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Abstract: The development of new photonic materials that combine diverse optical capabilities
is needed to boost the integration of different quantum and classical components within the
same chip. Amongst all candidates, the superior optical properties of cubic silicon carbide
(3C SiC) could be merged with its crystalline point defects, enabling single photon generation,
manipulation and light-matter interaction on a single device. The development of photonics
devices in SiC has been limited by the presence of the silicon substrate, over which thin crystalline
films are heteroepitaxially grown. By employing a novel approach in the material fabrication, we
demonstrate grating couplers with coupling efficiency reaching -6 dB, sub-um waveguides and
high intrinsic quality factor (up to 24,000) ring resonators. These components are the basis for
linear optical networks and essential for developing a wide range of photonics component for
non-linear and quantum optics.
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1. Introduction

The development of new photonic platforms for quantum technologies poses strict require-
ments in the choice of optical materials, given the range of functionalities needed [1]. For
example, the necessity of interfacing atom-like emitters as stationary qubits and the use of
non-centrosymmetric crystal structures for non-linear processes are required in the same physical
system. Quantum emitters coupled with an integrated cavity would overcome the challenge of
embedding single photon sources and provide non-linear interactions between single photons,
both cornerstones to achieve a multitude of quantum applications. Non-centrosymmetry is a
prerequisite for fast integrated reconfigurable optical circuit and, together with a wide electronic
bandgap, for efficient frequency conversion and generation of non-classical states of light. Cur-
rently, many materials are optimized to demonstrate individual components for quantum optics,
but the road to achieve hybrid integrated devices [2] is not clear. Monolithic integration would
solve the scalability problem of devices exploiting quantum optics phenomena.

The unique properties of 3C Silicon Carbide have recently attracted strong interest for matching
all the essential requirements. Its non-centrosymmetric crystal structures grants both third-
order [3] and second-order non-linear effects, with a significant X(z) susceptibility of 34 pm/V [4].
The high refractive index of 2.6, indispensable for deep integration of photonic components
and small modal volume in resonators, together with the wide electronic bandgap of 2.3 eV,
could allow efficient non-linear optics processes, like frequency conversion and non-classical



Research Article

Optics EXPRESS

generation of light, without incurring in multiple photon absorption that limits silicon quantum
photonics [5, 6]. Furthermore, the high electro-optic coefficient could be used for the fabrication
of fast lossless Pockels modulators [7, 8].

The presence of point defects in the SiC crystalline structure [9] provides additional capabilities
for quantum technology - including single photon generation [10, 11] and the engineering of
light interaction with electronic spins [12]. Among other defects, SiC colour centers based on
Ky5 defects display features similar to diamonds NV centers [13] with the convenience of a zero-
phonon-line emission in the near-infrared (1100 nm) [14], closer to the telecom wavelengths, and
the possibility of being integrated with semiconductor devices thanks to an advanced fabrication
technology [15]. Although most SiC polytypes show similar properties, including the presence of
quantum emitters, 3C SiC has the advantage of being available as thin layers epitaxially grown
on a silicon substrate [16]. This is a key advantage for optical applications as it avoids additional
fabrication steps needed to create thin layers from thick crystals [17]. The heteroepitaxial growth
of 3C SiC comes at expences of a lower crystal quality due to the lattice mismatch between
3C SiC and Si, expecially at the interface between the two materials [18, 19]. Coupling of
color centers with non-linear optical components can provide wavelength converters [20] to the
telecommunication band for efficient communication, or to other frequencies, for interfacing
with diverse quantum systems. However, to take advantage of all these properties, a fully scalable
photonics platform in 3C SiC, able to integrate different components, is needed.

The development of photonics structures in 3C SiC is limited by the presence of a Si substrate,
since its higher refractive index makes the confinement of light impossible. Solutions to this
problem have been demonstrated creating a bottom cladding formed by oxygen implantation [8]
or using a sapphire substrate in order to achieve SiC on insulator structures [21]. However, these
demonstrations provided waveguide confinement with high modal-area geometry. The develop-
ment of sub-umeter cross-section waveguides would provide tighter confinement, essential for
enhancing light-matter interactions and deep integration of optical devices. Strong confinement
is also required to provide compact optical resonators, an essential component for multiple
linear applications, from filtering to switches [22,23]. Furthermore, in materials with 4 crystal
symmetry as 3C SiC, circular cavities have been demonstrated to provide efficient second order
non-linearities: light propagating through a resonator experiences crystallographic inversions
that can be used to achieve quasi-phase matching [24,25]. Suspended cavities were demonstrated
with high quality factor [26,27], but were not integrated with bus waveguides, essential for
scalable optical circuits. Moreover, these high-multimode cavities are hard to optimally couple
to the fundamental mode and limit the possibility of fully engineering the mode dispersion. Here
we demonstrate all fundamental components for linear photonics, including sub-umeter cross-
section waveguide in 3C SiC at telecom wavelength, grating couplers and first-mode resonance in
micro ring resonators using a novel and scalable technology. The process makes use of two steps
of electron beam lithography that removes the underlying Si substrate and suspends in air all the
optical components. Both single-mode (SM) and multi-mode (MM) platforms are developed,
showing coupling efficiency (CE) for gratings couplers (including losses in tapering) as high as
-6 dB for both SM and MM structures and intrinsic quality factors up to 24,000. Improvements
in the processing, tailored to minimize scattering losses, could increase the applications of SiC
photonics.

2. Simulations

The high refractive index of SiC is fully exploited by our technology using air as cladding and
sub-um cross-section of the waveguides. A mode analysis of the structures is performed for
the fundamental TE mode, reported in Fig. 1, showing effective index n.zr of 1.88 (SM) and
2.25 (MM) for 480x400 nm and 670x700 nm sizes, respectively. The possibility of engineering
the waveguide dimensions for the MM waveguides can improve the propagation losses by
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diminishing the roughness scattering thanks to a major confinement of the mode inside the
material and the consequent reduction of the field at the SiC-air boundary. The n. s difference
between the fundamental and higher order modes is kept wide enough for avoiding cross-
mode field leakage, especially in small-radii bending of waveguides. The high n. s values of
both structures are evidence of a thigh light confinement, essential for integrating photonics
components in a small area and achieving the minimum modal volume in resonators.

700nm

[E| [V/m]

Fig. 1. Normalized electric field intensity for the first TE mode in SM (a) and MM (b)
waveguides.

The high field confinements in waveguides is a problem for coupling light from an optical
fiber due to a small field overlap between the two modes that would cause high insertion losses.
In order to overcome this problem, mode converters can minimize the modal mismatch in
edge-coupling systems [28] showing high CE but requiring further processes (as dicing and
polishing, that compromise the throughput of the process), in general combined with lensed
fibers. Alternatively, grating couplers are one of the most used component in silicon photonics
since they can be integrated in different parts of the chip (thanks to the vertical coupling) with a
higher spatial tolerance in the alignment. Gratings remove the need of polishing steps often used
to maximize performances in edge-coupling systems and can be easily scaled to couple tens of
waveguides using standard v-grove fiber arrays.

The versatility of our technology offers the possibility to use both techniques, slightly changing
the process list in order to insert the polishing step in case of edge coupling. We focus here on
grating couplers, since they best take advantage of the presence of a second step of electron-beam
lithography to achieve the highest CE. By implementing the model [Fig. 2(a)] in a 2D-FTDT
simulator, we optimized the grating period, etch depth and filling factor for maximizing the CE
from a 8°-tilted single mode fiber injecting TE-polarized light. Figure 2(b) reports the simulated
CE versus wavelength for the best period (794 nm and 720 nm for SM and MM waveguide,
respectively), etch depth (162 nm and 320 nm for SM and MM waveguide, respectively) and
filling factor (0.457 and 0.417 for SM and MM waveguide, respectively). For both structures
we considered a sidewall angle of 80°, consistent with our process technology, and a refractive
index of 2.6. Despite the lack of a back reflector, often used in SOI technology, the SM grating
coupler reaches a high CE of -4.4 dB at 1550 nm and a wide 3 dB bandwidth of 88 nm. On the
other side, the uniform grating coupler for the MM platform shows reduced CE of -7.7 dB with
the fundamental mode, and a similar bandwidth of 74 nm.

In order to match the spatial distribution of the scattered light from the grating with the
gaussian shape of the fiber mode and improve the CE, it is possible to optimize the position and
size of each post (apodized grating coupler). The parameter space, already composed by the etch
depth (E'D) and the position of the fiber with respect to the grating coupler (F),,5), is increased
by two times the number of posts composing the grating coupler: each post i adds a period
p; and a size s; [Fig. 2(a)]. In a similar way to references [29, 30], we developed a four-steps
algorithm to optimize the CE: 1) In a first step, we optimize the uniform grating coupler for a
given etch depth in order to find the best period p and size s. 2) From the previous step, the
algorithm simulates structures sweeping sequentially the value of all s; for a set of periods close
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Fig. 2. (a) Schematic of an apodized grating coupler. (b) Coupling efficiency versus wave-
length from 2D-FDTD simulation of grating couplers optimized for SM and MM waveg-
uides.

to p for each post i. The parameters are saved only if they perform with an higher CE at 1550
nm than the previous saved solution. The procedure is repeated until the solution converges. 3)
In this step, every saved position p; and sizes s; are mutated by different random values between
+2 nm and the new grating coupler is simulated. Once again, the parameters are saved only if
they perform with an higher CE and the procedure is repeated until the solution converges. 4)
By changing ED of the grating of 10 nm steps and repeating step 3), it is possible to determine
the etch depth that delivers the highest CE. At each step, Fj,,5 is swept in order to maximize
CE. The optimization can be constrained by process limitations in step 3): for minimum post
size of 100 nm and distance between two post of 50 nm, the retrieved post positions and sizes
are reported in Table 1 for an etch depth of 320nm. This level of constrains does not affect
drastically the CE since the reduction from the optimal design lies in a few percent, and makes
the designed structure feasible with the fabrication process described below. The simulated CE
for MM waveguides is reported in Fig. 2 and it improves for the apodized case reaching a value
of -2.3 dB at expense of the bandwidth, that reduces to 27 nm. Rather than simply maximizing
the CE at 1550 nm, the described algorithm can be used to optimize different figure of merits of
the grating depending on the requirements of the photonic device.

Table 1. Positions and sizes resulting from the apodization algorithm for the MM structure,
with a refractive index of 2.6 and an etch depth of 320 nm

1<i<10 11 <i <20
pi [nm] | s; [nm] pi [nm] | s; [nm]
562.2 482.0 824.7 381.8
652.5 233.1 961.7 232.9
791.8 449.8 542.2 492.2
711.0 235.1 688.9 232.9
617.6 472.8 734.0 614.0
793.3 379.4 571.2 308.7
771.3 232.9 947.0 288.4
667.7 609.6 640.6 589.7
812.1 232.9 758.9 616.8
500.1 428.8 516.5 254.2
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3. Experimental results

In order to fabricate photonics components in SiC, we developed the fabrication procedure
depicted in Figs. 3(a)-3(f). The SiC layer, heteroepitaxially grown on a Si <001> substrate, is
purchased from NOVASIC with a chemical-mechanically polished surface. As the first step, the
SiC film is thinned down to the desired waveguide thickness (400 nm and 700 nm for SM and
MM waveguide, respectively) by dry etching, while a first electron beam lithography step is
performed to define the waveguide width of 480 nm (SM) and 670 nm (MM) using CSAR62
resist [Fig. 3(b)]. The pattern is subsequently transferred to a 100 nm aluminum hardmask by dry
etching in order to guarantee sufficient selectivity during the high-power ICP-RIE SiC etch based
on fluorine chemistry (SFg), Fig. 3(c). The SiC layer is etched 300 nm and 500 nm for SM and
MM waveguides, respectively, and a thin SiC membrane is left in order to provide mechanical
support once the Si substrate is removed. In a second fabrication flow, both grating coupler
grooves and holes in the membrane are patterned by etching the SiC layer for 162 nm (SM) and
320 nm (MM), Figs. 3(d) and 3(e). The etch depths are chosen to produce the optimum CE for
the gratings couplers, while being greater than the membrane thickness, ensuring that the holes
expose part of the silicon substrate. In this way, a XeF, vapor etch can be performed to undercut
the Si substrate, suspending the photonics components and generating the maximum refractive
index contrast achievable [Fig. 3(f)]. Figure 3(g) shows a 45°-tilted SEM picture of a suspended
MM ring resonator resulting from the described fabrication flow. The optical-microscope image
of the final device is reported in Fig. 4(a) and depicts a suspended area of ~40 ym around the
waveguides. The extremely high Young’s modulus of SiC [31] ensures large suspensions without
incurring in the membrane cracks or deformations.

CSAR62
Al
a) d)
CSAR62 CSAR62
Al Al
b) e)
Al
Si 3csic
“ ual :
©) f)

Fig. 3. Schematic representation of the fabrication process (a)-(f). 45° SEM view of a MM
ring resonator (g).

The photonics components are characterized in TE polarization using a CW laser (Santec
TSL-510) tunable across the telecom band (1500-1630 nm) and a polarization-maintaining fiber
array. Following the layout of the fabricated optical circuit [Fig. 4(a)], light is injected using
the uniform grating coupler for the SM waveguide and the apodized grating coupler for the
MM waveguide. Both gratings are optimized for the refractive index measured by ellypsometry
on the two different wafers used for the fabrication of SM and MM waveguides. Since the
lateral dimension of the grating is 20 um to maximize the overlap with single mode fibers,
mode converters are employed to adiabatically reshape the mode at the grating to the SM and
fundamental MM ones. Numerical simulations show conversion loss lower than 0.15 dB for the
fabricated length of 800 um and 490 um (SM and MM case, respectively).

We characterize the performance of the grating couplers by measuring the transmission of SM
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Fig. 4. Optical microscope image of the sample layout (a). Experimental characterization of
fabricated SM and MM grating coupler together with mode converter (b).

and MM devices. Since the linear losses calculated below are valid only for the SM (MM) part
of the circuit in Fig. 4(a), the grating plus tapering section are characterized as a single coupling
component. In Fig. 4(b), the total CE for the grating-taper component is reported for both the
SM and MM case. The CE is ~-6 dB (-6.8 dB) at 1500 nm (1527.5 nm) and the half width at
half maximum is ~38 nm (~18 nm) for the SM (MM) platform. The shift in wavelength of the
measured CE compared to the simulation results, is ascribed to fabrication imperfections given
by the high etching rate (giving an error on waveguide thickness and ED parameter) and a small
difference between the actual refractive index of the sample and the one used for simulations.
Both effects are amplified by the high refractive index contrast.

1 a) b) c)
1.0 1.0 1.0

0.8 Q\‘ l/ | - ZE %&fﬁ F
067 ‘} j{ 0.8

I

sk

0.2
0.6

1505.7 1506.2 1507.6 1508.1 1504.6 1505.1
A [nm]

Fig. 5. Measured high-Q resonance of different ring resonators (black dots) and lorentzian
best-fit (red line): 20 pm ring realized with SM waveguide (a), 10 and 20 ym ring realized
with MM waveguides (b and c, respectively). All the rings are in the undercoupled condition.

Ring resonators provide a direct way to retrieve linear losses of waveguides from the measured
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quality factor [32]. Thanks to the high confinement, we fabricated ring resonators with small
radius of 10 yum (MM) and 20 um (SM and MM) that are simulated to exhibit small excess
bending losses. In the same sample, different gaps between bus waveguides and rings are
fabricated in order to tune the coupling strength with the resonators and determine the coupling
condition. Figure 5 shows measurements of transmission versus wavelength for a SM-20um ring
[Fig. 5(a)], MM-10um ring [Fig. 5(b)] and MM-20um ring [Fig. 5(c)]. For the SM resonance, the
intrinsic quality factor is calculated as 9,100 corresponding to linear losses of 58 dB/cm. When
the field is more confined inside the material (MM waveguides) the scattering losses reduces and
the intrinsic quality factor improves up to 20,000 (25 dB/cm) for the 10 um ring. This is further
shown from Fig. 5(c), where the bigger radius decreases the field overlap with the sidewall
roughness and the intrinsic quality factor reaches 24,000 (21 dB/cm). Further increasing the
radius of the resonator does not provide any significant improvement in the propagation losses.
Since the mode intensity at the sidewall is still non-zero for the MM waveguide [Fig. 1(b)], it
is possible that the reported value of the losses is still not limited by material absorption. The
improvements in the losses for the MM structures are also partially explained by the reduction of
the field intensity in bottom part of the SiC layer, where the high density of defects generated
during the crystal growth increases the material absorption.

4. Conclusions

3C SiC is particularly suitable for non-linear and quantum photonics due to its rare characteristics.
The presence of a Si substrate, needed for heteroepitaxially growing the crystalline SiC layer,
hampered the development of basic photonics components needed for a multitude of optical
processes. Thanks to a new fabrication approach, that removes the underlying substrate by
employing two steps of electron beam lithography, both SM and MM photonic platforms were
realized in a fully scalable manner. This technology can easily be integrated with photonic
crystal cavities, a key component for exploiting SiC point defects [33] and low power non-linear
interaction [34], and be extended to other heteroepitaxially grown materials, such as hexagonal
SiC films created by electrochemical etching [35] or GaAs membranes. The fabricated couplers
show CE around -6 dB when considering grating efficiency and taper propagation loss (in the
order of 1-2 dB considering MM propagation losses). This value can be improved using self-
focusing gratings [36] that do not require long mode converters, increasing transmission and
reducing the footprint of the optical devices. The characterized ring resonators demonstrated
high intrinsic quality factors up to 24,000. Even though the reported values of quality factor
are sufficient to demonstrate non-linear effects like efficient frequency conversion, improving
the propagation losses would open the possibility to use SiC for scalable quantum optical
interconnections. Additional steps in the fabrication procedure, including roughness reduction by
oxidization or the deposition of a cladding to decrease the high index contrast, could target the
scattering loss by reducing the roughness effects and improve the quality factor of the resonators.
The reported results demonstrate a fundamental step in the development of SiC photonics and
open the way for the integration of a variety of classical and quantum devices.
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