulating [[-VI 4H-SiC (primary grade) chips and
perform FWM experiments to extract their y and n,. The
II-VI chip has an estimated SiC thickness of (600 4 30)
nm based on reflectometry. In the dry-etching process,
we remove approximately 500-nm SiC, leaving a pedestal
layer with a nominal thickness around 100 nm. For this
chip, the top cladding is air.

In Fig. 6,we present representative results for the TE
and TM resonances supported by the SiC microrings. As
can be seen, the mean value of n, along the ¢ axis (TM) is
approximately 20%—30% larger than that of the orthogonal
direction (TE). Nevertheless, this difference is still within

TABLE V. Summary of the experimental results for the TEy, mode family in 36-pum-radius SiC microrings made from semi-
insulating, on-axis 4H-SiC wafers from three major wafer manufacturers. The two A expressions [i.e., Egs. (3) and Eq. (4)] provide
a reasonably close estimation of n, for each material, confirming that its numerical values are indeed significantly different among

4H-SiC wafers produced by II-VI, Norstel, and Cree.

SiC Fig. Width Height Measured y ny with Eq. (3) ny, with Eq. (4)
mft. (nm) (nm) (W im™h (1071 m?/W) (1071 m?/W)
I-VI 6(a) 2500 + 100 600 £ 30 0.96 +0.08 23403 20+03
Norstel 3(a) 2200 + 100 475 +£25 2.05+£0.15 39+0.6 3.1+05
Cree 5(a) 2500 %+ 100 630 £ 30 40+£0.18 104+1.2 89+ 1.1
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the measurement uncertainties. As such, we take the aver-
aged n; for the TE and TM polarizations in Table I, and
increased its uncertainty to account for both cases.

VI. DISCUSSIONS

We want to emphasize that one of the main conclusions
of this work, that the Kerr nonlinear refractive index n,
from the three major SiC wafer manufacturers is signif-
icantly different, is unlikely to be caused by the errors
introduced in the connection from the experimentally mea-
sured y to mp. This is because we can focus on the
TE-polarized modes that are well confined in the in-plane
direction (waveguide widths >2 wm), for which different
A expressions yield similar results (see Table V). Such
variations are likely a result of different growth methods
adopted by these wafer manufacturers. For 4H-SiC wafers
from the same manufacturer, our experience based on mul-
tiple (>5) II-VI wafers suggests that the measured Kerr
nonlinearity is fairly uniform without noticeable differ-
ences.

VII. CONCLUSION

In conclusion, we develop a systematic approach for the
accurate measurement of the Kerr nonlinearity in 4H-SiC
wafers, and show that there are significant variations in
the Kerr nonlinear refractive index among 4H -SiC wafers
from different manufacturers. Our work also reveals a
larger Kerr nonlinearity along the ¢ axis than that in the
orthogonal direction, and a useful correction in the model-
ing of n, to obtain consistent results in high-index-contrast
waveguides. We believe these findings, in particular the
fact that the Kerr nonlinear refractive index of 4H-SiC
can be up to 4 times (instead of the prior estimate of 2
to 3 times) of that of stoichiometric silicon nitride, are cru-
cial to the future development of the SiCOI platform for a
variety of nonlinear applications in both the classical and
quantum regimes.
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