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The existing silicon-carbide-on-insulator photonic platform

utilizes a thin layer of silicon dioxide under silicon carbide

(SiC) to provide optical confinement and mode isolation.

Here, we replace the underneath silicon dioxide layer with

1-µm-thick aluminum nitride and demonstrate a 4H-silicon-

carbide-on-aluminum-nitride integrated photonic platform

for the first time to our knowledge. Efficient grating couplers,

low-loss waveguides, and compact microring resonators with

intrinsic quality factors up to 210,000 are fabricated. In

addition, by undercutting the aluminum nitride layer, the

intrinsic quality factor of the silicon carbide microring is

improved by nearly one order of magnitude (1.8 million).

Finally, an optical pump–probe method is developed to mea-

sure the thermal conductivity of the aluminum nitride layer,

which is estimated to be over 30 times of that of silicon diox-

ide. © 2024 Optica Publishing Group

https://doi.org/10.1364/OL.521157

Integrated photonic platforms such as silicon-on-insulator (SOI)

and lithium-niobate-on-insulator (LNOI) have revolutionized

modern optical technologies [1–3]. In addition to these mature

device platforms, there are emergent candidates such as silicon

carbide (SiC) which find potential applications in both classical

and quantum domains [4]. Traditionally, the insulator material

consists of a thin layer of silicon dioxide, which serves as a lower

index cladding (index ≈1.45 in the 1550 nm) to the core so that

the optical mode is sufficiently confined and isolated from the

substrate. However, silicon dioxide suffers from strong optical

absorption in the mid-infrared (>3 µm), which increases the

propagation loss of the optical mode at longer wavelengths [5].

In addition, it has a much smaller thermal conductivity com-

pared to other photonic materials such as sapphire or aluminum

nitride (AlN). As a result, heat transfer from the photonic core

to the substrate is typically slow and inefficient, often leading to

significant thermo-optic bistability when the photonic device is

operated under medium to high optical powers [6].

To extend the material transparency to the mid-infrared as

well as to mitigate the thermal effect of integrated photonic

devices, wide-bandgap materials such as sapphire have been

suggested to replace the silicon dioxide layer. Examples include

Si-on-sapphire [7], AlN-on-sapphire [8], and LN-on-sapphire

[9]. In this work, we propose an alternative combination, i.e., to

employ AlN as the underlying cladding to SiC, and demonstrate

a 4H-SiC-on-AlN integrated photonic platform for the first time.

The choice of AlN for the 4H-SiCOI platform is motivated by

several factors: first, AlN is transparent from the ultraviolet to

the mid-infrared band (up to 11 µm) [10,11]; second, AlN, in

particular single-crystal AlN, has a much larger thermal conduc-

tivity compared to silicon dioxide [12]; and finally, the lattice

constant of AlN is closely matched to that of 4H-SiC, offering

material compatibility between these two layers [13].

The mode profile of a representative 4H-SiC-on-AlN wave-

guide is provided in Fig. 1(a). The refractive indices of 4H-SiC

and AlN in the 1550 nm band are around 2.6 and 2.1, respec-

tively. With this modest index contrast, the substrate leakage

loss of the fundamental transverse-electric (TE) mode is esti-

mated to be near 1 dB/cm (1 dB/m) with a 1-µm (1.5-µm)-thick

AlN layer. To quantify the improvement of the thermal prop-

erties brought by AlN, we use a 50-µm-radius SiC microring

as an example in Fig. 1(b). As can be seen, when the thermal

conductivity of the under clad is increased from 1 W/(m · K)

(typical of silicon dioxide) to >100 W/(m · K) (typical of AlN),

the thermal conductance (CT) of the corresponding microring is

enhanced by a factor of more than 7, while the thermal lifetime

(τT) is reduced by a factor of more than 5. Here, the thermal con-

ductance of a microresonator is defined as CT ≡ Pabs/∆T , where

Pabs and ∆T represent the absorbed power and the increased

temperature in the optical mode area, respectively. The ther-

mal lifetime, on the other hand, denotes the time constant when

an exponential function is used to fit the dynamical change of

the temperature (i.e., exp(−t/τT)). Hence, the simulation data in

Fig. 1(b) suggests that the thermal effect in the SiCOI platform

can be strongly suppressed by replacing the underlying silicon

dioxide with AlN. This is particularly meaningful to nonlin-

ear optical applications, where the optical pump is partially

absorbed by the microresonator and the resulting thermo-optic

bistability hinders applications such as soliton microcomb gen-

eration [14]. In contrast, a substantial increase of the thermal

conductance of the microresonator can lead to direct land-

ing on the soliton state without auxiliary thermal mitigation

[14,15].

To fabricate SiC-on-AlN wafers, we first sputter a 1-µm-thick

AlN on a semi-insulating, 500-µm-thick 4H-SiC wafer (Kyma

Technologies). Increasing the AlN thickness to more than 1 µm

on 4H-SiC turns out to be technically challenging, as the internal

stress built inside the AlN layer becomes strong enough to cause

cracks. The scanning electron micrographs (SEMs) for the cross

section and top surface of the AlN layer confirm a characteris-

tic columnar structure, with the AlN grain size estimated to be
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Fig. 1. (a) Schematic of the 4H-silicon-carbide-on-aluminum-

nitride integrated photonic platform. (b) Simulated thermal conduc-

tance (blue solid line) and lifetime (red solid line) for a 50-µm-radius

4H-SiC microring as a function of the thermal conductivity of

the underlying 1-µm-thick aluminum nitride layer. The SiC ring

width is 2.5 µm, and the SiC layer has a height of 700 nm with an

etch depth of 550 nm. The inset shows the temperature distribution

corresponding to a thermal conductivity of 100 W/(m · K).

Fig. 2. (a) Cross-sectional (left) and top surface (right) view of the

scanning electron micrograph (SEM) of a 1-µm-thick AlN sputtered

on a 500-µm-thick 4H-SiC wafer. (b) Rocking curve measurement

of the AlN layer reveals a full width at half maximum angle around

2.3◦ (the adjacent narrow peak is from 4H-SiC). (c) Illustration of a

customized bonding and polishing process to fabricate SiC-on-AlN

wafers. (d) Optical micrograph of a 4-in.-size SiC-on-AlN wafer

(left) and the measured SiC thickness across the wafer area (right).

between 15 and 30 nm (Fig. 2(a)). The material quality of the

AlN layer is further examined by performing a rocking curve

measurement using X-ray diffraction, revealing a full width at

half maximum angle of 2.3◦ (Fig. 2(b)). Next, we proceed to

bond the AlN-on-SiC wafer to a Si substrate using amorphous

Si as the bonding layer, and the top SiC layer is subsequently pol-

ished down to less than 1 µm (Fig. 2(c), NGK Insulators). Note

that this bonding and polishing process is similar to what has

been employed for the fabrication of conventional SiC-on-oxide

wafers [16–21]. Finally, Fig. 2(d) shows the optical micrograph

of a 4-in.-size SiC-on-AlN wafer, for which the variation of the

SiC thickness is found to be less than 3% across the entire wafer

(with a nominal SiC thickness around 700 nm).

The SiC-on-AlN wafer is further characterized by fabricating

chip-scale optical devices using an optimized nanofabrication

process for 4H-SiC [21]. Figure 3(a) shows one such example,

which is a grating-coupled 50-µm-radius SiC microring (ring

width of 2.5 µm). With a nominal SiC thickness of 700 nm

and an etch depth of 550 nm, the grating coupler exhibits a

peak coupling efficiency of 15–20% (7–8 dB). Its 3 dB coupling

bandwidth is estimated from the laser transmission to be more

than 60 nm (Fig. 3(b)). In addition, we extract the intrinsic Q

Fig. 3. (a) Optical micrograph of a grating-coupled 4H-SiC

microring resonator with 50 µm radius. (b) Optical transmission

of the microring. (c) Representative resonance of the fundamental

transverse-electric mode under two different optical powers, dis-

playing an intrinsic Q around 0.21 million and an approximate

thermo-optic shift of 40 pm for a 200 mW on-chip power. (d)

Experimentally measured thermal shifts of the resonance (markers

with error bars) and their linear fitting (red solid line) as a function

of the on-chip optical power.

of the fundamental TE mode to be near 0.21 million (Fig. 3(c)),

which corresponds to a propagation loss of 2.3 dB/cm. Since

this level of Q is considerably lower than the Qs obtained from

4H-SiC-on-oxide devices (where intrinsic Qs are typically larger

than 1 million) [21], it is likely limited by the leakage loss to

the substrate due to insufficient isolation (simulated leakage loss

is around 1 dB/cm for 1 µm AlN). In addition, there could be

additional scattering and absorption losses introduced by the

AlN layer, which has a relatively large grain size. Nevertheless,

achieving a propagation loss on the order of 1 dB/cm for the SiC-

on-AlN wafer demonstrates its viability for low-loss photonic

applications.

At increased pump powers, the SiC resonance only experi-

ences a thermally induced resonance shift without exhibiting any

thermo-optic bistability (an approximate 40 pm shift is observed

for the 200 mW input power; see Fig. 3(c)). Such wavelength

shifts are found to be linearly proportional to the optical power

(Fig. 3(d)), suggesting that linear absorption dominates over any

nonlinear absorption in the 1550 nm band. Using the thermo-

optic coefficient of 4H-SiC (dn/dT ≈ 4.2 × 10−5/K) [22], the

resonance is expected to shift 25 pm/K with the temperature

change. Combining these numbers, we formulate that

∆T =
ηPin

CT

=

η × 0.2 W

CT

≈
40 pm

25 pm/K
, (1)

where η represents the percentage of the pump power absorbed

by the microresonator. As a result, the thermal conductance

of the 50-µm-radius SiC microring is estimated to be CT ≈

(125η × 10−3) W/K. While it is difficult to know the precise

value of η for our device, using a conservative estimation of

20% for η points to a thermal conductance of 25 × 10−3 W/K.

By comparing this result to the simulation data in Fig. 1(b), we

infer that the thermal conductivity of the AlN layer is on the

order of 20–30 W/(m · K) .
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Fig. 4. (a) Optical micrograph (left) and scanning electron micro-

graph (right) of an undercut SiC microring. The SiC microring has

a radius of 50 µm, and the underneath AlN pedestal has an approxi-

mate radius of 20 µm. (b) Representative linear transmission of the

undercut SiC microring, displaying a full width at half maximum

around 1.1 pm (loaded Q estimated to be 1.4 million). Combined

with the extinction ratio (≈30%), we can extract an intrinsic Q

around 1.8 million.

To verify that the intrinsic Q of SiC-on-AlN microrings is

indeed limited by the substrate leakage loss and AlN-induced

absorption/scattering losses, we open trenches surrounding the

SiC microring and etch away AlN using AZ 400K solutions

at 50◦C. As shown in Fig. 4(a), the undercut SiC microring

resonator is still mechanically robust owing to a 150 nm unetched

SiC layer supporting the overall structure (except for the trench

regions). Due to the higher index contrast from the surrounding

air, the mode confinement factor in the SiC layer has increased

from 96% to>99% with the removal of AlN. Indeed, the intrinsic

Q of the SiC microring dramatically improves to 1.8 million,

which is almost one order of magnitude larger than the 0.21

million Q measured in Fig. 3(c). This difference suggests that

the propagation loss for SiC-on-AlN devices can be well below

1 dB/cm if we manage to increase the AlN thickness and further

improve its material quality [13].

In the undercut structure, the heat generated inside the SiC

microring travels to the AlN pedestal through the unetched SiC

layer before dissipating to the Si substrate, which helps reduce

the thermal lifetime. Hence, an accurate measurement of the

thermal decay time enables an estimation of the thermal conduc-

tivity of the AlN layer without the knowledge of the absorption

rate (i.e., η). For this purpose, we develop an optical pump–probe

experimental scheme as illustrated in Fig. 5(a). The measure-

ment begins by employing a pump laser with a relatively strong

optical power so that its transmission scan displays a typical

thermo-optic bistability (see Fig. 5(b)). The wavelength of the

pump laser will be slowly tuned to be the bottom of the thermal

triangle. Beyond this point, a slight increase of the pump wave-

length triggers the temperature cooling of the microresonator

(trigger time marked as t0), resulting in a blueshift of all the cav-

ity resonances simultaneously. Such temperature dynamics can

be measured by employing a probe laser coupled to a different

resonance (with a fixed wavelength detuning of ∆λprobe in each

single measurement; see Fig. 5(b)). Using the pump transmission

as the trigger (when it goes from low to high at t0), we monitor

the probe transmission with a fast oscilloscope and extract the

waiting time for the probe laser to coincide with the blueshifting

resonance (tp − t0). Finally, correlating the probe laser’s detun-

ing ∆λprobe with tp − t0 allows us to extract the cavity’s thermal

lifetime.

Figure 5(c) shows one example of the pump–probe measure-

ment, in which a series of probe detunings (∆λprobe) are tested

for a fixed pump power and the corresponding probe traces are

recorded. Note that while each trace appears to be a regular

Fig. 5. (a) Experimental schematic for the pump–probe scheme

to measure the thermal lifetime of the undercut SiC microresonator.

EDFA, erbium-doped fiber amplifier; FPC, fiber polarization con-

troller; and PD, photodetector. (b) Illustration of the measurement

process: the probe laser has a preset cold-cavity detuning (∆λp),

while the pump laser is slightly varied near the optical bistability

point to trigger the thermo-optic wavelength scanning. (c) Super-

imposed traces of the probe laser transmission corresponding to

varied wavelength detunings. (d) Experimentally measured waiting

time tp − t0 for different ∆λprobe (markers). The red solid line is the

exponential fitting with a time constant of 5.3µs. (e) Simulated ther-

mal lifetime for the undercut 50-µm-radius SiC microring, which

is compared to the experimental data (red star) for the estimation of

AlN’s thermal conductivity. The inset shows one simulation exam-

ple for the temperature distribution in such undercut devices (the

AlN pedestal is assumed to have a radius of 20 µm.)

resonance scan, there is a major difference. In the regular res-

onance scan, the cavity resonance is fixed in wavelength and

it is the laser detuning that is varied. In our case, however,

the probe laser has a fixed detuning, and it is the cooling of

the cavity temperature (triggered by the pump laser’s thermo-

optic bistability) that leads to the self-scanning of the cavity

resonance. This understanding also explains that while we are

monitoring the same probe resonance, the apparent resonance

width becomes larger as ∆λprobe is reduced (Fig. 5(c)). This

is because the thermo-optic scanning rate slows down as the

temperature drops (exponential decay). By fitting the meas-

ured tp − t0 for various probe detuning ∆λprobe, we extract the

thermal lifetime of the undercut SiC microring to be approx-

imately 5.3 µs (Fig. 5(d)). In Fig. 5(e), by comparing this

data to the simulated thermal lifetimes, the thermal conduc-

tivity of the AlN layer is estimated to be near 35 W/(m · K),

or approximately 30 times of that of silicon dioxide. Note that

while this level of thermal conductivity is typical for amorphous

AlN, which is the case here since our AlN is obtained from

a sputtering process, a thermal conductivity of more than 300

W/(m · K) has been reported in the literature for single-crystal

AlN [12].

In conclusion, we propose and demonstrate a 4H-SiC-on-AlN

integrated photonic platform for the first time. With 1-µm-

thick AlN under a 700 nm SiC device layer, we fabricate
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microrings with intrinsic quality factors up to 210,000 in the

1550 nm band, which correspond to an on-chip propagation

loss of 2.3 dB/cm. By undercutting the AlN layer, the intrinsic

quality factors have improved by nearly one order of magni-

tude (1.8 million). In addition, a pump–probe scheme based

on the optically induced bistability enables a direct estima-

tion of the thermal conductivity of the sputtered AlN layer,

which is approximately 30 times of that of silicon dioxide.

With further improvement in the AlN growth technologies, we

believe such SiC-on-AlN integrated photonic platform can sup-

port propagation losses well below 1 dB/cm from visible to

mid-infrared (0.4–5.5 µm) while offering excellent suppres-

sion of the thermal effect for a wide range of high-power

applications.
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