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Silicon carbide has recently emerged as a promising photonics material due to its unique properties, including
possessing strong second- and third-order nonlinear coefficients and hosting various color centers that can be
utilized for a wealth of quantum applications. Here, we report the design and demonstration of octave-spanning
microcombs in a 4H-silicon-carbide-on-insulator platform for the first time, to our knowledge. Such broadband
operation is enabled by optimized nanofabrication achieving >1 million intrinsic quality factors in a 36-μm-
radius microring resonator, and careful dispersion engineering by investigating the dispersion properties of differ-
ent mode families. For example, for the fundamental transverse-electric mode whose dispersion can be tailored by
simply varying the microring waveguide width, we realized a microcomb spectrum covering the wavelength range
from 1100 nm to 2400 nm with an on-chip power near 120 mW. While the observed comb state is verified to be
chaotic and not soliton, attaining such a large bandwidth is a crucial step towards realizing f −2f self-referencing.
In addition, we also observed a coherent soliton-crystal state for the fundamental transverse-magnetic mode,
which exhibits stronger dispersion than the fundamental transverse-electric mode and hence a narrower
bandwidth. © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.449267

1. INTRODUCTION

An optical frequency comb is a coherent light source that has
applications across a multitude of areas including frequency
generation and synthesis [1–4], imaging and sensing [5–8],
light detection and ranging [9,10], parallel optical communi-
cation and computation [11,12], and quantum information
processing [13,14]. The last decade has seen the development
of on-chip comb sources implemented in micro-resonators
(i.e., microcombs) featuring low power consumption, compact
form, and excellent phase stability [15–19]. So far, microcombs
have been realized in a variety of integrated photonic platforms
such as silicon [20,21], silica [22,23], aluminum nitride
[24,25], silicon nitride [26–28], lithium niobate [29–31],
and AlGaAs [32,33]. Recently, silicon carbide (SiC) has
emerged as a promising photonics material due to its unique
material properties, including a wide transparency window (ap-
proximately 400–5500 nm), simultaneously possessing strong
second- and third-order optical nonlinearities, a relatively high
refractive index (nominal index around 2.6 in the telecommu-
nication band), and large thermal conductivity [34]. In addi-
tion, SiC hosts a variety of color centers that can be exploited
for vital quantum devices such as single-photon sources and

quantum memories [35,36]. The combination of these proper-
ties renders SiC an attractive platform for photonic applications
in both the classical and quantum domains [37–40].

In this work, we are interested in generating broadband mi-
crocombs based on the strong third-order nonlinear coefficient
(i.e., Kerr combs) offered by SiC [37,41,42]. Due to the direct
wafer bonding and polishing technique, thin-film SiC-on-insu-
lator (SiCOI) platforms have been successfully demonstrated
for various polytypes of SiC, with the two most common
choices being 3C [43–45] and 4H [37,46–49]. To date, micro-
resonators implemented in 4H-SiCOI have achieved the high-
est quality factors (Q), with the state of the art reaching the
5–7 million range [49,50]. In addition, several important ap-
plications such as single-photon emission [51], optical paramet-
ric oscillation [52], optomechanical resonances [53], and
harmonic frequency generations [47–49] have been investi-
gated. Only recently, microcomb generation was reported in
4H-SiCOI with limited performance [49,50,52]. For instance,
an incoherent modulation-instability (MI) comb state was
demonstrated in a high-Q SiC microdisk, achieving the largest
wavelength span so far from 1300 nm to 1700 nm [49]. In
another work, coherent soliton and soliton-crystal (SC) states
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were reported, though the wavelength bandwidth was esti-
mated to be less than 200 nm [50]. For many metrology
and timekeeping related applications, however, it is necessary
to obtain a comb bandwidth of the order of one octave or more
[1,4]. Reaching such a technological milestone is especially
meaningful given that 4H-SiC has strong second-order nonlin-
earity that can be used to double the frequency through
second-harmonic generation [47,48], thus enabling the f −2f
self-referencing process on the same chip [25,54,55].

Here, we report the first octave-spanning microcomb gen-
eration in the 4H-SiCOI platform. This is achieved by engi-
neering the dispersion of the fundamental transverse-electric
(TE00) mode in a compact SiC microring resonator (36 μm
radius) on one hand, and optimizing the nanofabrication to
obtain intrinsic Q above 1 million on the other hand. With
these efforts, we realized a microcomb with wavelength cover-
age from 1100 nm to 2400 nm with approximately 120 mW
on-chip power. While the observed comb state is verified to be
chaotic, attaining such a large bandwidth is a crucial step to-
wards realizing f −2f self-referencing. In addition, we also ob-
served coherent SC state for the fundamental transverse-
magnetic (TM00) mode, which exhibits stronger dispersion
than the TE00 mode and hence a narrower bandwidth.

2. SYSTEM DESIGN AND OVERVIEW

The goal of this work is to develop SiC device technologies that
enable broadband combs with a telecommunication C-band
pump laser (i.e., near 1550 nm). As illustrated in Fig. 1(a), our
device platform is based on 4H-SiCOI, where the under-
cladding silicon dioxide (SiO2) layer is set to be approximately
2 μm to provide sufficient isolation from the silicon substrate.
To attain a large comb bandwidth, dispersion properties for
various resonant modes of a 36-μm-radius SiC microring are

investigated [27,56]. Here we fix the SiC thickness to be
500 nm while maintaining an approximately 50-nm-thick ped-
estal layer (which is unetched SiC). Our optimized nanofabri-
cation yields accurate dimensional control in the waveguide
width; in particular, the sidewall angle θ defined in Fig. 1(a)
is estimated to be larger than 80 deg. This enables a straight-
forward implementation of the pulley coupling structure de-
picted in Fig. 1(a), where selective coupling to the desired
resonant mode family is achieved by employing the phase-
matched access waveguide width and an appropriate coupling
length [57]. Figure 1(b) shows the scanning electron micro-
graph (SEM) of the 36-μm-radius microring used in this work,
which supports resonances with >1 million intrinsic Q (details
in Section 3).

By computing the resonance frequencies in an eigenmode
solver (COMSOL Multiphysics), we extract the group-velocity
dispersion (GVD) and higher-order dispersion terms for differ-
ent ring waveguide widths (RWs). For example, Fig. 1(c) plots
the simulated integrated dispersion (Dint) for the TE00 mode,
which is defined as

Dint ≡ ωμ − ω0 − D1μ �
X∞

k�2

1

k!
Dkμ

k, (1)

where μ is the relative azimuthal order to the pump resonance
(i.e., μ � 0 for the pump mode); ωμ is the corresponding res-
onance frequency; D1 is the free spectral range (FSR) of the
resonator; and D2 and Dk (k > 2) represent the GVD and
kth-order dispersion, respectively [58]. The GVD of the
TE00 mode can be tuned by simply varying the RW [as can
be seen in Fig. 1(c) by focusing on the wavelength region near
the pump resonance whereD2 is the dominant term], changing
from relatively strong anomalous dispersion for RW � 1.6 μm
to weakly anomalous for RW � 1.9 μm (the GVD of the TE00
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Fig. 1. (a) Schematic top view (left) and cross section (right) of the 4H-silicon-carbide-on-insulator platform for frequency comb generation based
on compact microring resonators. The sidewall angle (θ) is estimated near 80–85 deg in our nanofabrication. Dispersion engineering is carried out by
varying the ring waveguide width (RW). In addition, efficient coupling is realized using the pulley structure where the access waveguide width and
coupling length are adjusted to achieve phase matching to the desired resonant mode families. (b) Scanning electron micrograph of a 36-μm-radius
SiC microring. In this work, the SiC thickness is fixed at 500 nm with a pedestal layer of 50 nm. (c) Simulated integrated dispersion [Dint; see its
definition in Eq. (1)] for the fundamental transverse-electric (i.e., TE00) mode with ring widths varied from 1.6 μm to 1.9 μm (solid lines). For
comparison, Dint for the fundamental transverse-magnetic (i.e., TM00) mode is also provided for the ring width of 1.9 μm (magenta dashed line),
exhibiting much larger values than those of the TE00 modes. (d) Simulated comb spectrum for the TE00 mode for a 36-μm-radius SiC microring
with RW � 1.8 μm and an input power of 100 mW, featuring a spectral bandwidth of more than one octave and dispersive-wave generation near
the wavelength of 1150 nm. In the simulation, the Kerr nonlinear parameter is assumed to be γ ≈ 2.1 W−1 m−1, and the intrinsic and loaded quality
factors are assumed to be 1.25 million and 0.75 million, respectively.
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mode becomes normal for RW > 2.0 μm). In comparison, the
GVD for the TM00 mode is much stronger and not very sen-
sitive to the waveguide width tuning. Hence, we focus on the
TE00 mode family for broadband comb generation.

To reach an octave span in the comb spectrum, higher-order
dispersion terms need to be included in the design. The inte-
grated dispersion profile displayed in Fig. 1(c) suggests that the
comb bandwidth can be further broadened by the so-called
dispersive-wave generation at shorter wavelengths of the pump
laser for ring widths above 1.7 μm [59]. This is confirmed by
numerical simulation based on the Lugiato–Lefever equation
(LLE), which takes high-order dispersion terms into consider-
ation [60]. The simulation example provided in Fig. 1(d) is for
RW � 1.8 μm with a pump power of 100 mW, where an
octave-spanning comb bandwidth is realized. In addition, a dis-
persive wave is generated near the wavelength of 1150 nm, in
agreement with the dispersion data in Fig. 1(c) (the position of
the dispersive wave is located around Dint ≈ 0 for nonzero μ)
[27,60].

3. FABRICATION AND LINEAR
CHARACTERIZATION

The device fabrication begins by preparing a 100 mm diameter
4H-SiCOI wafer using the typical bonding and polishing pro-
cess [47–49]: first, a 2-μm-thick SiO2 layer is deposited on an
undoped 4H-SiC wafer (STMicroelectronics Silicon Carbide
AB in Sweden) based on plasma-enhanced chemical vapor dep-
osition (PECVD). After bonding SiO2 to a silicon handle wa-
fer, the SiC layer is thinned down from the initial thickness of
500 μm to <1 μm through the grinding and chemical and
mechanical polishing (NGK Insulators). We then dice the
4H-SiCOI wafer into 1 cm × 1 cm chips and further thin
down the SiC layer to the desired thickness depending on the
application. This is achieved by running a CHF3∕O2 plasma
etching process in a reactive-ion etching system (Plasma

Therm). The etch rate is slow enough (≈7.25 nm∕min) to
allow accurate control of the final SiC thickness. Next, the
nanofabrication proceeds by spin-coating a 1-μm-thick nega-
tive e-beam resist (flowable oxide, FOx-16) as the etching
mask, and the device patterns are defined using a 100 kV
electron-beam lithography system (Elionix ELS-G100). After
development, the pattern is transferred to SiC using the same
CHF3∕O2 plasma etching process that is used to fine tune the
SiC thickness. The inset in Fig. 2(a) shows the SEM picture
of an etched SiC waveguide, displaying smooth sidewalls that
are expected to minimize the scattering loss on the surface and
result in high-Q optical resonances.

In linear characterization, the light emitted from a telecom-
munication-band tunable laser (Agilent 81642Awith linewidth
<100 kHz) is coupled to the on-chip waveguide from a fiber
V-groove array (VGA) based on a grating coupler, with its
period optimized for either the TE- or TM-polarized light
[see Fig. 2(a) for the optical micrograph]. Figure 2(b) shows
a typical swept-wavelength transmission for a 36-μm-radius
SiC microring, where the output light in the waveguide is
coupled back to the VGA (a different fiber though) by a similar
grating coupler as the input. The insertion loss from each gra-
ting is estimated to be 5 to 7 dB in the center, while its 3 dB
coupling bandwidth is limited to 60–80 nm due to the disper-
sive nature of the grating. By comparing the measured FSRs to
theoretical values, we can identify the mode family of each res-
onance, and critical information such as Q and GVDs is ex-
tracted [57]. In Fig. 2(b), two representative resonances are
plotted for the TM00 and TE00 modes near 1550 nm, exhibit-
ing intrinsic Q around 1.5 million and 1.25 million, respec-
tively. The GVDs of these two modes are also verified to be
close to the simulation data provided in Fig. 1(c). For instance,
for the microring with RW � 1.8 μm, we extract its second-
order dispersion (D2∕2π) to be near 140 MHz and 10MHz for
the TM00 and TE00 mode families, respectively [Fig. 2(c)].
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Fig. 2. (a) Optical micrograph of a 36-μm-radius SiC microring with grating input and output. The inset shows the scanning electron micrograph
for one section of the ring waveguide, which exhibits smooth sidewalls and >80 deg sidewall angles. The access waveguide widths are set to be near
800 nm and 1000 nm for efficient coupling to TM00 and TE00 modes, respectively. (b) (top) Exemplary transmission of a grating-coupled microring
resonator, with a typical insertion loss around 5–7 dB per grating and a 3 dB coupling bandwidth around 60–80 nm. The grating period is optimized
to center the peak efficiency near the wavelength of 1550 nm. (bottom) Representative resonances with normalized transmission for TM00 and TE00

modes, both with intrinsic Q above 1 million (QL and Qi stand for the loaded Q and intrinsic Q , respectively). (c) Dispersion characterization of
TM00 and TE00 mode families, displaying an estimated second-order dispersion (D2∕2π) near 140MHz and 10MHz, respectively. The deviation of
the data points (circles) from the fitting curve (solid line) is primarily due to the measurement uncertainties in determining the resonance frequency
of each mode, which is estimated to be near 100–200 MHz (notice that the linewidth of each resonance is approximately 300 MHz).
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4. MICROCOMB GENERATION

To generate frequency combs, the laser output is amplified by
an erbium-doped fiber amplifier (EDFA, maximum power up
to 2 W) before being coupled to the on-chip waveguide using a
grating coupler. For relatively narrowband combs based on
TM00 modes, we out-couple the light using another grating
coupler with the same configuration as shown in Fig. 2(a). An
exemplary nonlinear transmission for the TM00 mode of a
36-μm-radius SiC microring (RW � 2.0 μm) is provided in
Fig. 3(a), where the laser wavelength is increased from the ini-
tial blue-detuned regime to the final red-detuned regime at a
slow speed. As shown, the nonlinear resonance is significantly
broadened by the thermo-optic (TO) and Kerr effects. In ad-
dition, as we vary the pump laser detunings, different comb
states including the MI comb and SC state are observed
[Fig. 3(b)] [58,61]. The MI comb features one-FSR spacing
in the spectral domain while exhibiting chaotic behavior in
the time domain. Its coherence property is characterized by fil-
tering out one of the comb lines [marked by circles in Fig. 3(b)]
and measuring its beat-note signal with an auxiliary laser tuned
into similar wavelengths [27]. The multiple peaks in the cor-
responding radio-frequency (RF) spectrum [Fig. 3(c)] indicate
that the MI comb is indeed incoherent. On the other hand, the
SC state observed in Fig. 3(b) has a spacing of three FSRs and
features a single RF peak whose position shifts with the wave-
length of the auxiliary laser, a strong sign that this comb state is
coherent [58]. Finally, we note that the approximate 250 nm
wavelength span in both the MI and SC comb states is partially
limited by the out-coupling bandwidth of the grating coupler,
which has a 3 dB bandwidth less than 100 nm [see Fig. 2(b)].

Having successfully generated combs based on TM00

modes, we proceed to operate on TE00 modes, which can po-
tentially offer a much broader comb spectrum. To overcome
the limited out-coupling bandwidth from the grating coupler,
the experimental configuration has been modified (see the inset
of Fig. 4 for the actual setup): we route the output waveguide to
a polished chip facet and collect the light using a lensed fiber
(butt coupling), which is broadband in nature. On the input

side, we still use the grating coupler, as it is found to be robust
under high input powers. In contrast, the butt coupling often
results in the burnt chip facet when the incident power is large
enough, which is likely caused by the absorption from defect
states created during the facet polishing step. In addition, to
resolve the broad comb spectrum at the output, two different
optical spectrum analyzers (OSAs) are employed, with one cov-
ering the wavelength range of 600–1700 nm and the other for
1200–2400 nm.

Figure 4 plots the comb spectra of the TE00 mode for differ-
ent ring widths of 36-μm-radius SiC microrings. Consistent
with the dispersion profiles provided in Fig. 1(c), we find that
the comb bandwidth indeed increases as the anomalous GVD
is weakened by the increased waveguide width. In particular,
broadband comb states spanning from the wavelength range
of 1100 nm to 2400 nm are observed for RW � 1.8 μm
and RW � 1.9 μm with a pump power near 120 mW on chip.
To the best of our knowledge, such octave-spanning micro-
combs are the first demonstration among all SiC-based
nanophotonic platforms. While the beat-note measurement in-
dicates the comb states shown in Fig. 4 are MI combs [which
partially account for the suppressed dispersive wave for RW �
1.8 μm when compared to the simulation data in Fig. 1(d)],
attaining such a large bandwidth is a crucial step towards real-
izing f −2f self-referencing. Our next step is to generate coher-
ent soliton microcomb states, with the outstanding challenge to
overcome the strong TO effect as observed in Fig. 3(a) [27]. In
addition, given the recent demonstration of electro-optic phase
shifters and modulators in the SiCOI platform [62,63], it is
possible to demonstrate efficient electro-optic combs based
on SiC as well [29]. Finally, it is worth mentioning that a care-
ful comparison between the observed comb spectra and the
LLE simulation points to a Kerr nonlinear coefficient of
n2 � �3.0� 1.0� × 10−19 m2∕W for our SiC [or an equivalent
γ ≈ 2.1 W−1m−1 as used in the LLE simulation in Fig. 1(d)],
which is smaller than what has been reported in the literature
[42,46,52]. This difference likely results from the material
property variation among different SiC manufacturers, as we
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do observe an even smaller Kerr nonlinear coefficient for semi-
insulating 4H-SiC with vanadium doping (40%–50% reduc-
tion compared to the one used in this work). In the future, it is
possible to further reduce the power consumption by improv-
ing the SiC Kerr nonlinear coefficient, increasing the quality
factors of the fabricated microrings, and employing a
coupled-ring design for more efficient pump-to-comb conver-
sion [64,65].

5. CONCLUSION

In conclusion, octave-spanning microcombs are demonstrated
in the 4H-SiCOI platform for the first time. This outcome is
enabled by efforts on two frontiers: first, optimized nanofabri-
cation leads to compact SiC microrings with intrinsic Q above
1 million; second, TE modes are utilized whose dispersion can
be tuned in a wide range by varying the waveguide width for a
fixed SiC thickness. Our results have paved the way for chip-
scale implementation of f −2f self-referencing in the SiCOI
platform, and more generally, lent strong support to the com-
petitiveness of SiC for a variety of nonlinear applications when
compared to more mature nonlinear materials such as silicon
nitride and aluminum nitride.
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