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Abstract: We measure the photothermal nonlinear response in suspended cubic silicon carbide
(3C-SiC) and 3C-SiC-on-insulator (SiCOI) microring resonators. Bi-stability and thermo-optic
hysteresis is observed in both types of resonators, with the suspended resonators showing a
stronger response. A photothermal nonlinear index of 4.02x10~'> m?/W is determined for
the suspended resonators, while the SiCOI resonators demonstrate one order of magnitude
lower photothermal nonlinear index of 4.32x10~'® m?/W. Cavity absorption and temperature
analysis suggest that the differences in thermal bi-stability are due to variations in waveguide
absorption, likely from crystal defect density differences throughout the epitaxially grown layers.
Furthermore, coupled mode theory model shows that the strength of the optical bi-stability, in
suspended and SiCOI resonators can be engineered for high power or nonlinear applications.
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1. Introduction

Silicon carbide (SiC) is an emerging semiconductor material with the potential to fulfill many
applications in integrated photonics. For instance, the SiC platform has shown promise for
nonlinear optics [1-4], electro-optic modulation [5], opto-mechanics and quantum emitters [6—8].
The wide band-gap, high refractive index (~ 2.57), low thermo-optic coefficient [9], absence of
two-photon absorption (TPA) at 1550 nm, and appreciable optical nonlinearities [1-5,10,11],
make SiC ideal for a wide variety of linear and nonlinear optical applications.

Recently, the SiC optical platform has undergone rapid development and significant advance-
ments have been made in optical quality (Q) factor of micro-resonators and nanophotonic cavities
fabricated in SiC materials [1-5,9-15]. However, studies of optical bi-stability have not been
extensively explored in SiC. High optical intensities within optical cavities can produce optical
bi-stability or photothermal nonlinear response [16,17]. This is caused by a nonlinear change
in the effective refractive index due to optical absorption and production of heat within the
cavity. Enhancement of this effect can be useful for all-optical memory [18], photon-pair sources
[19], switches, and logic gates [20,21], on the other hand, it can be desirable to minimize
optical bi-stability for linear optical applications [22], such as microwave photonics [23,24]
and programmable optical meshes [25]. While optical bi-stability has been broadly studied
in other photonic integrated platforms [16-22,26,27], the observation of optical bi-stability in
SiC has been limited to amorphous SiC [28] and 4H-SiC [29], and has not been rigorously
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quantified. Among various polytypes of SiC, cubic (3C) SiC is the only polytype to exhibit
intrinsically zero-birefringence and symmetrical electro-optic index ellipsoid with elements of
the electro-optic tensor equal in magnitude [30]. This reduces complexities in optoelectronic
integration and facilitated the demonstration of a Pockels modulator on 3C-SiC-on-insulator
(SiCOI) [5]. Indeed 3C-SiC can be grown on silicon substrates with desired thickness and etched
to create various microring resonators [5,9,31-33].

In this article, we fabricate, measure and quantify the photothermal nonlinear responses in
suspended 3C-SiC and SiCOI resonators at telecommunication wavelengths. Coupled mode
theory (CMT) is used to model the bi-stable behavior and quantify the photothermal nonlinear
index, which determines the strength of the observed bi-stability. A photothermal nonlinear
index of 4.02x 10715 m?/W is obtained for the suspended resonator, which is higher than silicon
(2x10715 m?/W) [34], whereas the SiCOI waveguide resonator has a photothermal nonlinear
index of 4.32x107'¢ m?/W, which is around one order of magnitude lower than silicon. Cavity
absorption and temperature analysis show the differences in thermal nonlinear index are expected
to be caused by differences in optical absorption induced by polycrystalline domains [32] of
the 3C-SiC substrate. Furthermore, the CMT model shows that the degree of bi-stability in
suspended and SiCOI microring resonators can be tailored according to applications.

The optical waveguide structures enhance thermal nonlinear effects to yield measurable optical
bi-stability. For this reason, we choose to fabricate microring resonators, which have a large
optical field enhancement factor [35]. Each device consists of a ring resonator coupled to a
bus waveguide where light is directed in and out via vertical grating couplers (VGCs). The
coupling gaps between the resonators and bus waveguides are optimized to give a critical coupling
condition to achieve the highest extinction ratio and maximal optical field enhancement factor. A
rib waveguide design with a slab thickness of less than 135 nm is chosen to reduce the interaction
between the optical mode and sidewalls of waveguides [36], while providing mechanical support
to the suspended waveguide to facilitate photonic integration. The waveguide dimensions are
determined by finite element method (FEM) simulations in COMSOL Multiphysics based on
a maximum etch depth of 350 nm, and a sidewall angle of 75.6° which are constrained by the
fabrication process. The 800 nm-width waveguides are chosen to allow minimal bending loss and
single transverse electric (TE) mode operation, where the waveguide heights and slab thicknesses
of suspended and SiCOI waveguides are shown in Figs. 1(a) and 1(b), respectively. Both devices
are fabricated using a complementary metal-oxide-semiconductor (CMOS) foundry compatible
process [5,9]. Both ring radii are set as 40 um to minimize the bending loss [9]. The source
wafer consists of 3C-SiC epitaxially grown on a silicon substrate with 3.5 pm of SiC epitaxially
grown on silicon substrate. Due to the lattice mismatch between 3C-SiC and silicon, stacking
faults occur at the growth interface. The grain boundaries are a source of optical scattering
loss and absorption [9,32]. In SiCOI waveguides, a flip, bond and polish method is used to
remove the stacking faults and anti-phase boundaries at the SiC-Si interface [5,32], whilst the
suspended devices are required to be etched within high crystal defect density region as this
region is closest to the underlying support provided by the silicon substrate [33]. In this work,
the suspended 3C-SiC waveguides are surrounded by an air cladding formed by undercutting
the silicon substrate of approximately 50 um thickness (Fig. 1(a)). To ensure sufficient optical
absorption to probe the thermo-optic bi-stability at low power levels, no thermal annealing is
applied to the suspended chip [9]. On the other hand, the SiCOI waveguides are wrapped by oxide
cladding with a top oxide thickness of 1 pm, and a bottom oxide thickness of 2 um. Scanning
electron microscopy (SEM) images of the fabricated suspended and SiCOI resonators and VGCs
are, respectively, shown in Figs. 1(c)-(d) and Figs. 1(e)-(f).

Before measuring bi-stability, the spectral response of each resonator is determined by varying
the wavelength of a laser beam that is directed to the VGC. The recorded spectral responses for
representative suspended and SiCOI resonators are shown in Figs. 2(a) and 2(b), respectively.
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Fig. 1. (a) Schematic diagram of the suspended 3C-SiC waveguide cross section, with
dimensions. (b) Schematic diagram of the 3C-SiCOI waveguide cross section showing
top oxide (TOX) and bottom oxide (BOX) cladding, with dimensions. Scanning electron
micrographs of (c) the fabricated suspended ring resonator (d) vertical grating coupler used
to couple light into the suspended cavity (e) the fabricated 3C-SiCOI ring resonator and (f)
vertical grating coupler of 3C-SiCOI waveguide.
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The data reveals single mode operation with free spectral ranges (FSRs) of 3.35 nm and 3.26
nm, respectively, as per design and a close to critically coupled condition for SiCOI resonator.
The small difference in FSR is due to the difference in group index as a result of differing
waveguide dimensions and claddings for the suspended and SiCOI cavities. The intrinsic Q
(Qq) for each device is measured using Lorentz fitting of the optical resonance by measuring its
transmission spectrum. A 240 pm full-width-half-maximum (FWHM) linewidth is measured
for an under-coupled suspended microring resonator. This corresponds to a Q; value of 9,500
(Fig. 2(a)), which indicates a linear propagation loss of around 52 dB/cm. Due to improvement
in 3C-SiC crystallinity for the SiCOI resonators, the SiCOI resonator has a narrower linewidth
of 144 pm, corresponding to a Qg value of 23,000 (Fig. 2(b)) and a linear propagation loss of
about 20 dB/cm. The propagation loss in SiCOI waveguide can be reduced by optimizing the
SiC waveguide geometry, which results in improved mode confinement and less scattering due to
reduced optical mode and sidewall interaction. The analysis of the waveguide surface roughness
can be used to evaluate the scattering loss [32].
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Fig. 2. (a) Optical transmission spectrum of a suspended single mode cavity and Lorentz
fit of the resonant mode to determine the intrinsic optical quality factor (Qq) (Cross:
Measurement; Solid line: Lorentz fitting). Inset: Optical mode profile of the suspended
cavity (largest intensity in dark red) (b) Optical transmission of the SiCOI ring cavity and
Lorentz fit of the resonant mode to determine Q (Cross: Measurement; Solid line: Lorentz
fitting). Inset: Optical mode profile for the SiCOI cavity (largest intensity in dark red).
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2. Measurement of optical bi-stability

The bi-stability of 3C-SiC is inferred by pumping the suspended and SiCOI microring cavities
with increasing optical power. Accordingly, the microring resonators are pumped using light
from a tunable laser. The wavelength of the light is scanned at a constant rate of 20 nm/s. This
ensures the sweep time through the resonance is much longer than the thermal relaxation time of
SiC, which is typically on the scale of microsecond [5]. Therefore, the local thermodynamic
quasi-equilibrium is established during the sweep [37]. An erbium-doped fiber amplifier (EDFA)
is used to increase the optical power launched into the resonators in steps of 100 mW. Figures 3(a)
and 3(b) show the measured spectral responses of the suspended and SiCOI devices at various
laser power levels, when varying the laser from shorter to longer wavelengths (red scan). As
the input power incident to the VGC is increased, a redshift of the resonance is observed. The
resonance spectra become increasingly asymmetric indicative of optical bi-stability attributed to
the thermo-optic effect. The wide band-gap (~ 2.3 eV) [33] of SiC eliminates refractive index
changes brought by TPA at telecommunication wavelengths (1550 nm ~ 0.8 eV) and free-carrier
absorption. The transmission responses of these devices are also characterized when sweeping
the laser from longer to shorter wavelengths (blue scan). The results shown in Figs. 3(c) and 3(d)
indicate that the resonant wavelength shifts during the blue scan are smaller than that of the red
scan for both platforms. This is due to the resonance wavelength varying with that of the laser
during the red scan, while varying opposite to that of the laser during the blue scan. Hence, a
smaller amount of heating is observed for the blue scan [16]. Calculated based on the transmission
spectra in Figs. 3(a) and 3(b), the 3C-SiC resonators exhibit a resonance shift of 4.3 pm/mW and
0.42 pm/mW with varied laser power for the suspended and SiCOI platforms, respectively. The
resonance shifts are dominated by the thermo-optic effect. The thermal expansion factor of SiC
is on the order of 1076 K~! [38], which is one order of magnitude smaller than the thermo-optic
coefficient of SiC and leads to a small contribution to the geometry change in the resonance shift.
Moreover, the 3C-SiC resonators are surrounded by other parts of the chip that are not heated that
could constrain thermal expansion effect [39]. Considering the power-induced resonance shift
(r), resonance wavelength (1), group refractive index (n,), VGC loss (17), enhancement factor
(F) defined as the intensity enhancement inside the microring resonator compared with the bus
waveguide [35], and the effective mode area (A7) of these cavities, the thermal nonlinear indexes
n, are, respectively, calculated to be 4.02x107!> m?/W and 4.32x107'6 m?/W for suspended and
SiCOI waveguides, where ny = rngA.gz/(nAF). The large ny observed in the suspended platform
is likely caused by the aforementioned higher optical absorption due to dangling bonds [9,32] at
the grain boundary interfaces in the SiC-Si defect layer.

The relationships between absorbed power and cavity stored energy for the 3C-SiC resonators in
the red scan are plotted in Fig. 4(a), where the slopes of the linear fit lines represent the absorption
rate (Tl_l) [40]. Due to the absence of TPA and FCA at telecommunication wavelengths, the
linear absorption [40], accounting for both surface absorption and bulk absorption of the optical
cavity [41], represents the primary factor contributing to the photothermal induced resonance
shifts in SiC devices. For the suspended resonator, the measured absorption rate is 1.8 times
higher than the SiCOI resonator. Moreover, by considering the thermal-optic effect within the
3C-SiC waveguides, we calculate the temperature increases of the resonators with cavity power
by combining the electromagnetic and heat-transfer physics in a numerical model based on FEM
[42]. The temperature increase has a good agreement with that predicted by simulation, as
shown in Fig. 4(b). Consistent with the larger absorption rate, the suspended resonator exhibits a
9.7 times higher rate of temperature increase than the SiCOI resonator. The extracted thermal
resistances (R) of the suspended and SiCOI waveguides are 3.85x10° K/W and 7.62x10% K/W,
indicating the suspended waveguide has a higher rate of heating. Figures 4(c) and 4(d) show the
simulated cross-sectional temperature distributions via FEM in these two waveguide platforms
at the circulation power of 320 mW and 330 mW, respectively. The temperature of suspended



Research Article Vol. 30, No. 19/12 Sep 2022/ Optics Express 34153 |

Optics EXPRESS N

(a) (b)
ERE e E
£ =
5 8
8 8
g 0.5 g 05
g g
s |dmW Gomw =
S \ 3
g of 100 mw 20
o Red scan 2> o Red scan =
500 0 500 1000 1500 2000 2500 3000 -600 -400 -200 O 200 400 600 800 1000
Resonance detuning (pm) Resonance detuning (pm)
(© (d)
ERR ERE
o TEPapy <
15 600 mwW g
8 8
£05 Eos
g :
£ 25 mw =
8 8
3 o 100 mW g. 0
© < Blue scan < Blue scan
-500 0 500 1000 1500 2000 2500 3000 -600 -400 -200 0 200 400 600 800 1000
Resonance detuning (pm) Resonance detuning (pm)

Fig. 3. Optical bi-stability response induced by scanning the laser wavelength across the
cavity resonance. Increased resonance detuning and profile distortion with increased optical
power to VGC (100 mW steps) (a) suspended resonator red scan response (b) SiCOI resonator
red scan response (c) suspended resonator blue scan response (d) SiCOI resonator blue scan
response.

SiC waveguide is higher and more concentrated than the SiCOI waveguide. This is attributed
to a combination of smaller thermal conductivity of air than SiO, and a larger absorption rate
of suspended waveguide. The thermal nonlinear index in suspended SiC waveguides could
be increased by adjusting the density of crystal growth defects within the waveguide [9,33].
Ultimately there is a trade-off between a higher thermal nonlinear index and decreased waveguide
propagation loss. On the contrary, by employing SiCOI, the thermal nonlinear index is around
one order of magnitude lower than silicon (2x10~"> m?/W) [34], showing its potential for linear
devices. Moreover, we estimate the thermal nonlinear index of a suspended microring in SiCOI
platform made by undercutting the SiO; cladding, will be larger than the non-suspended SiCOI
platform, due to a lower thermal conductivity of air in comparison with SiO, cladding [43].
When the optical power in the waveguide reaches the optical bi-stability threshold [22], the
microring resonators can exhibit two stable states for the same input optical power, which can be
observed as a hysteresis loop. To measure the optical hysteresis in 3C-SiC resonators, a laser
with a fixed wavelength, red detuned from the resonance wavelength, is launched into suspended
and SiCOI cavities. An EDFA is used before the input of the resonator to increase the optical
power, and the transmitted optical power is monitored at the output of the resonator using an
optical power meter. The resultant hysteresis loops for these resonators are shown in Fig. 5 for
varied detunings. It was found that the hysteresis curves are determined by the magnitude of
laser detuning from resonance. Similar to silicon-based photonic cavities [9,22], the hysteresis
of SiC resonators grows with the increasing detuning. The SiCOI resonator, with a smaller
thermal nonlinear index, requires a higher power to show the hysteresis loop. Note that the
combination of two nonlinear refractive index change effects, such as the photothermal nonlinear
effect in combination with the free carrier dispersion effect in silicon resonator [44] and with
TPA in graphene coating [45], could lead to the divergent curves of the hysteresis loop even at
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Fig. 4. Cavity absorption and temperature analysis. (a) Absorbed optical power for varied
stored energy in suspended and SiCOI resonators. (b) Temperature change (AT) against
circulating optical power for the suspended and SiCOI resonators. Simulated thermal heat
distribution in (c) suspended and (d) SiCOI waveguides.

the stable region. In our case, the small opening of the hysteresis loop is only observed in the
SiCOI microring resonator. This might be originated from the combination of the dominated

photothermal nonlinear effect and an extra nonlinear effect resulting from the silicon-rich SiO,
layer [5].
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Fig. 5. Measured optical induced hysteresis in the resonators for varying input pump powers
to VGC at a fixed laser wavelength red detuned from the 3C-SiC cavity resonance. (a)
suspended resonator 300 pm red detuning (b) suspended resonator 500 pm red detuning (c)
SiCOI resonator 200 pm red detuning (d) SiCOI resonator 250 pm red detuning.

Based on the steady-state solution of the coupled-mode equations [46,47], the resonance
wavelength shift (A1) as a result of thermal-induced temperature equilibrium between the
absorbed and dissipated heat in 3C-SiC resonator, is expressed as

Y on KnPiy
27en 0T (2(A — A9 — AA)/B)* + 1

Ad =Rt
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where Ay is the laser wavelength, c is the light vacuum speed, n is the refractive index of 3C-SiC,
B is the FWHM of the resonance, % is the thermal-optic coefficient, P;, is the input power, and
K describes the fractional depth of the resonance dip under different coupling conditions [48].
Equation (1) contains more than one solution at a certain laser wavelength for given input power,
further proving the existence of optical bi-stable states. To further quantify the optical bi-stability,
we calculate the maximum detuning of the suspended and SiCOI resonators in the red and blue
scans at various laser input power based on Eq. (1). The resonators used in the calculation have
the same propagation loss, VGC loss, waveguide geometry and ring circumference as these used
in the experiment, while the gaps between bus and ring waveguides are adjusted to control the
circulating power within the resonators.

Figures 6(a) and 6(b) respectively show the calculated maximum detuning of the suspended
and SiCOI resonators based on Eq. (1) at different optical power and coupling gaps between bus
and ring waveguides in both red and blue scans, where the change of the gap will vary the FWHM
and extinction ratio of the resonator [49]. The suspended platform shows a larger detuning than
the SiCOI one, due to the higher linear absorption rate and the larger thermal resistance. At
the same input power, the magnitude of the maximum detuning as the coupling gap increases
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Fig. 6. Calculated maximum resonant wavelength detuning at different input optical power
to VGC and coupling gap in red and blue scan for the (a) suspended resonator and (b)
SiCOlI resonator. Measured results are depicted in red triangulars and blue circles for red
and blue scans, respectively. Insets show the zoom-in view of the measured results at an
input optical power of 100 mW. Calculated difference of maximum resonant wavelength
detuning in red and blue scans at different input optical power and coupling gap for the
(c) suspended resonator and (d) SiCOI resonator.
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shows a monotonical decrease and a parabolic shape for the suspended and SiCOI resonators,
respectively. The top of the parabolic shape occurs when the SiCOI resonator reaches the
critical coupling condition [20], while the larger propagation loss (~ 52 dB/cm) of the suspended
resonator prevents this condition. Experimental results obtained for the suspended and SiCOI
resonators are also shown in Figs. 6(a) and 6(b), respectively, which have a good agreement with
the calculations. Moreover, the overlap between the detuning surfaces means the amounts of
detuning in the red and blue scans are the same, i.e., there is no bi-stability effect. The contour
plots of the calculated difference of maximum resonant wavelength detuning in red and blue
scans for suspended and SiCOI resonators at different input optical power and coupling gaps
are shown in Figs. 6(c) and 6(d), respectively. Due to the low threshold of the bi-stability in the
suspended resonator, no overlap is observed in Fig. 6(a), and further verified in Fig. 6(c), while
the SiCOI resonator exhibits an overlap as the gap increases or/and the optical power decreases,
as shown in Figs. 6(b) and 6(d). These results provide a guideline to tailor the bi-stability effect
for different applications.

3. Conclusions

We observe, characterize and quantify photothermal nonlinear response in 3C-SiC waveguides.
We use suspended and SiCOI platforms for comparison of bi-stability due to varying amounts of
optical absorption. Using the fabricated microring resonators in both platforms, we are able to
characterize the photothermal nonlinear index and bi-stable behavior under various optical pump
powers. Our results show the suspended and SiCOI waveguides have photothermal nonlinear
coefficients of 4.02x10715 m2/W and 4.32x1071® m%/W, respectively, where the latter is one
order of magnitude smaller than the photothermal nonlinear coefficient observed in Si waveguides.
By using CMT to model the bi-stable behavior of the microring cavities, we are able to engineer
the bi-stability for high power or nonlinear applications. Enhanced bi-stability in suspended
SiC can be used for all-optical processing such as memory and logic gates; SiCOI platform will
help mitigate the effects of bi-stability. By improving the crystal quality in the SiCOI waveguide
fabrication process to reduce optical absorption, we envision the photothermal nonlinear index of
SiCOI waveguide can be further reduced. This provides great potential for applications such as
microwave photonics, frequency comb and nonlinear conversion.
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