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Abstract

:

Silicon carbide (SiC) electronics has seen a rapid development in industry over the last two decades due to its capabilities in handling high powers and high temperatures while offering a high saturated carrier mobility for power electronics applications. With the increased capacity in producing large-size, single-crystalline SiC wafers, it has recently been attracting attention from academia and industry to exploit SiC for integrated photonics owing to its large bandgap energy, wide transparent window, and moderate second-order optical nonlinearity, which is absent in other centrosymmetric silicon-based material platforms. SiC with various polytypes exhibiting second- and third-order optical nonlinearities are promising for implementing nonlinear and quantum light sources in photonic integrated circuits. By optimizing the fabrication processes of the silicon carbide-on-insulator platforms, researchers have exploited the resulting high-quality-factor microring resonators for various nonlinear frequency conversions and spontaneous parametric down-conversion in photonic integrated circuits. In this paper, we review the fundamentals and applications of SiC-based microring resonators, including the material and optical properties, the device design for nonlinear and quantum light sources, the device fabrication processes, and nascent applications in integrated nonlinear and quantum photonics.
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1. Introduction


Silicon-based photonic platforms, commonly using silicon (Si) and silicon nitride (SiN), have become mature over the past two decades leveraging the well-established infrastructures for complementary metal-oxide-semiconductor (CMOS) fabrication processes. As Si and SiN are centrosymmetric materials, they possess only third-order optical nonlinearity (    χ     3      ), which is orders of magnitude weaker than the second-order optical nonlinearity (    χ     2      ) present in non-centrosymmetric materials. Based on     χ     3       nonlinearities, the four-wave mixing (FWM) process for frequency conversions and the spontaneous four-wave mixing (SFWM) process for parametric oscillations or photon pair generations are typically inefficient. Researchers have explored various methods to obtain     χ     2       nonlinearities through breaking the centrosymmetry in Si [1,2] and SiN [3,4,5,6]. However, Si has a relatively narrow bandgap energy of ~1.12 eV, which limits applications in the near-infrared wavelengths (>1.1   μ m  ) due to linear absorption, while the loss is limited by two-photon absorption (TPA) in the optical communications C-band and O-band. A commonly adopted 450 nm wide Si waveguide with a typical propagation loss of ~1 dB/cm [7] is, however, not ideal for large-scale photonic integrated circuits (PICs), aiming for nascent optical neuromorphic computing and quantum applications. The SiN platform, which exhibits a low propagation loss and a moderate optical Kerr nonlinearity, is suitable for forming large-scale integrated linear and Kerr nonlinear PICs, such as for generating chip-based microcombs [8] and solitons [9]. However, being an amorphous insulator, SiN does not intrinsically exhibit a second-order optical nonlinearity or other active functionalities including electro-optic effects. To enhance the active functionalities of SiN beyond optical Kerr nonlinearities, one needs to employ hybrid or heterogeneous integration with other material platforms [10,11,12].



To address the emerging needs of PICs for technological applications using chip-based efficient nonlinear frequency conversions and quantum light sources, along with low-loss passive optical components, researchers have recently conducted extensive investigations on various     χ     2       optical nonlinear platforms, including lithium niobate (LN) [13,14,15]; III-V compound semiconductors (e.g., aluminum nitride (AlN) [16,17,18,19], gallium nitride (GaN) [20,21], gallium arsenide (GaAs) [22,23], and aluminum gallium arsenide (AlGaAs) [24,25,26,27]); and SiC [28,29,30]. Among these material platforms, SiC is the only Si-based     χ     2       nonlinear material platform for operational wavelengths at the visible and near-infrared wavelengths. It is compatible with the CMOS process and can be manufactured in a large wafer size and single-crystalline. Therefore, SiC has been recognized as a promising integrated photonic platform.



1.1. Material and Optical Properties


SiC is a photonic material platform featuring moderate     χ     2       and     χ     3       optical nonlinearities, together with relatively low-loss waveguides. SiC is known as a so-called “third-generation” semiconductor (along with GaN) featuring a wide bandgap energy. The transparency window of SiC extends into the visible wavelengths. SiC eliminates the TPA in the telecommunications C-band and O-band to attain potentially low-loss waveguides.



The commonly investigated polytypes of SiC are in cubic (3C-SiC) and hexagonal (4H-SiC and 6H-SiC) crystal structures. Figure 1 shows schematics of the crystal structures of 3C-SiC, 4H-SiC, and 6H-SiC [31]. All polytypes of SiC possess non-centrosymmetric crystal structures. They exhibit     χ     2       optical nonlinearities and the Pockels effect that enable potentially efficient nonlinear frequency conversions, spontaneous parametric down-conversion (SPDC), and linear electro-optic modulation for integrated nonlinear and quantum photonics applications.



Table 1 summarizes the material and optical properties of SiC and of various     χ     2       nonlinear material platforms. 4H- and 6H-SiC have the same point-group symmetry of 6 mm. They exhibit similar second-order nonlinear susceptibilities for type-0 and type-I phase matching. For type-0 phase matching, the polarizations of the three mixing light waves are the same. For type-I phase matching, the high-frequency wave and the two low-frequency waves have orthogonal polarizations. 3C-SiC has a cubic crystal structure with a point-group symmetry of     4  ¯  3   m   while having a smaller bandgap energy (Eg = 2.36 eV) compared to that of 4H-SiC (Eg = 3.26 eV) and of 6H-SiC (Eg = 3.03 eV) [32].



3C-SiC has non-zero nonlinear susceptibility tensor elements     d   36   =   d   14   =   d   25     with a theoretical value of 17 pm/V [48], enabling type-II phase matching that imposes the two low-frequency waves having orthogonal polarizations. The SiC platforms offer a moderate nonlinear refractive index   n  2 for Kerr phase shifts larger than that in SiN. Considering the potential needs of electro-optic modulation for reconfigurable photonic components, such as optical filters [82,83,84,85], in nonlinear and quantum photonic circuits, we can exploit the polytypes of SiC that exhibit both the Pockels effect and the carrier plasma dispersion effect. The drawbacks, however, are that, for the former, the electro-optic coefficient is small (see Table 1) for attaining a low-power modulation, while, for the latter, the carrier mobility is low [32] for attaining a high-speed modulation.



LN and AlN are two other wide-bandgap nonlinear photonic materials of broad interests. LN is the most adopted nonlinear/electro-optic photonic material owing to its wide transparency window, large     χ     2      , and large electro-optic coefficient (see Table 1). However, LN exhibits the undesirable photorefractive effect [15,72,86], which induces optical damage. The thin-film LN-on-insulator (LNOI) exhibits a lower power threshold and at a shorter wavelength [86] for optical damage than the bulk LN [87]. A Yale group [87] reported a significant photorefractive effect upon a low optical power of only ~−20 dBm in a thin-film LN microring resonator with a silica top-cladding, which would compromise quantum photonic applications using the thin-film LN. Possible mitigations include the use of air-cladded devices, which would, however, compromise the use of integrated metal heaters for thermo-optic-controlled integrated nonlinear and quantum photonic circuits on this platform. The AlN platform also exhibits a photorefractive effect [73]. Its applications, however, could be limited by the small d33.



AlxGa1−xAs also attracts extensive interests due to its large     χ     2       and     χ     3       nonlinearities [27,62], together with a direct bandgap for x < 0.45, promising potentially fully integrated nonlinear and quantum photonic circuits with an on-chip electrically injected pump-laser source. However, AlxGa1−xAs has a relatively narrow bandgap. Considering a pump wavelength of ~780 nm below the bandgap energy, we note that the presence of surface and bulk defect states could still result in a considerable propagation loss of tens of dB/cm [26].




1.2. Fabrication Technologies: State-of-the-Art and Opportunities


To develop PICs on the various SiC platforms, photonic structures with high optical confinement is necessary. One method is to exploit selective etching to form suspended optical structures, such as suspended waveguides or microcavities [60,67,88,89]. However, suspended structures over a large area are generally not desirable for large-scale PICs. Another method is using femtosecond laser direct-writing to pattern waveguides in bulk SiC crystal films, such as 6H-SiC [90,91] and 4H-SiC [92] films (by optically raising the refractive index of the SiC to form the waveguide core). The advantages of this method include high precision, capability for two-/three-dimensional (2D/3D) lithography, and compatibility with various materials, such as silica and silicon. However, the lithography efficiency of the laser direct-writing is low [93], which is not suitable for fabricating large-scale PICs.



The silicon carbide-on-insulator (SiCOI) is another platform to form highly confined SiC waveguides. Due to the commercially available 8” SiC wafers using physical vapor transport growth for 4H-SiC/6H-SiC [77] or using epitaxy technology for 3C-SiC on silicon substrates [78], wafer bonding and thinning techniques are necessary for attaining the SiCOI platforms. We briefly review three commonly adopted methods below.



1.2.1. The Ion-Cutting Technique for 4H-SiCOI and 6H-SiCOI


The ion-cutting process uses a high-dose hydrogen ion implantation and direct wafer bonding, which has been developed in the fabrication of silicon-on-insulator (SOI) wafers [94]. In 1997, Di Cioccio et al. first applied this method to form 4H-SiCOI and 6H-SiCOI [95] wafers for high-temperature microelectronics. Figure 2 schematically illustrates the fabrication process flow of the ion-cutting process for realizing SiCOI wafers [96]. The typical receiver wafer is an oxidized silicon wafer used as an under-cladding layer on a Si substrate. The SiC wafer is implanted with hydrogen ions at a typical dose of 1016 cm−2~1017 cm−2. The implantation energy is determined by the desired thickness of the SiC film. The two wafers are subsequently bonded using hydrophilic bonding, which requires hydrophilic, smooth, and clean surfaces for both wafers. Afterwards, a heat treatment with a temperature below 1100 °C enables the bulk SiC to split from the bonded wafer. The bonding force needs to be strengthened by another thermal treatment (above 1100 °C). Finally, chemical mechanical polishing (CMP) is performed to smoothen the wafer surface [96]. This technique achieves an efficient utilization of the SiC wafer, as one can reuse the remaining SiC wafer. This method enables an excellent uniformity of the SiC film thickness with a deviation of   ± 0.2 %   for a 1.1   μ m   thick transferred 4H-SiC layer [97].



In 2011, Bong-Shik Song et al. applied such an ion-cut 6H-SiCOI platform to realize photonic nanocavities [98] and demonstrated a second harmonic generation (SHG) [28] in a 6H-SiC photonic nanocavity. 6H-SiC, however, is not commonly used in electronics due to its low carrier mobility [99] compared to that of 4H-SiC. The latter has become the widely adopted and developed electronic material. As 4H-SiC and 6H-SiC show similar optical properties, researchers in photonics have been devoting more efforts to developing the 4H-SiCOI platform for PICs in recent years.



In 2018, researchers have demonstrated photonic crystal cavities for quantum technologies using the 4H-SiCOI platform fabricated by the ion-cutting technique [100]. In 2019, a DTU group demonstrated integrated nonlinear photonic sources in this platform. A drawback, however, is that the hydrogen ion implantation causes defects in the SiC layer, which increases the intrinsic loss of the SiC. To reduce the optical propagation loss, a high-temperature annealing is needed to recover the defects due to the ion implantation [66,101,102].




1.2.2. The Wafer Bonding and Thinning Methods


A technique to obtain a low-loss 4H-SiCOI platform is by means of wafer bonding and thinning processes that have been developed rapidly in recent years [30,103,104,105,106]. Figure 3 shows the schematic process flow of this technique. The surface of a 4” high-purity 4H-SiC wafer and a thermally oxidized Si wafer are both plasma-activated and directly bonded at room temperature. Thermal annealing is adopted to enhance the bonding strength. To obtain the desired thickness of a bonded SiC film, mechanical grinding is first applied to reduce the thickness of the SiC layer to sub-10   μ m  . After dicing the wafer, CMP and inductively coupled-plasma (ICP) reactive-ion etching (RIE) are applied to further reduce the thickness of the SiC layer to the target thickness [70]. One can readily adopt this versatile technique for bonding 4H-SiC with other under-cladding layers, such as AlN deposited on silicon substrates with slight modifications that are compatible with the fabrication process. Recently, Li et al. demonstrated the 4H-SiC-on-AlN with AlN replacing the typical silicon dioxide (SiO2) under-cladding layer to overcome the poor thermal conductivity [107].



The commercially available 3C-SiC wafers are grown by epitaxy on Si substrates (NOVASiC SA) [29,71,89,108,109,110]. Our group [71,110] recently developed the anodic bonding process for fabricating 3C-SiC on glass substrates. 3C-SiC-on-Si dies with a size of 1 × 1 cm2 are bonded on a 4-inch thermo-resist borosilicate glass substrate (Borofloat 33) with a 500 nm thick SiO2 deposited on the top of the 3C-SiC using plasma-enhanced chemical vapor deposition. A wafer bonder (Karl Suss SB6) applies a high temperature and a voltage to move the oxygen ions across the interface from the glass side (cathode) to the 3C-SiC side (anode) (Figure 4a), generating a transient current during the formation of the bonding (Figure 4b). As shown in Figure 4c–e, we attained an almost 100% bonding yield (except near the edges) under the bonding conditions of 380 °C, 1000 V, and 540 N. Subsequently, the Si substrate is removed by using a 25% tetramethylazanium hydroxide solution heated to 80 °C, followed by using a mixed acid solution (nitric/hydrofluoric acid/acetic acid). We adopted a fluorine-based deep RIE process to etch the 3C-SiC layer into the target thickness. Our bonding process can be readily transferred to wafer-to-borosilicate glass wafer bonding. However, the borosilicate glass wafer is incompatible with the CMOS processes.



To bond SiC on a silicon substrate, one can adopt the hydrophilic bonding method. Figure 5 shows the schematic process flow for fabricating the 3C-SiCOI platform. A 3C-SiC-on-Si wafer is bonded on a wet-oxidized Si wafer by first depositing a 30 nm thick SiO2 film on the 3C-SiC using atomic layer deposition (ALD). This interface layer introduces a high-quality surface with dangling -OH bonds enabling a high hydrophilic bonding strength. The bonding process is conducted at ~300 °C to avoid the formation of cracks due to the different thermal expansion coefficients of the two materials. Finally, one can remove the Si substrate by using the Bosch dry-etching process and potassium hydroxide (KOH) wet etching [108].





1.3. SiC Microring Resonators


On-chip microresonators have been commonly adopted to attain efficient nonlinear frequency conversions and photon pair generation over a compact footprint. Compared to whispering gallery (WG) microdisk cavities, microring resonators offer the flexibility in tailoring the waveguide dispersion to satisfy the phase matching condition for nonlinear frequency conversions and photon pair generation. The SiCOI platforms are suitable for fabricating microring resonators integrated with large-scale PICs. Recent advancements in the fabrication processes of the SiC platforms have significantly improved the waveguide propagation losses and thereby the intrinsic quality (QI) factor of the microring resonators.



In 2013, Cardenas et al. first demonstrated microring resonators with a QI factor of 14,100 on a suspended 3C-SiC platform through a silicon undercutting process [88]. In 2017, Martini et al. improved the Q factor to 24,000 on the same platform by removing the underlying substrate using two additional steps of electron-beam lithography [89]. In 2020, Powell et al. further enhanced the Q factor on this platform to 41,000 through thermal annealing in an O2 atmosphere at 1100 °C for 2 h to minimize the optical propagation losses of the SiC waveguide to 7 dB/cm [111].



On the 3C-SiCOI platforms, Fan et al. in 2018 demonstrated microring resonators with a QI factor of 142,000, which significantly exceeded that of the suspended microring resonator on the 3C-SiC platform, by employing a combination of molecular bonding and RIE using an alumina hard mask [108]. In 2023, our group demonstrated on a 3C-SiCOI platform waveguide-coupled microring resonators with a loaded Q (QL) factor of 140,000 [71]. We could enhance the Q factor through reducing the scattering losses due to the remaining lattice defects in the epitaxial 3C-SiC film by using a thinner film that is more distant from the epitaxial interface. This is because the defect density in a 3C-SiC film introduced by the lattice mismatch during the epitaxy is gradually reduced in the film growth direction [110,112] .



The 4H-SiCOI platform has shown remarkable advancements in achieving ultra-high-Q microring resonators. In 2019, Zheng et al. first reported a QI factor of 73,000 by using an ion-cutting process [113]. Lukin et al. demonstrated a Q factor of 78,000 in the same year based on a similar method [30]. In 2020, Guidry et al. demonstrated the QI factor exceeding     10   6     by using electron-beam lithography and a low-power SF6-based dry etching [105]. Later, multiple groups from Stanford University, Carnegie Mellon University, and from the Shanghai Institute of Microsystem and Information Technology independently demonstrated microring resonators with high Q factors exceeding     10   6    . In 2021, Guidry et al. realized 4H-SiCOI microring resonators with the highest Q factor of   5.6 ×   10   6     reported to date for soliton microcombs [114]. The many demonstrations of high-Q microring resonators pave the way towards the SiCOI-based large-scale PICs and help accelerate the recent developments of efficient chip-based nonlinear and quantum light sources on the various SiCOI platforms.





2. Device Design for Efficient Nonlinear Frequency Conversions in Nonlinear Microring Resonators


2.1. Phase Matching Condition for 4H-SiC and 3C-SiC


The high-Q microring resonators enable a long interaction length between the nonlinear mixing optical fields and the medium over a compact footprint. The phase matching condition is required for efficient nonlinear frequency conversions. Here, we outline the key design considerations for nonlinear frequency conversions using both the     χ     2       and     χ     3       nonlinearities of the 4H-SiC and 3C-SiC platforms.



2.1.1. Dispersion Engineering for Degenerate-Pump FWM


FWM has been widely investigated in various     χ     2       and     χ     3       nonlinear integrated photonic platforms. Specifically, chip-based FWM-generated Kerr combs have been widely investigated for applications towards precision metrology [115] and wavelength-division multiplexed parallel data processing and optical communications [116]. The SiCOI platforms possessing moderate     χ     3       nonlinearities are suitable for generating FWM. To attain an efficient FWM process, a large parametric gain is desired. The parametric gain for pump-degenerate FWM [117] is expressed as


  g =         2 γ   P   p       2   −        κ   2        2       1 / 2   ,  



(1)




where   γ   is the effective nonlinearity,     P   p     is the pump power, and   κ   is the net phase mismatch. The effective nonlinearity   γ   =        n   2     ω   p       A   e f f   c     , where     n   2     is the nonlinear refractive index,     ω   p     is the angular frequency of the pump,     A   e f f     is the effective mode area, and   c   is the speed of light in a vacuum. The net phase mismatch   κ = ∆ β + 2 γ   P   p     comprises the waveguide wavevector mismatch between the signal (    β   s    ), the idler (    β   i    ), and the degenerate pump (    β   p    ) components, given as   ∆ β =   β   s   +   β   i   − 2   β   p    , and the cross-phase modulation   2 γ   P   p    .



From the Taylor expansion of   β   ω     around     ω   p    , one obtains the second-order approximation   ∆ β ≈   β   2       ∆ ω     2    , where     β   2     is the group velocity dispersion (GVD) at     ω   p     and   ∆ ω   is the angular frequency difference between the degenerate pump and the signal/idler (    ω   s   /   ω   i   ) ,   given as   ∆ ω =   ω   p   −   ω   i   =   ω   s   −   ω   p    , assuming     ω   s   >   ω   p   >   ω   i    .



In the case that   κ = 0  ,   ∆ β = − 2 γ   P   p    , corresponding to an anomalous dispersion (    β   2   < 0  ) at the pump frequency, the parametric gain   g   following Equation (1) reaches its maximum value of   2 γ   P   p    . Hence, dispersion engineering is essential to obtain an anomalous dispersion balancing the pump power-induced cross-phase modulation over a desirable bandwidth. A commonly adopted method for dispersion engineering is to modify the mode-field distribution by designing the waveguide geometry [116,118].



Here, we numerically simulate the waveguide dispersion of a 4H-SiCOI strip waveguide and a 3C-SiCOI ridge waveguide using the Lumerical finite element method (FEM) solver. Figure 6a shows the FEM-simulated mode-field amplitude distributions of the fundamental transverse-electric (TE00) and transverse-magnetic (TM00) modes in a 4H-SiCOI strip waveguide with a width W of 1 μm and a thickness T of 800 nm. Figure 6b shows the numerically simulated GVD of the TE00 and TM00 modes of the 4H-SiCOI waveguides with various T from 600 nm to 900 nm in a step of 100 nm and of the bulk material (based on the anisotropic Sellmeier equation [37]). The simulations show that the adopted 4H-SiCOI waveguide designs can attain an anomalous dispersion for both TE00 and TM00 modes from 1480 nm to 1620 nm.



Our numerical simulations for a 3C-SiCOI waveguide adopted a trapezoidal geometry following our fabricated waveguide cross-sections with a sidewall angle of 86°, a width of 1   μ m  , and varied film thicknesses, along with a slab thickness of 100 nm (to ensure bonding with the glass substrate underneath). Figure 6c shows the FEM-simulated mode-field amplitude distributions of the TE00 and TM00 modes. Figure 6d shows the numerically simulated GVD of the TE00 and TM00 modes of the 3C-SiCOI waveguides with various T from 600 nm to 900 nm in a step of 100 nm and of the bulk thin film (based on ellipsometry measurements). Our simulations suggest that 3C-SiCOI can attain an anomalous dispersion for both TE00 and TM00 modes from 1480 nm to 1620 nm, though with a larger dependence on the waveguide film thickness, particularly in longer wavelengths compared to those of the 4H-SiCOI waveguides, as shown in Figure 6b.




2.1.2. Modal Phase Matching Condition for Silicon Carbide Platforms


For     χ     2       nonlinear frequency conversions, the phase matching condition is required over frequencies spanning typically an octave [117]. Using SHG as an example, we express the phase mismatch as


  ∆ β = 2   β   F   −   β   S H   ,  



(2)




where     β   F     and     β   S H     are the waveguide wavevectors of the fundamental frequency and of the second harmonic frequency, respectively. The relationship between the SHG field amplitude     A   S H     and   ∆ β   is expressed to first-order approximation without considering propagation losses of     A   S H     as


     d   A   S H     d l    ∝   ε   0     χ   e f f     2       A   F   2   e x p ( i ∆ β · l ) ,  



(3)




where     A   F     is the field amplitude of the fundamental frequency,   l   is the propagation length of the nonlinear mixing optical fields,     ε   0     is the electric permittivity in a vacuum, and     χ   e f f     2       is the effective second-order nonlinear susceptibility of the material considering the field and nonlinear polarization components. In the case that     χ   e f f     2       is constant along the propagation direction, assuming     A   F     remains constant and   ∆ β = 0  ,     A   S H     increases linearly with l. For the SHG, considering Equation (2) and the energy conservation,   2   ω   F   =   ω   S H    ,   ∆ β = 0   imposes equal effective refractive indices at the fundamental and second harmonic frequencies, given as     n   F   =   n   S H     [29].



It is, however, difficult to satisfy the phase matching condition with the same fundamental waveguide modes for both the fundamental and second harmonic frequencies. Polarization-dependent modal phase matching (MPM) is one of the commonly adopted methods for designing efficient     χ     2       nonlinear frequency conversions in integrated waveguides [119,120,121]. We adopted a higher-order waveguide mode of the second harmonic frequency to obtain a reduced effective refractive index while accounting for the material normal dispersion for satisfying the phase matching condition. To ensure a proper overlap between the two different orders of the waveguide mode, the third-order mode and the fundamental mode with the same even symmetry about the waveguide axis are commonly adopted for second harmonic and fundamental frequencies, respectively [29,119,120,121].



4H- and 6H-SiC own the non-zero second-order nonlinear susceptibility tensor elements d33 and d31. To exploit the larger tensor element d33, we only need the pump light polarization component to be along the [001] axis for type-0 phase matching. There is no fundamental difference in requirements between the SHG in straight waveguides and in microring resonators in the 4H-SiCOI and 6H-SiCOI platforms exploiting the tensor element d33. As 4H- and 6H-SiC exhibit a positive birefringence, one can combine the MPM condition and the birefringence to compensate for the normal material dispersion. To utilize the d31 tensor element in the (001)-cut 4H-SiC, a Stanford group [30] numerically simulated the MPM condition for 4H-SiCOI waveguides, assuming the TE00 mode at the fundamental wavelength at 1555 nm and the TM20 mode at the SHG wavelength at 777.5 nm in a 350 nm thick waveguide with a microring radius of 27.5 μm. Their FEM-simulated results using the anisotropic Sellmeier equation [37] suggest that the 4H-SiCOI waveguide with a width of 560 nm can satisfy the MPM condition.



Recently, our group numerically demonstrated the MPM condition in a 3C-SiCOI waveguide. We adopted the same waveguide geometry for FWM analysis, as shown in Figure 6c. Figure 7a shows the FEM-simulated mode-field amplitude distributions of the TE00 mode at 1560 nm and the TM20 mode at 780 nm [29]. Figure 7b shows the simulation results for the MPM condition between the TE00 mode at 1560 nm and the TM20 mode at 780 nm in a 3C-SiCOI waveguide with T of 400 nm, 600 nm, and 800 nm. Our simulation results suggest the MPM condition with a waveguide width of ~1000 nm and a thickness of 800 nm or a correspondingly narrower waveguide with a thinner 3C-SiC.



The GVD of the TE00 mode at 1560 nm and of the TM20 mode at 780 nm in the desired waveguide for the MPM condition are shown in the plot (top) in Figure 6d and in Figure 7c (for a thickness from 700 nm to 900 nm in a step of 100 nm), respectively. The simulation results suggest that fabrication-induced deviations of the target waveguide thickness in the order of 100 nm can result in a significant deviation of the GVD for both the TE00 mode at 1560 nm and the TM20 mode at 780 nm wavelengths. This could compromise the bandwidth for attaining the MPM condition.



Figure 7d shows the numerically calculated   ∆ β   assuming non-degenerate difference frequency generation (DFG) for a waveguide with T = 0.8 μm and W = 1.01 μm. For a pump wavelength ranging from 750 nm to 800 nm, and the non-degeneracy defined as the detuning of the signal frequency from the half-pump frequency (    f   s i g n a l   − (   f   p u m p   / 2  )) up to 25 THz, the calculated     ∆ β     is below 0.1 μm−1.





2.2. Microring Resonator Design and Analysis for Second-Order Nonlinear Frequency Conversions in the 3C-SiCOI Platform


3C-SiC exhibits a     4  ¯  3   m   point-group symmetry. The     4  ¯    symmetry means that the crystal arrangement is inverted, which is equivalent to flipping the sign of     χ     2      , with a rotation of every   90 °   about the   [ 001 ]   axis [22,23,24,29,122,123]. As the commercially available 3C-SiC wafer is typically (001) cut, the inversion of the     χ     2       matters for nonlinear frequency conversions in a microring resonator. Like Equation (3), the second harmonic field amplitude varies with the propagation length   l   along the microring circumference without considering propagation losses of     A   S H     as


     d   A   S H     d l ( θ )    ∝   ε   0     χ   e f f     2     ( θ )   A   F   2   e x p [ i ∆ β · l   θ   ] ,  



(4)




where   θ   is the azimuthal angle with respect to the crystal x-axis, and     χ   e f f     2       θ     is the effective nonlinear susceptibility as a function of   θ  . We note that   l   θ     is a function of   θ  . Given the tensor element     χ   z x y   ( 2 )    , we express     χ   e f f     2       θ     for the type-I phase matching condition in a 3C-SiC waveguide as


    χ   e f f     2     (  θ  ) =   χ   z x y     2     · c o s θ · s i n θ =    1   2      χ   z x y     2     ·   sin  ⁡  2 θ   .  



(5)







Equation (5) indicates that     χ   e f f     2       θ     oscillates sinusoidally and is maximized at   ±     χ   z x y   ( 2 )    /  2   ,   with the fundamental field linearly polarized at   θ = 45 ° / 135 °  , as shown in Figure 8.



2.2.1. The     4  ¯   -Quasi-Phase Matching Condition


Given the sinusoidal modulation of     χ   e f f     2     ( θ )   in 3C-SiC, one can adopt the natural inversion of the susceptibility for satisfying a quasi-phase matching (QPM) condition. The so-called     4  ¯   -QPM is a method proposed for efficient SHG in GaAs WG microdisks with     4  ¯  3   m point-group symmetry [22,23,24,122,123]. The concept of     4  ¯   -QPM is to periodically modulate the     χ   e f f     2       as the linearly polarized fundamental field component rotates about the crystal z-axis while the field travels in roundtrips in a WG microdisk or in a microring resonator. The resulting grating effect enables an additional phase shift to quasi-phase match the fundamental fields with the nonlinear polarization. The quasi-phase-matched roundtrip length is approximately given as 4π/|  ∆ β  | [119,122,123], corresponding to two periodic modulations of     χ   e f f     2     ( θ )  .




2.2.2. Elliptical Microring Resonators


Recently, our group [29,110] proposed an alternative elliptical microring design that is applicable to a nonlinear medium with     4  ¯  3   m   point-group symmetry (e.g., 3C-SiC) while tailoring the microring waveguide geometry for approximately satisfying the phase matching condition     ∆ β   ≈ 0  . The elliptical microring design breaks the rotational symmetry of a circular microring, while orientating the microring major axis along the direction of   45 ° / 135 °   with respect to the crystal x-axis, as shown in Figure 9, lengthens the interaction length, where     χ   e f f     2       θ   ≈ ±     χ   z x y   ( 2 )    /  2     is closest to the maximum.



To theoretically analyze the SHG in an elliptical microring resonator in a nonlinear medium with     4  ¯  3   m   point-group symmetry, we adopted an effective nonlinear susceptibility following Equation (5)     χ   e f f     2       φ   =   χ   z x y   ( 2 )     · c o s φ · s i n φ  , where   φ   is now the azimuthal angle between the fundamental optical field polarization and the crystal x-axis. We denote the polar angular coordinate on the elliptical microring as   θ   measured from the semi-major axis, with the origin centered at the elliptical microring, as shown in Figure 9. The   φ   and   θ   are related as


  φ =    π   4    − a r c t a n ⁡ (    b   a    c o t θ ) ,  



(6)




where   a   and   b   are the semi-major and semi-minor axes of the elliptical ring. We define the elliptical microring aspect ratio as a/b. We define the SHG normalized intensity to analyze the frequency conversion efficiency in elliptical microring resonators with a roundtrip length L. One can attain the maximum SHG intensity utilizing the maximum     χ   e f f     2       θ   = ±     χ   z x y   ( 2 )    /  2     upon a perfect phase matching condition in a waveguide oriented along the direction of   45 ° / 135 °   with respect to the crystal x-axis. We normalized the SHG intensity in a microring resonator to the maximum SHG intensity accumulated along a propagation length L. The SHG normalized intensity over resonator roundtrips with a nondepleted pump and without considering the cavity losses of ASH is obtained from Equations (4) and (5) as


    I   n o r   =         ∫  [ c o s φ s i n φ   χ   z x y     2       e   i ∆ β · l   θ       ]    a   2     c o s   2   θ +   b   2     s i n   2   θ  d θ         χ   z x y   ( 2 )    /  2     L        2   ,  



(7)




where   d l ( θ ) =    a   2     c o s   2   θ +   b   2     s i n   2   θ  d θ   and   l   θ   =  ∫     a   2     c o s   2   θ +   b   2     s i n   2   θ     .



Assuming a perfect phase matching condition   ∆ β = 0   in the elliptical microring, we analyze the elliptical microring aspect ratio dependence of the     I   n o r     over the number of cavity roundtrips by using Equation (7), as shown in Figure 10a. We fix L while varying a/b. The inset in Figure 10a shows the calculated     I   n o r     for light propagating in one roundtrip. The result reveals a sharp rise in     I   n o r     with an aspect ratio from 1 to ~20. The     I   n o r     rolls off after the aspect ratio of ~20 and asymptotically approaches its theoretical limit of 0.25. However, a large aspect ratio given a fixed L imposes larger waveguide bending losses at the two poles of the elliptical microring and compromises the cavity Q factor. With multiple cavity roundtrips, the calculated     I   n o r     shows a similar trend.



Figure 10b illustrates, as an example, the calculated     I   n o r     for seven cavity roundtrips with various   ∆ β  . We fix L = 500   μ m   and a/b = 5 while varying the   ∆ β   = 0, 0.001, 0.005, 0.02, and 0.1   μ   m   − 1    . The net stepwise growth of     I   n o r     in every half an elliptical microring roundtrip length, assuming   ∆ β = 0 ,   resembles the calculated stepwise growth of     I   n o r     in every coherence length, assuming   ∆ β ≠ 0 ,   exploiting     4  ¯   -QPM in a circular microring. The calculated results show that the accumulated normalized intensity starts to decrease with   ∆ β > 0  . With   ∆ β = 0.005     μ m   − 1    , the accumulated     I   n o r     is << 0.25, indicating that the elliptical microring design imposes a near-perfect phase matching condition. We note that, however, with   ∆ β = 0.1     μ m   − 1   ,   the accumulated     I   n o r     suggests a monotonic increase up to ~0.25 after seven cavity roundtrips.



We further calculate the   ∆ β   bandwidth (defined as the full-width half-maximum) for an elliptical microring with an a/b of 5 and a roundtrip length of 500   μ m  . Figure 10c shows the calculated   ∆ β   dependence of     I   n o r     for various numbers of cavity roundtrips. For a 500   μ m   long microring with a Q factor of     10   4    , the cavity light propagates for around 10 cavity roundtrips. The results show that the   ∆ β   bandwidth narrows to ~0.0004 μm−1 with Q ~    10   4    . Figure 10d shows the calculated   ∆ β   for a MPM 3C-SiCOI, highlighting the potential pump wavelengths and the non-degenerate DFG for a   ∆ β   bandwidth of ~0.0004     μ m   − 1    .






3. Integrated Nonlinear and Quantum Light Sources


3.1. Third-Order Optical Nonlinearity


The nonlinear light sources using the third-order nonlinearities in SiC are promising for broadband applications in high-data rate optical processing and communications. In 2018, Martini et al. demonstrated FWM at the 1550 nm wavelength in a suspended 3C-SiC waveguide-coupled microring resonator. The measured microring resonator exhibits a Q-factor of 7400. The conversion efficiency is −72 dB at a low pump power of ~3 mW [60]. The limitation of the efficient frequency comb generation on the 3C-SiCOI platform is due to its low-Q factors. To increase the Q factor, one can adopt a thicker epitaxially grown 3C-SiC film with a reduced defect density in the top layer. Given the same device design, the waveguide fabricated in a 3C-SiC film that is more distant from the epitaxial interface can lead to reduced lattice defect-induced scattering losses.



Using 4H-SiC microring resonators, researchers have demonstrated myriad third-order nonlinear frequency conversions, including FWM [59,115], optical parametric oscillation (OPO) [105], Raman lasing [106,124], and soliton [114,125]. In 2019, a DTU group [115] demonstrated FWM with a conversion efficiency of -21.7 dB using a TE-polarized pump at a power of 79 mW in a waveguide-coupled microring resonator with a Q-factor of 26,000. They showed the potential of attaining a broadband FWM conversion over 130 nm, as shown in Figure 11.



A Stanford group [105] demonstrated OPO in a SiC waveguide-coupled microring resonator. Figure 12a,b show the device structure and the inverse-designed vertical coupler used as input and output couplers. They dispersion engineered the waveguide geometry to attain the OPO in the TE10 mode. Figure 12c shows the measured OPO spectra generated upon various injection powers. With a QL factor of 1.8   ×   10   5     for the TE10 mode, they obtained two sideband peaks upon a pump power of 65 mW and obtained subcombs upon a pump power of 75 mW. At 85 mW, the subcombs fill out, indicating the generation of a chaotic frequency comb.



In 2022, Cai et al. [106] demonstrated an octave-spanning SiC microcomb. Figure 13 shows their measured microcomb spectra spanning a wavelength range from 1150 nm to 2400 nm upon an on-chip pump power near 120 mW. This is the broadest comb generated in SiC platforms to date. By optimizing the waveguide width of the microring resonator, they showed that the mean power of the comb lines near the pump wavelength can be nearly −20 dBm. Recently, a CMU group [124] explored Raman lasing-generated cascaded Raman combs and Raman–Kerr comb generation in SiC. The measured power threshold is 2.5 mW to obtain the first-order Stokes lasing. The required pump power is near 120 mW to attain a comb spanning 700 nm for the Stokes-induced Kerr microcomb. The low Raman threshold shows the potential application of the 4H-SiC platform towards Raman lasers.



Researchers have exploited the     χ     3       nonlinearities in the SiCOI platforms to demonstrate chip-based photon pair sources based on SFWM. A CMU group recently reported an entangled photon pair source using SFWM in a 4H-SiCOI microring resonator, as shown in Figure 14a [126]. The wavelengths of the pump, the signal, and of the idler are at the telecommunications C-band, with a Q factor of   8 ×   10   5    . Figure 14b,c show the measured photon pair generation rate (PGR) of 9 kHz and the measured coincidence-to-accidental ratio (CAR) of 620 with 0.17 mW on-chip pump power. The low PGR is attributed to the     χ     3       nonlinear susceptibility being orders of magnitude smaller than the     χ     2       nonlinear susceptibility.




3.2. Second-Order Optical Nonlinear Processes


Second-order nonlinear optical effects in the SiCOI platforms have attracted recent attention. To date, there are only some works demonstrating SHG or DFG in SiC microring resonators. In 2020, a Stanford group [30] reported an efficient SHG exploiting type-I phase matching (using the tensor element d31) and the MPM condition in a 4H-SiC microring resonator with a Q of 8   ×   10   4    . They measured a SHG frequency conversion efficiency of 360% W−1. Another work [70] demonstrated SHG in a high-Q WG microdisk with a mean Q factor of 6.75   ×   10   6    . As the microdisk is not properly phase-matched with the waveguide, the measured frequency conversion efficiency is only 3.91% W−1 with a pump power of 10 mW.



Recently, our group [29] demonstrated SHG on a 3C-SiCOI platform. We adopted the polarization-dependent MPM between the TE00 mode at 1560 nm and the TM20 mode at 780 nm. We adopted an elliptical microring resonator based on the analysis discussed in Section 2 to demonstrate the SHG and DFG. Figure 7a,b and Figure 15a show the numerical simulations of the polarization-dependent MPM. We adopted the semi-major and semi-minor axes of 30 μm and 15 μm (an aspect ratio of 2). The microring is coupled with two waveguides designed separately for the TE00 mode at ~1560 nm and for the TM20 mode at ~780 nm wavelengths. Figure 15b shows the SEM of the measured device.



We demonstrated a SHG at 787.7 nm with a fundamental frequency at 1575.5 nm, as shown in Figure 15c. The fundamental and SHG wavelengths align with the microring cavity resonances, showing a QL factor of   1.4 ×   10   4     at 787.7 nm and a QL factor of   2.5 ×   10   4     at 1575.5 nm. The inset (i) shows the top-view optical microscope image of the injected microring captured by a charge-coupled device camera. Figure 15d shows the measured power dependence of the SHG. The linear fit on the log–log plot confirms a slope of nearly 2. The extracted conversion efficiency is   17.4 ± 0.2  % W−1. We can enhance the conversion efficiency by using an elliptical microring cavity with a higher Q factor.



We demonstrated the SPDC photon pair source with the same device, as shown in Figure 15e [29]. Figure 15f shows our measured PGR of 4.8 MHz and a CAR of   3361 ± 84   with an on-chip pump power of ~5 mW. The PGR is limited by low Q factors of our 3C-SiCOI microring resonators.





4. Summary and Outlooks


This paper reviewed the state-of-the-art of the SiC-based integrated photonics. We highlighted the material and optical properties of three commonly adopted polytypes of SiC (6H-SiC, 4H-SiC, and 3C-SiC) and the fabrication processes to form highly confined waveguide structures. Larger-size, single-crystalline SiC wafers will be beneficial for realizing large-scale PICs on SiCOI platforms.



Table 2 summarizes the waveguide geometry, the Q factors, and the propagation losses of the microring resonators for nonlinear and quantum photonics on various material platforms. While the 4H-SiCOI platform has already demonstrated ultra-high-Q microring resonators [53,114], which is comparable with other photonic platforms [9,127,128,129,130], the microring resonators on the 3C-SiCOI platform have been, until now, limited by the scattering losses due to the remaining lattice defects in the epitaxial 3C-SiC film [29,49]. A reduced waveguide propagation loss will enable ultra-high-Q microring resonators and low-loss PICs. The phase matching condition and the microring design are especially critical for 3C-SiC due to its     4  ¯  3   m   point-group symmetry.



Recent demonstrations of nonlinear and quantum light sources using SiC-based microring resonators indicate their potential for enabling chip-based nonlinear and quantum photonic applications, along with potentially high-speed optical signal processing and data transmission systems.



Besides serving as a time–energy entangled photon pair source, the SiC platforms show potential to generate polarization-entangled photon pair sources using its nonlinear susceptibilities to attain the type-II phase matching condition [47,48]. On-chip components, such as polarization rotators [131] and waveguide-coupled dual microring resonators [132], can help ease the strict phase matching design requirements for realizing polarization entanglements. A SiC-based high-flux polarization entangled photon pair source could be useful for quantum key distributions [133].



To further develop SiC-based nonlinear and quantum PICs, it is essential to further explore passive and active components based on microresonators and waveguide interferometers. The heterogeneous integration of direct-bandgap semiconductor III-V materials, such as InP, AlGaAs, and GaN, on the SiC platforms will enable the demonstration of fully integrated photonic circuits with on-chip electrically injected pump lasers, which will pave the way for applications of SiC on various portable devices.



The wide transparency window of SiC enables the operational wavelengths spanning the visible to the mid-infrared regimes. The potential of generating nonlinear and quantum light sources in the visible wavelengths renders the SiC platforms an alternative platform for developing chip-based biosensors, integrated atomic/molecular photonics, and atomic clocks, along with precision metrology and spectroscopy [134,135,136].



Besides the nonlinear optic-based quantum light sources, SiC is a host for color centers that enable single-photon sources (SPSs) at room temperature spanning from the visible wavelengths to the optical communications bands [137,138,139,140,141]. This is another good reason the SiC platforms are considered as a promising integrated quantum photonics platform. The high-Q microring resonators on the SiC platforms can be readily coupled with the color centers to enable Purcell enhancement for the SPSs [142]. High-quality, deterministic SPSs are essential for quantum communications and sensing.



Recently, the 4H-SiCOI-based high-performance on-chip polarization-(in)dependent beam splitters, Mach–Zehnder interferometers [143,144,145], and the 3C-SiCOI-based on-chip pump-rejection long-pass filters [146] have been demonstrated for quantum photonic applications. These devices, together with the chip-based entangled photon pair sources, show potentials of the SiCOI platforms towards efficient and reliable components in integrated quantum photonic circuits.



Another potential application direction of SiC photonics is in the aerospace industry due to SiC’s unique material properties, including the high temperature stability, the high thermal conductivity, the chemical inertness, and the radiation resistance [147,148]. With more investigations and continuous enhancements on integrated SiC-based photonic devices, potential applications of SiC-based PICs in a harsh environment will be full of vitality.
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Figure 1. Schematics of the crystal structures of 3C-SiC, 4H-SiC, and 6H-SiC. Hexagonal lattice vectors     a   1     and     a   2     are at an angle of 120°. Blue and brown balls depict silicon and carbon atoms, respectively. The stacking sequence is indicated by symbols A, B, and C. For the hexagonal polytypes, primitive unit cells are shown. A hexagonal representation is used to illustrate 3C to facilitate the comparison with the hexagonal polytypes. Indices h and k indicate a Si–C bilayer sandwiched between those in the same adjacent stacking (i.e., a hexagonal bilayer) and a Si–C bilayer sandwiched between those in different stacking (i.e., a cubic bilayer), respectively [31]. 
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Figure 2. Schematics of the ion-cutting technique for the wafer bonding to attain the SiCOI platform. 
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Figure 3. Schematics of the wafer bonding and thinning techniques for the fabrication of the 4H-SiCOI platform. 
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Figure 4. (a) Schematics of the anodic bonding process for fabricating a 3C-SiC film on a glass substrate. (b) Measured total bonding current flowing through four 1 × 1 cm2 3C-SiC dies during the bonding process under different conditions. (c–e) Successfully transferred 3C-SiC films on glass substrates after removing the Si substrate under different process conditions. The remaining Si islands could be readily removed by wet etching using a mixed acid solution [71,110]. 
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Figure 5. Schematics of the fabrication process flow of the 3C-SiCOI platform. 
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Figure 6. (a) Simulated 4H-SiCOI waveguide geometry and the mode-field amplitude distributions of the TE00 mode (top) and TM00 mode (bottom) in a 1 μm wide, 800 nm thick strip waveguide. (b) Simulated GVD of the bulk 4H-SiC calculated by adopting anisotropic Sellmeier equations [37] and of the TE00 mode (top) and TM00 mode (bottom) in the 1 μm width 4H-SiCOI waveguides with various waveguide thicknesses. (c) Simulated 3C-SiCOI waveguide geometry and the mode-field amplitude distributions of the TE00 mode (top) and TM00 mode (bottom) in a 1 μm wide, 700 nm thick ridge waveguide with a 100 nm thick slab. (d) Simulated GVD of the bulk 3C-SiC and of the TE00 (top) and TM00 (bottom) modes in 1 μm wide 3C-SiCOI waveguides with various waveguide thicknesses T. 
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Figure 7. Numerical simulations of the MPM condition between the TE00 mode at 1560 nm and the TM20 mode at 780 nm in a 3C-SiCOI waveguide with a width of 1 μm, a slab thickness of 100 nm, and a sidewall slope of 86°. (a) Mode-field amplitude distributions of the TE00 (top) and TM20 (bottom) modes. (b) Calculated effective indices for the TE00 (dashed lines) and TM20 (solid lines) modes with the waveguide width at T = 0.4 μm (red), 0.6 μm (black), and 0.8 μm (blue). The MPM condition for T = 0.8 μm is denoted with a black dot. (c) Numerically simulated GVD for the TM20 mode in a 1 μm wide waveguide with the waveguide width at T = 0.7 μm (red), 0.8 μm (black), and 0.9 μm (blue). (d) Calculated map of the phase mismatch   ∆ β   for DFG with the non-degeneracy within 25 THz spanning the pump wavelength from 750 nm to 800 nm, assuming T = 0.8 μm. 
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Figure 8. Schematic illustration of the sinusoidal modulation of       χ   e f f     2       θ    /    χ   z x y     2         every   90 °   in a (001)-cut 3C-SiC wafer. Inset: the sinusoidal modulation of       χ   e f f     2       θ    /    χ   z x y     2        . 
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Figure 9. Schematics of an elliptical microring resonator in the polar coordinate. The coordinate origin is at the center of the elliptical microring. 
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Figure 10. Calculated normalized intensity of SHG adopting the     4  ¯   -QPM and the elliptical microring methods. (a) Accumulated normalized intensity after 1, 2, 3, 5, and 10 roundtrips in an elliptical microring resonator with a fixed circumference of 500 μm and various aspect ratios from 1 (a circular microring) to 100. Inset: The zoom-in view of the normalized intensity after one cavity roundtrip. (b) Accumulated normalized intensity in an elliptical microring resonator (a/b = 5, L = 500 μm) with various phase mismatches   ∆ β   of 0 μm−1, 0.001 μm−1, 0.005 μm−1, 0.02 μm−1, and 0.1 μm−1. (c) The   ∆ β   dependence of the accumulated normalized intensity with various cavity roundtrips of 10 (red), 20 (blue), and 30 (black) for an elliptical microring resonator (a/b = 5, L = 500μm). (d) Zoom-in view of the calculated ∆β map for DFG spanning the pump wavelength from ~783.5 nm to ~784 nm, assuming T = 0.8 μm and W = 1 μm. 
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Figure 11. Normalized measured conversion efficiencies (open circles) for FWM in 4H-SiCOI waveguides pumping by a continuous-wave laser at 1565 nm compared to the simulated results (solid lines) [115]. 
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Figure 12. (a) Scanning electron micrograph (SEM) of two SiC microring resonators (false-colored) with diameters of 55 μm and 100 μm before SiO2 encapsulation. (b) SEM of the inverse-designed vertical coupler used as input and output couplers, as highlighted (white box) in (a). (c) Measured OPO spectra (blue) at different injected powers, featuring three distinct stages in the microcomb formation. A sech2 fit (red envelope) is overlaid onto the chaotic frequency comb for comparison to the characteristic soliton spectral shape. Simulation (red) of the soliton [105]. 
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Figure 13. The first demonstrated octave-spanning frequency comb in the SiCOI platform for the TE00 modes of 36-μm radius SiC microrings with varied ring widths and an estimated on-chip power of 120 mW. The orange and light blue colors indicate the data collected from two different optical spectrum analyzers given the wide wavelength range. The inset in the top figure shows the experimental setup for broadband comb measurements. The input is a continuous-wave laser near the wavelength of 1550 nm coupled from a fiber V groove array to the waveguide through a grating coupler while the broadband output is routed to the polished waveguide facet and collected using a lensed fiber (butt coupling). For the ring width (RW) = 1.8 μm, a secondary mode family appears beyond a wavelength of 2200 nm (see the inset in the third figure from top), which is likely caused by accidental phase matching for the frequency mixing process between the TE00 mode and a higher-order waveguide mode at these wavelengths. The spectral bandwidths corresponding to the ring widths of 1.8 μm and 1.9 μm are estimated to exceed 150 THz [106]. 
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Figure 14. (a) SEM of the 4H-SiCOI microring resonator for photon pair generation. (b) Detected photon rate of the signal and idler as a function of on-chip pump power for both resonant (markers) and non-resonant pumping (dashed lines with the off-resonance number multiplied by a factor of 10 for better visibility). The on-resonance results are fitted by a quadratic curve in solid lines. (c) Measured coincidence-to-accidental ratio (CAR, left y-axis) and the detected coincidence count (right y-axis) as a function of on-chip pump powers with 0.24 ns for the timing window. The inset shows a plot of coincidence histogram for 0.17 mW pump power corresponding to the measured CAR of 620. The temporal full-width at half-maxima (FWHM) width is approximately 0.68 ns [126]. 
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Figure 15. (a) Calculated dispersion of the TM20 mode at 780 nm (solid line) and of the TE00 mode at 1560 nm (dashed line). (b) SEM of the measured 3C-SiCOI elliptical microring resonator. (c) Measured pump (black) and SHG (red) spectra. Inset: Top-view scattering of the SHG light. (d) Measured and fitted pump-to-SHG power dependence in a log–log scale. Measured power dependence of (e) the estimated PGRs and (f) the estimated CARs [29]. 
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Table 1. Summary of the material and optical properties of various     χ     2       nonlinear platforms.
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Material

	
Si

	
SiN

	
6H-SiC

	
4H-SiC

	
3C-SiC

	
LN

	
AlN [33]

	
AlxGa1−xAs a [27]






	
Point-group symmetry

	
m3m

	
N/A

	
6 mm

	
6 mm

	
43 m

	
3 m

	
6 mm

	
43 m




	
Transparency window (μm)

	
1.1~9 [34]

	
0.28~6.70 [35]

	
0.41~4 [36]

	
0.37~5.60 [37]

	
0.53~10 [38]

	
0.39~3.80 [39]

	
0.2~5

	
(0.57 for x = 1~0.90 for x = 0)~17




	
Refractive index

	
3.50

@ 1550 nm [40]

	
2.00

@ 1550 nm [41]

	
2.56(o)/2.60(e)

@ 1550 nm

2.61(o)/2.65(e)

@ 775 nm [37]

	
2.56

@ 1550 nm [42]

2.61

@ 775 nm [43]

	
2.21(o)/2.14(e)

@ 1550 nm

2.26(o)/2.18(e)

@ 775 nm [44]

	
2.12(o)/2.16(e) @ 1550 nm

2.14(o)/2.18(e) @ 775 nm [45]

	
3.18

@ 1550 nm

3.39

@ 775 nm

(x = 0.41) [46]




	
Second-order nonlinear susceptibility b

(pm/V)

	
N/A

	
N/A

	
d33 = −12.5

d31 = 6.7

d15 = 6.5

@ 1064 nm [47]

	
d33 = −11.7

d31 = 6.5

d15 = 6.7

@ 1064 nm [47]

	
d36 = d14 = d25 = 17 [48]

d = 16.2 c [49]

	
d31 = 4.5

d33 = 27

@ 1064 nm [50]

	
d33 = 2.35 [51]

	
d14 ∈ [39, 170]

@ 1064 nm




	
Electro-optic effect (pm/V)

	
Carrier plasma dispersion

	
N/A

	
r33 = 3.85

r31 = −2.30

r15 = −2.14

@ 1064 nm [52]

/ Carrier plasma dispersion

	
r33 = 0.02

r13 = 0.64

@ 1550 nm [53]

/ Carrier plasma dispersion

	
r = 1.5

@ 1550 nm [49]

/ Carrier plasma dispersion

	
r33 = 30.8

r13 = 8.6

r22 = 3.4

[54]

	
r33 = −0.59

r13 = 0.67

@ 633 nm

	
r14 = −(1.54 ± 0.08)

@ 1.52 µm

[55]




	
Nonlinear refractive index, n2

(m2/W)

	
6 × 10−18

@ 1550 nm [56]

	
3.1 × 10−19

(LPCVD)

@ 1550 nm [57]

	
3.69 × 10−19

@ 780 nm [58]

	
n2,TM = (13.1 ± 7.0) × 10−19

n2,TE = (7± 3) × 10−19

@ 1550 nm [59]

	
(5.31 ± 0.04) × 10−19

@ 1550 nm [60]

	
~10−19

@ 1064 nm [61]

	
2.3 × 10−19

@ 1550 nm

	
~1.5 × 10−17

@ 1550 nm

[62]




	
Phase matching method for χ(2)

	
N/A

	
N/A

	
Birefringent phase matching, MPM

	
Birefringent phase matching, MPM

	
4-QPM, MPM

	
Birefringent phase matching, MPM, periodic poling-based quasi-PM

	
Birefringent phase matching, MPM

	
4-QPM, MPM




	
Thermo-optic coefficient

(K−1)

	
1.86 × 10−4 @ 1550 nm [63]

	
2.45 × 10−5 @ 1550 nm [64]

	
6 × 10−5 @ 1550 nm [65]

	
4.94 × 10−5 @ 1550 nm [66]

	
2.92 × 10−5 [67]

	
o-wave: 6.9 × 10−5

e-wave: 22.4 × 10−5

@ 632 nm [68]

	
4.26 × 10−5 @ 1000 nm

	
2.67 × 10−4 @ 1000 nm

[69]




	
Photorefractive effect

	
N/A

	
N/A

	
N/A

	
No [70]

	
No [71]

	
Yes [72]

	
Yes [73]

	
Yes [72]




	
Wafer form

	
Commercial 8” SOI wafers [74]

	
Deposition on 8” oxidized Si wafers [75]

	
6” wafers [76]

	
8” wafers [77]

	
Grown on 4” Si wafers [78]

	
Commercial 8” LNOI wafers [79]

	
Deposition on oxidized Si wafers [33]/6” AlN-on-Sapphire [80]

	
Grown on

6” III-V wafers [81]








a Optical properties vary for AlxGa1−xAs with various chemical compositions. b In this table, the adopted relationship between   d   and     χ     2       is   d =   χ     2     / 2  . c Calculated value from the measured   r   reported in Ref. [49].













 





Table 2. Summary of the state-of-the-art microring resonator performance for nonlinear and quantum photonics on various material platforms.
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Platform

	
3C-SiC

	
4H-SiC

	
Si

	
SiN

	
LN

	
AlN

	
AlxGa1−xAs






	
Microring geometry

	
Circular [49]

	
Elliptical [29]

	
Circular [114]

	
Racetrack [53]

	
Racetrack [127]

	
Circular [9]

	
Circular [128]

	
Circular [129]

	
Circular [130]




	
Device parameters

	
Ring width (μm)

	
0.8

	
1

	
1.85

	
2.5

	
0.5

	
1.58

	
1.3

	
3.5

	
1




	
Thickness (nm)

	
530

	
800

	
500~600

	
850

	
220

	
810

	
600

	
1000

	
400




	
Radius (μm)

	
N/A

	
30/15

(semi-major/minor)

	
100

	
100

(bended waveguides)

	
20

(bended waveguides)

	
N/A

	
80

	
100

	
143




	
Q factors

  ( ×   10   6    )

	
    Q   I   : 0.089  

    Q   L   : 0.034  @

~1580 nm

	
    Q   I   : 0.03  

    Q   L   : 0.024  

@

1575.4 nm

	
    Q   I   : 5.61  

    Q   L   : 3.19  

@

1553.3 nm

	
    Q   I   : 5.3  

    Q   L   : 4.3  

@

~1550 nm

	
    Q   I   : 3.2  

    Q   L   : 1.1  

@

1549.8 nm

	
    Q   I   : 15  

    Q   L   : 6.6  

@

1621.8 nm

	
    Q   I   : 1.1  

    Q   L   : 0.66  

@

~1550 nm

	
    Q   I   : 3  

@

~1533 nm

	
    Q   I   : 3.52  

    Q   L   : 1.76  

@

~1565 nm




	
Propagation loss (dB/cm)

	
~5.2

	
~11

	
~0.09

	
~0.09

	
0.21

	
~0.005

	
~0.08

	
~0.03

	
0.17
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