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ABSTRACT: Silicon carbide (SiC) is considered a promising
platform for linear and nonlinear photonics due to its large
band gap, large refractive index, low thermo-optic coeflicient,
large Kerr nonlinearity, and good mechanical stability. We
evaluate amorphous SiC (a-SiC) deposited on an insulator,
using plasma-enhanced chemical vapor deposition, as a
nonlinear optical material. Deposited films possess a band

gap of 2.3 eV and refractive index of 2.45 at a wavelength of

1550 nm. Ring resonators with intrinsic quality factor as high
as 1.6 X 10° are demonstrated. Waveguides with loss as low as

3 dB/cm enable low loss linear integrated photonics. The Kerr nonlinearity of a-SiC around 1550 nm is measured to be 4.8 X
107" cm?*/W—1 order of magnitude higher than previous results measured for both crystalline and amorphous SiC. Nonlinear
loss characterization shows that two-photon absorption is absent. The three-photon absorption coefficient is characterized to be
~0.01 cm®’/GW?. The strong Kerr nonlinearity makes a-SiC a great platform for CMOS-compatible nonlinear photonics.
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Recently, silicon carbide (SiC) has emerged as a promising
platform for linear and nonlinear integrated photonics
and quantum optics,l_4 exhibiting unique optical, thermal, and
mechanical properties and defect characteristics. The large
band gap of SiC allows for not only broad-band operation
including visible wavelengths but also the suppression of two-
photon absorption and its side effects, which typically limit the
use of silicon in nonlinear photonics.” SiC also has a large
refractive index that enables high index contrast with SiO, and,
therefore, high confinement in SiC optical waveguides. SiC has
a thermo-optic coefficient (2.77 X 107°/K)" lower than that of
the conventional silicon platform (1.86 X 107*/K).° Thus,
SiC-based devices can maintain a more stable performance
despite temperature fluctuations caused by (i) heat dissipated
from other nearby devices on the chip or (ii) high optical
intensity used for nonlinear processes. Of the more than 200
SiC polytypes, 3C, 4H, and 6H are the three common
polytypes studied for photonics applications. The 3C SiC is the
only polytype that can be epitaxially grown on a crystalline
silicon substrate,” whereas 4H and 6H SiC are available as bulk
crystalline materials. The higher refractive index of silicon
compared to that of SiC precludes the use of silicon as a
substrate for SiC photonics unless the SiC devices are
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suspended, leading to complex fabrication processes and
even more complex light-coupling techniques, making epitaxial
3C SiC on silicon an unfavorable option for photonics. For 4H
and 6H, because they are available only as bulk materials, one
needs to use the smart-cut technique® to obtain SiC on a lower
index material such as silicon dioxide, again requiring complex
fabrication processing. The easiest fabrication route is to use
amorphous SiC (a-SiC),” which can be directly deposited with
plasma-enhanced chemical vapor deposition (PECVD), on any
lower index material, facilitating applications in complementary
metal-oxide semiconductor (CMOS)-compatible integrated
photonics.

The combination of large band gap, large refractive index,
high second-order and third-order susceptibility, and excellent
thermal stability makes SiC a promising platform for nonlinear
photonics. The Kerr nonlinearity of SiC is characterized at
different wavelengths,g_12 with the value at 1550 nm reported
to be around 5 X 107" cm?/W,"! larger than that of some
materials for nonlinear photonics like silicon nitride,"
Hydex,'* aluminum nitride,"> and diamond."® Although it
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has been claimed that two-photon absorption is suppressed at
the 1550 nm wavelength because of its large band gap,
nonlinear loss attributed to higher-order photon absorption for
SiC waveguides has not been characterized until now.

In this paper, we characterize the linear and nonlinear
optical properties of a-SiC. Unlike previous work,”™” our
devices are fabricated on a SiC-on-insulator substrate with a-
SiC deposited directly on silicon dioxide using PECVD. The
CMOS-compatible deposition process is highly advantageous
for the integration of as-deposited a-SiC photonic devices with
CMOS electronics. Ring resonators integrated with bus
waveguides are fabricated and demonstrated to have an
intrinsic quality factor as large as 1.6 X 10°. To our knowledge,
this is the largest quality factor achieved for all resonator types
based on crystalline or amorphous SiC. To characterize the
nonlinear property, self-phase modulation experiments are
performed on 12 mm long waveguides with a width of 1200
nm, using 1 ps pulses at 20 MHz repetition rate, centered at a
wavelength of 1550 nm. Spectral broadening of the input
pulses is induced by the a-SiC waveguide nonlinearity, from
which the Kerr coefficient of the a-SiC film (n, = 4.8 X 107'*
cm?®/W) is extracted using the nonlinear Schrodinger equation
(NLSE). The Kerr nonlinearity of our a-SiC film is almost 10
times that of previously demonstrated crystalline and
amorphous SiC.”"" Nonlinear loss is observed for the first
time for a-SiC at the wavelength of 1550 nm with high incident
pulse peak power. The profile of transmission as a function of
input peak power suggests that two-photon absorption is
absent, as expected from the large band gap (2.3 eV) of a-SiC.
Nonlinear loss mechanisms attributed to three-photon
absorption are experimentally observed, and the three-photon
absorption coefficient is extracted to be ~0.01 cm®/GW?. The
real and imaginary parts of the a-SiC refractive index are
measured using Fourier transform infrared (FTIR) spectros-
copy, and the material dispersion of the films is calculated to be
normal at 1550 nm.

B RESULTS

Material Characterization and Device Fabrication.
The a-SiC film studied in this paper is deposited using a
mixture of silane (SiH,) and methane (CH,) gases in a
PECVD system. A gas flow of 45 sccm SiH,, 310 sccm CH,,
and 700 sccm Ar is used with a chamber pressure of 1100 mT.
A 13.56 MHz radio frequency (RF) with 150 W power is used
to generate plasma. The substrate temperature was maintained
at 300 °C with a film deposition rate of 2 nm/s. The low-
temperature process makes the a-SiC material compatible with
back-end of the line CMOS processing. FTIR is used to study
the refractive index (real part n and imaginary part k) of a 430
and 1000 nm thick a-SiC film. The n and k values are measured
in seven vertical slices (Z in Figure 1). The refractive index
over the spectral range from 200 nm to 8 ym is plotted in
Figure 1. It is observed that there is an absorption peak at 4.8
pum which originates from the Si—H bond stretching vibration.
One unique property of our a-SiC film is that the refractive
index increases linearly upward along the growth direction, as
shown in Figure lc. At the very important spectral range near
1550 nm, n is around 2.45, which is lower than that previously
reported in 3C, 4H, 6H, and amorphous SiC. This variation in
reported refractive index can be caused by differences in
PECVD recipes employed by the different groups. This could
also lead to variations in other material properties like the Kerr
nonlinearity, which are discussed in the next section. The
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Figure 1. (a) Real part and (b) imaginary part of the refractive index
of 430 nm thick a-SiC film at different film depth Z covering
wavelength from 200 nm to 8 pm. (c) At the wavelength of 1550 nm,
the real part of the refractive index of a-SiC increases linearly upward
along the growth direction for 430 nm (blue dot and green line) and
1000 nm thick film (red dot and cyan line). (d) Material dispersion
near 1550 nm calculated from the n values measured using FTIR.

material dispersion of the a-SiC film is calculated from the n
values measured using FTIR, as shown in Figure 1d. The a-SiC
film exhibits normal dispersion at the spectral range from 1.4 to
1.7 pm. From the k value, using Tauc’s method, we calculate
the band gap of the a-SiC film to be 2.3 eV, which is
adequately large to suppress two-photon absorption at 1.5
um.

As described in Figure 2a, the device fabrication process
starts with depositing 350 nm a-SiC film on the 3 ym thermal
oxide on a silicon substrate. Waveguides with various widths
and ring resonator structures with various bus waveguide
widths and ring-coupling gaps are designed and patterned
using electron beam lithography. Inverse tapers are included at
ends of the waveguides for efficient edge coupling. In the
process flow, hydrogen silsesquioxane (HSQ) is spin-coated
and hard baked on the a-SiC film as an electron beam resist.
Patterns were defined through electron beam lithography,
following which reactive ion etching (RIE) is used to transfer
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Figure 2. (a) Fabrication process flow of a-SiC devices. (b,c) SEM micrographs of a fabricated ring resonator.

the HSQ pattern onto the a-SiC film, showing an excellent etch
profile and steep sidewalls, which is critical for superior ring
resonator performance. Silicon carbide is etched using a gas
mixture of 10 sccm Ar and 40 sccm Cl, in a 6 mT chamber
with 1000 W RF power applied. Etching rate is around 10 nm/
s. Finally, a 2 um SiO, top cladding layer was deposited on the
a-SiC structures using PECVD. The SEM micrographs of a
fabricated ring resonator are displayed in Figure 2b,c.
High-Quality-Factor Ring Resonator. The linear optical
properties of the a-SiC platform is first characterized by
measuring the transmission spectra of ring resonators to extract
the quality factor, waveguide loss, group index, and dispersion
which are critical for nonlinear applications. Following the
fabrication process described above, ring resonators with 50
pum radius, various bus waveguide widths of 600, 800, and 1000
nm, and ring-coupling gaps from 400 to 1000 nm are
fabricated in a 350 nm PECVD a-SiC film. A continuous-
wave, tunable laser covering the C- and L-bands is used as the
laser source for characterization. Polarization-maintaining
lensed fibers are used to edge couple the linearly polarized
light into waveguides using inverse tapers for maximum
coupling efficiency. The output light is collected by a fast
photodetector, and coupling loss from the lensed fiber to the
inverse taper is measured to be 3.6 dB. In this work,
transmission, of both transverse electric (TE) and transverse
magnetic (TM) polarizations, through the rings is measured.
The loaded quality factor of ring resonators is extracted from

the transmission spectra Lorentzian fit using equation
Q = ﬁ, in which A/ is the full width at half-maximum
(fwhm), and the intrinsic quality Q;'” is related to the loaded
quality factor Q, by Q, = LQL, where T is the transmission
at the resonance. From the intrinsic quality factor Q; the

1+~T

27m‘g 18

waveguide propagation loss a can be derived by a = R
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Group index 1, can be extracted from the transmission spectra

2

3
using the equation n

A
§ ~ 2RXFSR’
and FSR is free spectral range. For the TE polarization, due to
high confinement in the waveguide core, only ring resonators
with 400 nm gap are coupled to the waveguides. The loaded
quality factor for the fundamental TE, mode is measured to be
~100 000 for the ring resonator with 800 nm waveguide width
and 400 nm gap whose transmission spectrum is shown in
Figure 3a, corresponding to an intrinsic quality factor of
~120000 and 4.2 dB/cm waveguide propagation loss. Ring
resonators with 600 nm wide waveguides possess lower quality
factor due to the higher propagation losses of the narrower
waveguide. The group index of the 800 nm wide waveguide is
calculated and plotted in Figure 3b. The trend between
wavelength and group index implies normal dispersion for the
800 nm wide waveguide. The average dispersion D at 1550 nm
is calculated to be —400 ps/km-nm derived from the equation

R is the radius of the ring,

ldng

D = —=. This calculated waveguide dispersion shows good

agreement with the simulated dispersion of waveguide with
370 nm height. This can be attributed to the PECVD
deposited a-SiC film being slightly thicker than the targeted
350 nm. The TM-polarized transmission spectrum for ring
resonators with 800 nm wide waveguide and 800 nm gap is
shown in Figure 3c. This resonator possesses loaded quality
factor of ~140 000 for the fundamental TM, mode, which is
larger than that in all prior work for SiC resonators. Its intrinsic
quality factor is ~160000, corresponding to waveguide
propagation losses of 3 dB/cm. The TM mode dispersion is
around —3000 ps/km-nm calculated from the group index
results in Figure 3d. The spectra and quality factor of other
fabricated ring resonators are included in Figure 1S. Although
the loaded quality factor is affected by the coupling between
ring and bus waveguide, the intrinsic quality factor remains
relatively constant. Besides the high-quality factor, another
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Figure 3. (a) Measured TE, mode transmission spectrum for ring
resonator with 800 nm waveguide width and 400 nm gap. The loaded
quality factor for the fundamental TE; mode is measured to be
~100 000, corresponding to an intrinsic quality factor of ~120 000
and 4.2 dB/cm waveguide propagation loss. (b) Group index of 800
nm waveguide TE, mode extracted from ring resonator transmission
spectrum. The average dispersion at 1550 nm is calculated to be —400
ps/km-nm. (c) Measured TM, mode transmission spectrum for ring
resonator with 800 nm waveguide width and 800 nm gap. The loaded
quality factor for the fundamental TM, mode is measured to be
~140 000, corresponding to an intrinsic quality factor of ~160 000
and 3 dB/cm waveguide propagation loss. (d) Group index of 800 nm
waveguide TM, mode extracted from ring resonator transmission
spectrum. The average dispersion at 1550 nm is calculated to be
—3000 ps/km-nm.

advantage of our ring resonators is that only the fundamental
TE or TM mode is excited and the waveguide dispersion can
be engineered by adjusting the waveguide dimensions for
phase-matched nonlinear processes. For example, nonlinear
processes such as broad-band four-wave mixing require that
the waveguides have anomalous dispersion. From simulations,
we find that thicker waveguides enable waveguides with
anomalous dispersion to be achieved for both TE and TM
polarizations.

Self-Phase Modulation. To further characterize a-SiC
waveguides, we performed nonlinear loss measurement on the
fabricated a-SiC waveguides with various widths ranging from
800 to 1800 nm with a fixed height of 350 nm. A fiber laser
with 20 MHz repetition rate is used to deliver pulses with 1.0
ps temporal width and 1550 nm center wavelength. The same
lensed fibers are used to couple the light into the 12 mm long
waveguides with inverse tapers. The incident power into the
waveguides is adjusted using a digital attenuator. The trend
between the input and output power for 1200 nm wide
waveguide in Figure 4a implies the presence of nonlinear
losses. It is very clear in Figure 4b that the waveguide loss
increases with the incident pulse peak power. Based on the
measured band gap of a-SiC, two-photon absorption should be
absent and three-photon absorption should be the dominant
source of nonlinear loss. The trend between input peak power
and the reciprocal of transmission is found to vary linearly in
Figure 4c according to P,,> and 1/T? where P, is the incident
pulse peak power and T is the waveguide transmission.
Consequently, it is experimentally confirmed that the observed
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Figure 4. (a,b) Increasing of waveguide loss with the incident pulse
peak power implies the presence of nonlinear loss. (c) Linear relation
between P,,? and 1/T* implies that the nonlinear loss is attributed to
three-photon absorption. Three-photon absorption coefficient of a-
SiC is extracted to be ~0.01 cm®/GW?2.

nonlinear loss is a result of three-photon absorption. Based on
the linear trend between P, and 1/T?% the three-photon
absorption coefficient of a-SiC is extracted to be ~0.01 cm®/
GW2" The three-photon absorption coefficient of SiC is 1/5
of the value of that in AlGaAs.”” The nonlinear experiment
results for 800 nm wide waveguide are plotted in Figure 28.
The results from this experiment are very close to that of the
1200 nm wide waveguide.

In order to measure the Kerr nonlinearity of a-SiC for
nonlinear photonic applications, we continue our experiments
with self-phase modulation (SPM) experiments on the
fabricated a-SiC waveguides. The same incident pulse and
waveguide as was used in the nonlinear loss measurement are
used in the SPM experiments. Spectral broadening of the
incident pulses after propagating in the waveguides are
analyzed using an optical spectrum analyzer. Figure 5 shows
that the spectral broadening increases with the peak power of
incident pulses for the 1200 nm wide waveguide.
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Figure S. Measured transmission spectrum of pulses undergoing self-
phase modulation at different input peak powers.

The Kerr nonlinearity of the a-SiC waveguide is extracted by
modeling the SPM using the NLSE, with the waveguide
nonlinear parameter y, as a fitting parameter. Figure 6 shows
that y = 40 W™'/m gives the best matching between the
calculated NLSE results and experimental SPM spectrum with
13 W incident pulse peak power. The SPM transmission plot
for P, = 13 W which still resides in the linear region is used for

the extraction of the nonlinear parameter, y. From the relation,
27n,
AA ¢

, where A4 is the calculated effective mode area, and
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Figure 6. Measured self-phase modulation spectrum (solid blue line)
and calculated spectrum (black dashed line) using nonlinear
Schrodinger equation using a nonlinear parameter of y = 40 W™'/m.

the Kerr coefficient, n,, of the a-SiC film is 4.8 X 10™'* cm?/W,
which is on the same order of magnitude as that in silicon.”!
The effective mode area of waveguides is plotted in Figure 3S.

B DISCUSSION

The large nonlinear refractive index in the PECVD grown SiC
films is useful for low-power nonlinear optics, particularly in
applications that require use of continuous wave light as
opposed to pulsed light. As a fundamental component of
integrated photonic circuits, microresonators are essential for
various applications including spectral filters,”* optical
switches,”® optical amplifiers,””** and chem-biosensors.*®
Microresonators are also important for increasing the photon
lifetime within the cavity to increase the overall interaction
length and lower the power required to observe nonlinear
phenomena. Prior work on microresonators on the SiC
platform include microdisk resonators,”>’ "% ring resona-
tors,”~** and photonic crystal cavities.**”*' Of these, the
microdisk resonators possess the highest quality factor (~1.3 X
10°). Coupling techniques play a critical role in integrated
photonics circuits: suspended microdisk resonators are usually
not integrated with bus waveguides and require evanescent
coupling techniques,* limiting integration with other photonic
devices in the circuits. Multimode microdisk resonators
present a challenge because it is hard to suppress higher-
order modes and to engineer the mode dispersion—a feature
which is critical for nonlinear applications including four-wave
mixing and supercontinuum generation. Furthermore, prior
work on photonic crystal cavities’®*”*? has shown resonator
quality factors lower than that in microdisk resonators.”*” We
achieved an intrinsic quality factor of ~1.6 X 10° in our silicon
carbide ring resonators, which represents the highest quality
factor for any SiC resonator to date, including that
demonstrated in microdisk resonators. The high-quality factor
indicates that our fabrication processes minimizes waveguide
sidewall roughness, thus reduces the scattering loss. The
demonstrated high-quality factors in silicon carbide ring
resonators is useful for the implementation of continuous
wave nonlinear optic applications, and will be a subject of
study in the future. Leveraging the large nonlinear refractive
index and high resonator quality factors in tandem would
greatly facilitate low power nonlinear optics in CMOS-
compatible a-SiC photonic circuits. Further increases in the
resonator quality factor can be achieved through a combination
of modal engineering and etch process improvements.
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Bl CONCLUSION

In conclusion, we have proposed the a-SiC platform prepared
by depositing a-SiC on insulator using PECVD. The large
refractive index (2.45) and large band gap (2.3 eV) of the a-
SiC make it a great candidate for both linear and nonlinear
integrated photonics. Ring resonators fabricated on the a-SiC
films are demonstrated to have an intrinsic quality factor as
high as 1.6 X 10° at 1550 nm, which is the largest to date. The
low loss waveguide can serve as the basic building block for a
wide range of linear and nonlinear photonic devices. For the
first time, three-photon absorption of the a-SiC around 1550
nm is also experimentally observed and calculated to be 0.01
cm®/GW? The Kerr nonlinearity of a-SiC (1, = 4.8 x 107
cm?®/W) is retrieved from the SPM spectrum. The strong Kerr
nonlinearity, large resonator quality factor, tailorable wave-
guide dispersion, low linear and nonlinear losses make the ring
resonators suitable for future nonlinear integrated photonics
applications.
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