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ABSTRACT
Amorphous silicon carbide (a-SiC) has emerged as a compelling candidate for applications in integrated photonics, known for its high
refractive index, high optical quality, high thermo-optic coefficient, and strong third-order nonlinearities. Furthermore, a-SiC can be easily
deposited via CMOS-compatible chemical vapor deposition (CVD) techniques, allowing for precise thickness control and adjustable material
properties on arbitrary substrates. Silicon nitride (SiN) is an industrially well-established and well-matured platform, which exhibits ultra-low
propagation loss, but it is suboptimal for high-density reconfigurable photonics due to the large minimum bending radius and constrained
tunability. In this work, we monolithically combine the a-SiC with SiN photonics, leveraging the merits of both platforms, and achieve the
a-SiC/SiN heterogeneous integration with an on-chip interconnection loss of (0.28+0.44

−0.28) dB and integration density increment exceeding
4444-fold. By implementing active devices on the a-SiC, we achieve 27 times higher thermo-optic tuning efficiency, with respect to the SiN
photonic platform. In addition, the a-SiC/SiN platform gives the flexibility to choose the optimal fiber-to-chip coupling strategy depending on
the interfacing platform, with efficient side-coupling on SiN and grating-coupling on the a-SiC platform. The proposed a-SiC/SiN photonic
platform can foster versatile applications in programmable and quantum photonics, nonlinear optics, and beyond.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0285619

I. INTRODUCTION

Photonic integrated circuits (PICs), with the merits including
miniaturization, robustness, and high-volume manufacturability,
have been one of the cornerstones for applications in data process-
ing, optical communication, and hold potentials in medical imaging,
sensing, and quantum computing.1–6 Various material platforms
have been studied and utilized as the foundations for constructing
photonic integrated circuits. Among all material platforms which
are proposed and researched, silicon (Si) and silicon nitride (SiN)

photonics have been the most matured PIC platforms available for
mass production in the industry.

Leveraging the micro-electronics fabrication techniques, sili-
con (Si) photonics has flourished over the past decades.7 Si’s high
refractive index and large thermo-optics coefficient enable high
integration density and low-power tunable photonic devices.8–10

However, the presence of two-photon absorption in silicon hinders
silicon photonics from scaling up to very large photonic networks,
so that prevents the realization of more advanced applications.11,12

Silicon’s relatively narrow energy bandgap (∼1.1 eV) also results
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in high absorption losses at visible wavelengths, limiting silicon
photonics to, mostly, the telecommunication wavelengths.13,14 Sili-
con nitride (SiN), on the other hand, provides ultra-low waveguide
propagation losses in a wide transparency window covering both
the visible and telecommunication wavelengths, thereby facilitat-
ing versatile photonic devices and applications.15–18 In addition, SiN
offers a relatively large Kerr coefficient.19,20 These characteristics
together make SiN an excellent host for nonlinear optics applica-
tions, including wavelength conversion, entanglement generation,
frequency combs, and more.16,20–28 To realize the ultra-low loss
SiN waveguides, high-aspect-ratio waveguides (width:height > 10:1)
have been proposed and successfully fabricated using either the sub-
tractive or Damascene processes, where the optical modes are weakly
confined around the waveguide slab to exploit the low-absorption
advantage of silicon dioxide (SiO2) cladding. To fabricate such ultra-
low loss SiN waveguides, high-temperature (≥1200 ○C) annealing
and chemical–mechanical polishing (CMP) are essential to effec-
tively minimize the loss.15,16,29–31 Owing to the SiN’s relatively low
refractive index, large minimal bending radius (on the millimeter
to sub-centimeter scale) is necessary, which compromises the inte-
gration density. In addition, to prevent metal absorption loss, the
high-aspect ratio SiN platform requires a sufficiently thick cladding
layer on top of the waveguides (6–15 μm) that separates the SiN
waveguides from the micro-heaters when employing thermo-optic
tuning; this hampers the SiN photonics from pursuing efficient tun-
ability and poses challenges in thermal crosstalk control. Combined
with the low intrinsic thermo-optic coefficient of SiN, it is challeng-
ing to achieve an efficient thermo-optic tuning on high-aspect-ratio
SiN planform.32–34 Therefore, despite the prevalence and maturity
of Si and SiN photonics, their performance ceiling in scaling-up
and effective tuning has driven the demand of investigating new
photonic platforms.

Amorphous silicon carbide (a-SiC) is a promising photonic
platform that emerged recently, appealing for its properties involv-
ing large and tunable bandgap (∼2.5 eV), relatively high and tunable
refractive index (∼2.4–2.9 at 1550 nm), low loss (0.78 dB/cm), large
thermo-optic coefficient (1.12 × 10−4

/
○C), and large Kerr-nonlinear

coefficient (6.7 × 10−18 m2
/W).35–41 However, despite the advance-

ments achieved in the recent literature, the a-SiC exhibits higher
optical loss compared to SiN. Heterogeneous integration of a-SiC
on lithium niobate via low-temperature chemical vapor deposition
(CVD) deposition has been recently realized, showing that a-SiC’s
low-temperature fabrication techniques are compatible with the
different substrates, with precise thickness control, and excellent
surface roughness without polishing.42

In various PIC platforms, fiber-to-chip interfacing has
remained a persistent topic in integrated photonics research.
Side-coupling (or edge-coupling), which is known for its high
coupling efficiency and large bandwidth, has been extensively stud-
ied by researchers over the decades since the origin of integrated
photonics.43–49 The primary challenge of side-coupling is the sub-
stantial mode mismatch between the modes in optical fibers and
photonic waveguides. Delicate design and fabrication are needed
to realize the adiabatic transition from the strongly confined wave-
guide modes into weakly confined modes that match that of the fiber
modes. Grating-coupling is another widely adopted fiber-to-chip
coupling strategy, which obviates the need for chip-facet exposure
and additional waveguide routing, thereby simplifies the fabrication

process. It also outperforms in alignment tolerance, compared to
edge-coupling. These facts make grating-coupling inherently com-
patible with wafer-scale production and characterization. Designing
high-coupling-efficiency grating couplers requires an optimal grat-
ing period and favors a large film thickness and high refractive index
contrast.48,50–54 With above arguments, the high-aspect-ratio SiN
waveguide, the record-low propagation loss holder, is unsuitable for
achieving high-efficiency grating-coupling. On the other hand, in
high refractive index material platforms, such as a-SiC, it is chal-
lenging to realize efficient edge-coupling. This is not the case when
the roles are reversed; each platform becomes well-suited for the
other’s task. For instance, the high-aspect-ratio SiN’s weak confine-
ment leads to a large mode area, and makes the mode matching
easier, while a-SiC’s high refractive index offers more design flexi-
bility for grating couplers. The proposed a-SiC/SiN heterogeneous
integration provides a unified solution for fiber-to-chip interfacing,
enabling both grating-coupling and edge-coupling to be employed
optimally.

Thermo-optic tuning is widely exploited to actively control
the on-chip photonic devices in large-scale PICs for photonic com-
puting and quantum computing.4,6,55–63 Thermal tuning efficiency
and power consumption are recognized as the pivotal performance
benchmarks of a PIC, meanwhile the scalability is also highly val-
ued, which is mainly limited by waveguide losses. The a-SiC/SiN
heterogeneous photonic platform leverages the high thermal optical
coefficient of amorphous silicon carbide, empowering the ultra-
low loss high-aspect-ratio SiN photonics with efficient thermo-optic
tunability; together they present an effective and technically feasible
approach toward a scalable, densely integrated, ultra-low loss, and
highly tunable photonic platform.

In this paper, we propose a heterogeneous a-SiC/SiN photonic
integrated circuit that combines the high-aspect-ratio SiN wave-
guides with efficiently thermo-optic tunable and high integration
density a-SiC waveguides. By showcasing the key building blocks,
including low-loss a-SiC/SiN interconnection couplers and fiber-to-
chip grating couplers, we outline the potential directions for future
applications enabled by this platform, taking advantages of its ultra-
low loss, wide transparency window, high integration density, effi-
cient thermo-optic tunability, and strong third-order nonlinearity
properties.

II. PHOTONIC DEVICES AND PERFORMANCE
CHARACTERIZATION

Two different setups, one for side-coupling and the other for
grating-coupling, are employed to characterize the performance
metrics of the a-SiC/SiN platform, including the thermal optics
response, a-SiC/SiN interconnection coupling, edge-coupling, and
grating-coupling. Figures 1(a), 1(b), and S1 in the supplementary
material show the corresponding setups. The characterization is per-
formed with tunable lasers (Photonetics TUNICS-PRI 3642 HE 15
and Keysight 81940A). The light is sent to the photonic chip via a
single-mode fiber, passing through a paddle polarization controller
(FPC560). The output light is collected by a multi-mode fiber and
delivered to an optical powermeter (Newport 818-NR) or photore-
ceiver (Newport 1811 New Focus). For grating-coupling, the fibers
are positioned at an angle of 10○ relative to the normal of the sample.
For side-coupling, we use translation stages to align optical fibers
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FIG. 1. (a) Characterization setups used
to measure the on-chip devices. (b) Two
kinds of fiber-to-chip accesses employed
in measurements. The blue-background
inset illustrates both the interconnec-
tion device and the corresponding
reference device employed for char-
acterization. [(c) and (d)] Thermo-optic
characterization of the a-SiC/SiN
platform: the resonance shifts observed
when sweeping the temperature from 26
to 34 ○C on the SiN ring resonator and
a-SiC ring resonator, respectively.

to the exposed waveguide cross sections. To measure the thermo-
optics response, the sample is mounted and pasted on the sample
stage, using thermally conductive silver paste. Heat is applied to the
sample stage by a proportion–integration–differentiation tempera-
ture controller to globally adjust the temperature of the whole chip.
A temperature sensor in the stage provides feedback to the tempera-
ture controller to maintain a stable temperature. To characterize the
interconnection coupling efficiency, we designed and fabricated the
devices shown in the inset of Fig. 1(b), highlighted with a blue back-
ground. The interconnection devices (Inter.) consist of two grating
couplers as input and output and two interconnection couplers con-
necting the a-SiC and SiN waveguides, while the reference devices
(Ref.) are made of two grating couplers connected by a straight a-
SiC waveguide. The fabrication details are presented in Sec. II in
the supplementary material. The definitions of the characterized
performance metrics are discussed in detail in Sec. III.

A. Thermal optics
On-chip tunability after fabrication is vital for all applications

that require programmability and reconfigurability. As a key feature
of the proposed a-SiC/SiN platform, the thermo-optic tunability is
characterized utilizing the on-chip ring resonators. We apply global
heating to the a-SiC/SiN sample and monitor the resonance wave-
length shift with respect to the temperature variation, using the
characterization setup shown in Figs. 1(a) and 1(b). On the same
sample, a-SiC microrings with a bending radius of 120 μm and SiN
microrings with a bending radius of 1100 μm are fabricated and
measured. The a-SiC rings demonstrate a 25.0 pm/○C shift over
the temperature change from 26 to 34 ○C, whereas the measured

SiN ring spectra show a 8.6 pm/○C temperature shift over the same
range, as illustrated in Figs. 1(c) and 1(d). Considering that the
SiN ring resonators possess a much larger bending radius, hence a
much larger heating area, we normalize the thermo-optic shift to
the unit ring-waveguide length and take it as the metric to evaluate
thermo-optic tunability. According to the measured results, the a-
SiC ring shows a thermo-optic tunability of 33.2 × 10−3 pm/○C/μm,
while the SiN ring shows 1.2 × 10−3 pm/○C/μm. It is concluded
that a-SiC has 27 times stronger thermo-optic tunability compared
to SiN. A thermo-optic coefficient of 5.1 × 10−5

/
○C for a-SiC, and

3.6 × 10−5
/
○C for SiN, are extracted (details in Sec. III), showing

good agreement with the recent studies.10,36,64 The heterogeneous
integration of the a-SiC and SiN opens the way for ultra-low-loss SiN
photonics to attain efficient tunability while providing highly pro-
grammable a-SiC photonics with low-loss delay lines, among other
possible advanced functionalities.

B. a-SiC/SiN interconnection couplers
A key feature of this heterogeneous platform is the loss associ-

ated with the transitions between the a-SiC and SiN layers. In this
section, we present the a-SiC/SiN interconnection couplers, which
serve as the bridge enabling bidirectional light coupling between the
a-SiC and SiN layers. The structure of the interconnection coupler is
shown in Fig. 2(a). It adiabatically converts the mode propagating in
the a-SiC waveguides into the mode supported by SiN waveguides,
and vice versa. The design principle of such devices is described
in our previous studies.65,66 The ultra-low loss SiN platform relies
on the high aspect ratio waveguides, where a greater aspect ratio
is proven to provide lower loss.31 At telecom wavelengths, the
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FIG. 2. (a) Schematic illustration of
the a-SiC/SiN interconnection coupler,
with a zoomed-in figure showing the
interconnection coupling region. The
three insets are the simulated mode
profiles in the a-SiC waveguide, at
the coupling region, and in the SiN
waveguide. (b) Simulated electric field
intensity distribution of the light propagat-
ing between the SiN and a-SiC layers,
through the a-SiC 90○ bending and inter-
connection couplers. (c) Simulated inter-
connection coupling efficiency, with a
light-orange strip showing the wave-
length range of experimental measure-
ments. (d) Measured interconnection
coupling efficiency. The insets depict the
fabricated reference device (Ref.) and
interconnection coupler (Inter.). (e) Scan-
ning electron microscopy image of the
SiN tip in the interconnection coupler. (f)
Optical microscopy image of the inter-
connection coupler. (g) Scanning elec-
tron microscopy image of the a-SiC tip
in the interconnection coupler.

dimensions of single mode waveguides are 100 nm × 3 μm. In con-
trast, the a-SiC single mode waveguide has a size of 260 × 800 nm2.35

The refractive index contrast between a-SiC and SiN, reaching
Δn = 0.6 around 1550 nm, along with the 160 nm thickness dif-
ference of a-SiC/SiN waveguides, results in a significant mode mis-
match. To overcome this mismatch and achieve phase matching,
both the a-SiC and SiN waveguides are adiabatically tapered down
to the final tip widths. The widths of the a-SiC and SiN waveguides
are represented as wSiC and wSiN, respectively, in Fig. 2(a) inset.
As shown in the zoomed-in illustration, the a-SiC and SiN wave-
guides are tapered toward the center of the device, with their widths
decreasing to the final tip widths of wtSiC and wtSiN, respectively.

The tapering lengths are denoted as LtSiC and LtSiN. We use
finite-difference-eigenmode method to calculate the optical mode
profiles and finite-difference time-domain (FDTD) method to sim-
ulate light propagation in the a-SiC/SiN interconnection coupler.
The mode profiles of the light propagating in the a-SiC waveguide,
the a-SiC/SiN coupling region, and the SiN waveguide are shown
in the three insets at the top right, from left to right, respectively.
We introduce a 90○ turn to determine and verify the minimal bend-
ing radius of a-SiC, and found a minimal bending radius smaller
than 10 μm. The electric-field intensity distribution in the device,
in which light launched into a SiN waveguide is coupled to an a-SiC

waveguide, guided through a 90○ bend, and subsequently coupled
back to another SiN waveguide, is shown in Fig. 2(b). The coupling
efficiency of the a-SiC/SiN interconnection coupler, CEint, is simu-
lated by the FDTD method (Ansys Lumerical) as shown in Fig. 2(c),
with a light orange strip highlighting the wavelength range that is
experimentally investigated. The standard single-mode a-SiC and
SiN waveguides have widths of 0.8 and 3 μm, respectively. The opti-
mal taper tip widths are wtSiC = 50 nm and wSiN = 2 μm, according
to the simulations. The results exhibit that the interconnection loss
is less than 0.1 dB per connection at 1550 nm.

Experimentally, we characterized the bending losses of the a-
SiC waveguides by measuring the intrinsic quality factors of the
ring resonators with different bending radii, and discovered that
the minimal bending radius can be smaller than 15 μm (see Sec. IV
in the supplementary material). We believe that the minimal bend-
ing radius can be reduced to below 10 μm by optimizing the single
mode waveguide geometry. As comparison, the minimal bending
radius for the 100 nm thick high-aspect ratio SiN waveguide is
larger than 1 mm.31 This indicates that combining the a-SiC/SiN
photonics on the same chip enables compact photonic routing and
smaller device footprint, hence significantly increases the integra-
tion density, which is essential for scalable PIC design. Considering
the photonic devices (for example, ring resonators, spirals, and
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routing bends) scale with the square of the minimal bending radius
R2, the integration density ρ can be evaluated as ρ∝ 1/R2. The
experimental results reveal a 4444-fold integration density differ-
ence between the a-SiC/SiN photonics and SiN photonics. Regarding
the a-SiC/SiN interconnection coupling, as shown in Fig. 2(d), a
coupling loss of (0.28+0.44

−0.28) dB per a-SiC/SiN connection is mea-
sured from the devices with the optimal parameters suggested by the
simulation results. The results are obtained via normalizing the aver-
aged output power from four identical interconnection couplers to
the output power of the reference devices (detailed in Sec. III, with
the statistical treatment explained in Sec. III in the supplementary
material). The oscillations superimposed on the signal stem from

the grating-to-grating reflections within the interconnection (Inter.)
and reference (Ref.) devices, where the a-SiC and SiN waveguides
form Fabry–Perot cavities between the gratings. Figure 2(f) shows
the optical microscope image of the fabricated a-SiC/SiN intercon-
nection coupler, while the a-SiC and SiN taper end tips are inspected
using a scanning electron microscope, as shown in Figs. 2(e)
and 2(g), respectively.

To further study the fabrication tolerance, we sweep the para-
meters of the a-SiC tip width wtSiC from 30 to 70 nm and SiN tip
width wtSiN from 1.4 to 2.4 μm. The measurement results are dis-
played in Fig. S3 in the supplementary material. For each of the
parametric sweeps, five devices are fabricated on the same sample.

FIG. 3. (a) Schematic showing the fiber-
to-chip coupling using inverted taper
edge coupler, with taper end tip width wt
and taper length Lt. gfw represents the
fiber-to-waveguide gap. (b) Simulated
electric field intensity distribution in the
edge coupling process. (c) Schematic
of the apodization grating coupler, with
grating period Λ and grating width γ.
(d) Optical microscopy image showing
the fabricated edge coupler. (e) Opti-
cal microscopy image showing the fab-
ricated grating coupler. (f) Measured
power from devices’ output, after passing
through the input edge coupler (EC), 90○

waveguide bend, and the output edge
coupler, which is normalized to laser
power. On the same chip, four identical
devices with the optimized parameters
are measured. The dashed line shows
the coupling of the standard single-mode
waveguides without inverted tapers. (g)
Measured output power, after passing
through two grating couplers (GCs) con-
nected by a straight waveguide, which is
normalized to the laser power.
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The sweeping results of wtSiC and wtSiN show a maximum extra loss
of 1.1 dB in CEint. The change in the a-SiC tip width wtSiC results
in a more significant impact on CEint. In general, the a-SiC/SiN
exhibits good fabrication tolerances. The same design protocol can
also be applied to the a-SiC/SiN integration platform with other
layer thicknesses, for SiN waveguides with different aspect ratios and
applications in a variety of wavelengths. We additionally conducted
an investigation to validate that the SiN photonics loss remains unaf-
fected after the co-integration with the a-SiC, as discussed in Sec. VI
of the supplementary material.

C. Edge couplers
One of the most commonly used fiber-to-chip coupling method

is edge-coupling (or side-coupling), which provides a higher cou-
pling efficiency and wider bandwidth compared to grating couplers.
To overcome the prominent challenge of mode mismatch between
the single-mode fiber and the optical waveguide, we design and
optimize an inverted taper mode converter. At the wavelength of
1550 nm, the mode area in the standard SMF-28 single-mode fiber
is roughly 75.1 μm2; by contrast, the mode area in the a-SiC single-
mode waveguide is 0.4 μm2, while in the high aspect ratio SiN
waveguide, it is 4.1 μm2. The high width-to-height ratio can be lever-
aged to further promote the weak-confinement feature by tapering
down the waveguide width, thereby enlarging the waveguide mode
area and mitigating the mode mismatch between the fiber and wave-
guide. As shown in Fig. 3(a), the SiN waveguide is tapered down to
the optimal tip width wt = 570 nm, where the best mode matching
and the highest mode overlapping are realized, indicating a theo-
retical coupling efficiency up to 91.9% per fiber-to-chip interface
when the fiber-to-waveguide gap is zero (gfw = 0). The simulated
power distribution of the fiber-to-chip coupling process is shown in
Fig. 3(b).

To experimentally investigate the performance of the designed
edge couplers, we fabricate four identical devices, each consisting of
two edge couplers connected by a 90○ waveguide bend. The sample is
cleaved twice perpendicularly to expose the cross sections of the edge
couplers. The measurement is done using a single-mode fiber as an
input injecting light to one of the edge couplers and a multi-mode
fiber collecting from the output, as shown in Figs. 1(a) and 1(b).
The measured output power, normalized to the laser, is presented
in Fig. 3(f). Two devices consisting of cleaved standard SiN single-
mode waveguides connected by a 90○ bend, without tapered edge
couplers, are taken as a reference. The measured results are averaged
and represented by the black dashed line in Fig. 3(f). The measured
results show that up to 27.45%, the power of the input can be col-
lected at the output, after experiencing two fiber-to-chip interfaces.
In comparison, without the taper only 0.49%, the power is col-
lected at the output, indicating a 55-fold improvement in coupling
efficiency with the inverted taper structure. The details of the char-
acterization and analysis are provided in Sec. III. More microscopy
pictures demonstrating the sample edges after cleaving are included
in Sec. V in the supplementary material, along with a simulation
analysis on how the fiber-to-chip air gap and fiber misalignment are
influencing the coupling efficiency.

D. Grating couplers
The other commonly used component to realize the fiber-to-

chip coupling is grating couplers, which excel in alignment tolerance

and convenient fiber-to-chip access and are well-suited for multi-
input and multi-output reconfigurable photonics. Automated wafer-
scale characterization of large device arrays also benefits from this
approach. We calculated the grating period based on the Bragg Con-
dition,67 Λ = λ/(neff − nclad ⋅ sin θ), where Λ is the grating period, λ
is the working wavelength, neff and nclad represent the effective index
of the desired waveguide mode and refractive index of the cladding,
respectively, and θ denotes the fiber angle with respect to the sam-
ple norm. Considering the fundamental TE mode supported by the
a-SiC waveguides, a grating period of Λ = 1002 nm is calculated for
the 10○ fiber angle. In the grating coupler design, we keep the first
20 periods (away from the straight waveguide) uniform with the cal-
culated period Λ, while the subsequent 20 periods with apodization
linewidths γ0 to γ20 (from the device edge to the grating center), as
depicted in Fig. 3(c). Using the setup demonstrated in Figs. 1 and
S1(a), the laser light is coupled to the a-SiC waveguide through a
SMF-28 single-mode fiber, and a multi-mode fiber is employed to
collect the output from another grating coupler. We measured six
fabricated grating coupling devices [Ref. configuration as shown in
Fig. 1(b)] with the grating linewidth apodized from γ0 = 600 nm to
γ20 = 940 nm for GC.1 to 3, and γ0 = 720 nm to γ20 = 960 nm for
GC.4 to 6; the results are shown in Fig. 3(g). A maximum normal-
ized output power of 7.7% is achieved at 1590 nm, while the values
exceeding 2.4% are measured around 1550 nm. The oscillations
superimposed on the signal are attributed to the Fabry–Perot cav-
ity formed by grating-to-grating reflections. The detailed definition
of the coupling efficiency can be found in Sec. III.

III. METHOD
To characterize the thermo-optic coefficients of the a-SiC

and SiN photonics, we use the methods introduced in the
literature.33,35,64,68 The following equation relates the effective index
change along temperature change with the material thermo-optic
coefficients by

dneff

dT
= ΓSiO2

dnSiO2

dT
+ Γa−SiC

dna−SiC

dT
,

dneff

dT
= ΓSiO2

dnSiO2

dT
+ ΓSiN

dnSiN

dT
,

(1)

where Γ denotes the mode overlap integral in the corresponding
material, which is obtained from finite difference eigenmode sim-
ulations, and the thermo-optic coefficient of SiO2 is 0.96 × 10−6

/
○C,

as determined in the literature.33 The effective index change of the
fundamental waveguide mode can be obtained from the measured
resonance wavelength shift, given by the following equation:

dλ
dT
= (neff ⋅ αsub +

dneff

dT
) ⋅

λ
ng

, (2)

where αsub = 2.6 × 10−6
/
○C is the thermal expansion coefficient of

the substrate.
The a-SiC/SiN interconnection coupler efficiency is obtained

based on the averaged measurement results that were obtained from
multiple identical devices. Assuming that the two interconnection
couplers within the same device hold identical optical responses,
the interconnection coupling efficiency CEint can be defined in the
following equation:
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Pout = Pin ⋅ CEgc−in ⋅ αa−SiC ⋅ αSiN ⋅ CE2
int ⋅ CEgc−out , (3)

while the reference device can be expressed by

P′out = Pin ⋅ CEgc−in ⋅ α′a−SiC ⋅ CEgc−out. (4)

In Eqs. (3) and (4), Pin, Pout, and P′out denote the input power,
the output power from Inter. devices, and the output power from
Ref. devices, respectively. The measured raw data of Pout and P′out,
along with the statistics treatment details supporting the results in
Fig. 2(d), can be found in Sec. III in the supplementary material.
αa-SiC and αSiN represent the losses in the a-SiC and SiN waveguides,
respectively, in the interconnection coupler. CEgc-in and CEgc-out
are the coupling efficiencies of the input and output a-SiC grat-
ing couplers, respectively. Assuming that on the same sample the
grating couplers have the same response, the a-SiC/SiN intercon-
nection coupler coupling efficiency can be written as the following
equation:

CEint =

√

Pout

Pin ⋅ αa−SiC ⋅ αSiN ⋅ CEgc−in ⋅ CEgc−out

=

√

Pout ⋅ α′a−SiC

αa−SiC ⋅ αSiN ⋅ P′out
. (5)

Regarding grating-coupling, devices with two grating couplers
connected by an a-SiC waveguide are fabricated, where the light
coupling process is expressed as

Pgc−out = Pin ⋅ CEgc−in ⋅ αgc−SiC ⋅ CEgc−out , (6)

where αgc-SiC is the loss generated by the connecting a-SiC wave-
guide. The normalized output power is used to quantify the
grating-coupling efficiency,

Pgc−norm =
Pgc−out

Pin ⋅ αgc−SiC
. (7)

For edge coupling efficiency measurement, the devices that
consist of a L long SiN waveguide and two edge couplers are
fabricated. The light coupling can be expressed as

Psc−out = Pin ⋅ CEsc−in ⋅ αsc−SiN ⋅ CEsc−out , (8)

where αsc-SiN is the loss generated by the connecting SiN waveguide
and CEsc-in and CEsc-out represent the input and output side-coupling
efficiencies, respectively. The normalized output power used for
quantifying the side-coupling efficiency is defined as

Psc−norm =
Psc−out

Pin ⋅ αsc−SiN
. (9)

The waveguide losses are characterized by the intrinsic quality
factors of the ring resonators fabricated on the a-SiC layer and SiN
layer on the same sample. We translate the intrinsic quality factor Qi
into propagation loss α, in the unit of dB/cm, as expressed below:

Qi =
2QL

1 +
√

T
=

2λ0

FWHM(1 +
√

T)
, (10)

α ( dB/m) = 4.3429 ⋅ α(m−1
) = 4.3429 ⋅ (

2πng

Qiλ0
), (11)

where λ0 denotes the center wavelength, the full-width half-
maximum (FWHM) of the resonance dips and the on resonance
transmission T are measured experimentally, and ng is the group
index of the propagation mode, obtained from the free spectral range
(FSR) of the ring resonator,

ng =
λ2

2πR ⋅ FSR
. (12)

IV. PROSPECTS OF a-SiC/SiN PLATFORM
FOR FUTURE APPLICATIONS

In large-scale reconfigurable PICs, thermo-optic phase shifters
employed with micro-heaters are the key building blocks. The
thermo-optic tuning efficiency and thermal crosstalk are the most
critical performance metrics when scaling up to increasingly com-
plex networks. We analyze the trade-off between maximizing the
thermal-optic tuning efficiency and minimizing the metal absorp-
tion loss on our a-SiC/SiN heterogeneous platform. As shown in
Fig. 4(a), the strong confinement of the a-SiC allows for a mini-
mum heater–waveguide gap of 600 nm, while for SiN, the gap has
to be larger than 5 μm to prevent additional absorption. We simu-
late the heat (temperature) distribution when the titanium nitride
(TiN) heaters are set to 350 K, as shown in the insets. Tempera-
ture contours for 305, 315, 325, and 335 K are plotted in figures.
A clear temperature difference is observed around the a-SiC and
SiN waveguides when the TiN heaters on top are set to the same
temperature that the a-SiC waveguide reaches ∼320 K, while the
SiN waveguide receives nearly-zero heat. This pronounced dif-
ference arises from the disparity in optical confinement strength
between SiN and a-SiC and the bad thermal conductivity of the
SiO2 cladding. Together with the huge thermo-optic coefficient con-
trast discussed in Sec. II A, the a-SiC photonics exhibit markedly
superior thermo-optic performance over the SiN photonics. This
highlights the advantage of the co-integration, where tunable devices
are implemented compactly and densely in the a-SiC layer with
high tuning efficiency, while the SiN layer is dedicated to low-loss
propagation.

Examples of the future applications of the proposed hetero-
geneous a-SiC/SiN PIC are depicted in Fig. 4(b), where we mark
the a-SiC in orange, SiN in dark blue, TiN in yellow, SiO2 in
black, and Si substrate in red. The optical fibers (in green) are posi-
tioned either toward the exposed sample facets for edge-coupling or
angled at 20○ from above for grating-coupling. Employing the pick-
and-place technique, we foresee the immediate implementation of
deterministic integration of nanowire quantum dots (NW-QDs) as
single photon emitters and subsequently quantum optics experi-
ments on the a-SiC/SiN platform.69–73 Devices delay lines with tens
of nanoseconds delayed time with the distinctive advantage of com-
bining the high density and high tunability a-SiC photonics with
ultra-low-loss SiN photonics; the a-SiC/SiN photonic platform can
emerge as a compelling choice for scalable and reconfigurable pho-
tonics. The figure is not to scale, and the minimum bending radii for
the SiN and a-SiC photonics are 1000 and 15 μm, respectively.

Table I lists the comparison of the key performance metrics
of different tunable PIC platforms, including integration density
(ρ = 1/R2

min), waveguide loss, thermo-optic coefficient, power con-
sumption for π phase shift, and fabrication cost per minimal device
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FIG. 4. (a) Simulation analysis of the TiN heater absorption losses with respect to the heater–waveguide gap for the a-SiC waveguides (upper panel) and SiN waveguides
(lower panel). The light-yellow shaded area marks the regime where the metal absorption losses are negligible. The insets illustrate the heat (temperature) distribution when
the TiN heaters are set to the same temperature of 350 K. (b) Illustration of the a-SiC/SiN heterogeneous photonic integrated circuit with the functional devices and potential
applications. The glowing white dots illustrate the photons propagating in the waveguides. The optical fibers are represented using green color, and the free-space laser
beam is depicted with red color.

TABLE I. Comparison of the key performance metrics between a large-scale a-SiC/SiN photonic network and other material platforms.

Integration Waveguide Thermo-optic Power consumption per Fabrication price per
Platforma density (/mm2)b loss (dB/cm) coefficient (/○C) π phase shift (mW) minimal device area ($ mm2)c References

a-SiC/SiN 4444 0.001–0.78 5.1 × 10−5 35 0.229 This work, 15, and 35
Si 40 000 1.5–4 1.8 × 10−4 20 0.013 74–76
SiN (M) 100 0.15–1.5 2.5 × 10−5 88 5.080 77–82
SiN (H) 1 0.001–0.1 2.5 × 10−5 300 614.644 15, 17, 69, and 83–85
aStandard 220 nm silicon on the insulator platform, SiN moderate confinement (SiN–M) platform with a waveguide thickness of 300–400 nm, and SiN high-aspect-ratio (SiN–H)
platform with waveguide thickness ≤100 nm, at the wavelength of 1550 nm. The a-SiC/SiN platform proposed in this work combines the 260 nm a-SiC photonics with the 100 nm
high-aspect-ratio SiN.
bDefined as ρ = 1/R2

min , where Rmin denotes the minimal bending radius of the platform.
cThe method used to estimate prices is detailed in the supplementary material.

area. Here, we use the square of the minimal bending radius (R2
min)

to represent the minimal device area. In the table, we focus on single-
mode waveguides at telecom wavelengths; therefore, strongly con-
fined (thick-film) platforms are excluded from comparison. More
detailed sources of these estimations are provided in Sec. VII in the
supplementary material. As presented in the table, the Si PIC offers
the highest integration density and thermo-optic tunability, albeit
at the cost of high waveguide loss. The SiN PIC platforms, namely
the moderate confinement and high-aspect-ratio SiN, exhibit low
waveguide loss but suffer from high fabrication expense and thermal
tuning power consumption. In comparison, the a-SiC/SiN PIC pos-
sesses high integration density and efficient thermal tunability that
are comparable to the Si PIC, while it retains the low-loss charac-
teristic of the high-aspect-ratio SiN PIC. Owing to the substantial
difference in integration densities, the heterogeneous a-SiC/SiN

platform also shows a notable advantage in fabrication price per
minimal device area (R2

min).

V. CONCLUSION
This work presents the design and experimental demonstra-

tion of the heterogeneous photonic integrated a-SiC/SiN platform.
The proposed solution combines the merits of both a-SiC and SiN
photonics, while circumventing their respective shortcomings. With
the a-SiC/SiN platform, we demonstrate a feasible path for leverag-
ing the ultra-low optical loss and wide transparent window of the
SiN photonics, meanwhile featuring up to 4444 times higher inte-
gration density and 27 times higher thermo-optic tuning efficiency
in terms of per unit waveguide length, enabled by the a-SiC pho-
tonics. The most important element of this heterogeneous platform,
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the a-SiC/SiN interconnection coupler, has been demonstrated to
enable efficient interconnections between the a-SiC and SiN pho-
tonics, with a coupling loss of (0.28+0.44

−0.28) dB. Both grating-coupling
and side-coupling can be achieved on the same chip, which provides
more fiber-to-chip interfacing freedom for distinct requirements
from versatile applications. Furthermore, the platform combines
two materials that possess high Kerr nonlinear coefficients, which
provides the potential of efficient four wave mixing and the realiza-
tion of the on-chip single photon sources. The realization of this
heterogeneous a-SiC/SiN platform stands as a compelling candi-
date toward more advanced applications in integrated photonics,
quantum photonics, and beyond.

SUPPLEMENTARY MATERIAL

The supporting information can be found in the supplementary
material.
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