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ABSTRACT: 4H—-SiC is a promising material platform for 60 B s GrnaParan] SIC Thickness (um)
quantum photonic integrated circuits due to its wide bandgap, =301 3 ez
high refractive index, and variety of optically addressable defects, 3301 §§ -
while being compatible with CMOS fabrication processes. 104 =7 s
However, it is currently not possible to fabricate chip-scale O 60 11800 12000 12200 12400 Fesaaamoiia "
photonic integrated circuits with integrated color centers due to SiC Thickness (nm) SIC Thikness (um)
nonuniformity of SiC thickness arising from the SiC-on-insulator «:gg: [ After PEC etch EZ . 55
fabrication process. We apply the concept of dopant-selective 2] £i 5
photoelectrochemical etching to a SiC-on-insulator stack for a ~ 100] ;% "
highly effective total thickness variation (TTV) reduction. We 0 5000 5200 5400 5600 5800 Gk ™M o~ N
show a reduction of SiC TTV by a factor of 7 through selectively SiC Thickness (nm) O Foaiton (m

etching a high-TTV sacrificial n-type layer, to stop on an epitaxially

defined intrinsic layer. Fabricated photonic devices on selectively etched SiCOI exhibit a high yield of optical elements while
maintaining a record low propagation loss for 920 nm single-mode optical elements in SiC (2 dB/cm). Finally, we show etch process
compatibility with color centers through the measurement of zero phonon line emission from ensemble divacancy defects into our
fabricated waveguides. This work represents the first successful demonstration of a TTV reduction method in SiCOI that is
compatible with color center emission, marking a significant advancement toward scalable 4H—SiC-on-insulator integrated
photonics for quantum technologies.

KEYWORDS: silicon carbide, quantum photonic devices, spin defects, photoelectrochemical etching

B INTRODUCTION and fabrication yield of photonic devices and limits the lateral
dimension of optical elements. Wafer-scale production of
photonic devices require <10 nm of TTV across the wafer to
enable high fabrication yield and efficient coupling of optical
elements. Instead of grinding and polishing, ion-cutting and
layer transferring methods have been demonstrated to fabricate
wafer-scale SiCOI films with low TTV (<10 nm), but the high
energy ion bombardment results in lattice damage and hence
poor optical performance.” '’ Additionally, defects created
from ion bombardment will interfere with optical properties of
color centers, and therefore, ion-cutting is generally considered
to be incompatible with integrated quantum defects. In
diamond, overgrowth after implantation has been shown to
mitigate issues with lattice damage;11 however, growth
temperatures (>1600 °C) are not compatible with SiCOI
device stacks due to the mismatch in the coefficients of thermal

The 4H-SiC-on-insulator (SiCOI) has gained attention as a
candidate integrated photonic platform for quantum tech-
nologies, with several seminal demonstrations to that end in
recent years. ° 4H—SiC is attractive for chip-integrated
quantum networking components for a few reasons; it hosts
color centers such as the divacancy with long spin coherence
times that interface with photons near telecommunication
Wav<elengths,l’4_6 it exhibits strong 7 nonlinearity,7 and it has
a large wafer-scale supply chain, which is amenable to CMOS
foundry processes. However, challenges in uniform thin film
fabrication make translation of 4H—SiC’s intrinsic properties
to SiC-on-insulator (SiCOI) devices impractical at wafer scale
with current methods.

In the most common SiCOI fabrication process, SiC wafers
are bonded to a Si/SiO, substrate and are then thinned by
mechanical grinding and polishing, resulting in severe total
thickness variation (TTV) of the SiC—around 2—S pm across Received: September 24, 2024
a 100 mm wafer.” Photonic components, such as grating Revised:  April 24, 2025
couplers for input/output of light and microring resonators for Accepted:  April 24, 2025
frequency conversion, have strict requirements on the effective
index and therefore SiC thickness to maintain the desired
efficiency. Consequently, TTV is detrimental to performance
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Figure 1. SiCOI fabrication process schematic depicting step-by-step process flow of SiCOI photonic device fabrication. (a) i-type SiC layer grown
on the n-type substrate. (b) C ion implantation and anneal for formation of divacancy defect color centers near the SiC surface. (c¢) ICPCVD
deposition of SiO,. (d) Bonding of material stack in (c) to a Si/SiO, handle wafer. (e) Thinning of n-type substrate from bulk wafer to ~6—8 um
by grinding and polishing, introducing additional TTV. (f) Dopant-selective PEC etching for removal of a n-type substrate layer, reducing TTV. (g)
SF¢/O, Dry etching to thin the material to optimal thickness for single-mode waveguides. (h) Electron beam lithography patterning and dry

etching to fabricate racetrack resonators.
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Figure 2. Experimental setup schematic of the three electrode photoelectrochemical flow cell with the SiC stack from Figure le as the working
electrode, a Pt counter electrode, a Ag/AgCl reference electrode, and focused UV illumination.

expansion of SiO, and SiC. Thus, a SiCOI fabrication method
which preserves the optical quality needed for quantum defects
while also producing low TTV across a wafer has yet to be
demonstrated. Selective wet etching with a sacrificial surface
layer avoids the lattice damage associated with ion cutting,
while eliminating the thickness variation associated with
grinding and polishing.2 Photoelectrochemical (PEC) etching
is one of the few wet etching methods effective on SiC, and
recent work has demonstrated smooth, dopant-selective
etching of 4H—SiC layers using PEC etching in dilute KOH,
which, when used with multiple etch stops, has sufficient
selectivity to reduce TTV by 2 orders of magnitude.”™"*
Here, we demonstrate the use of dopant-selective PEC
etching for TTV reduction in SiCOI films by making use of a
sacrificial n-type layer on top of an unintentionally doped (i-
type) device layer. Using PEC etching after an initial grind and
polish step (Figure 1), a SICOI film was fabricated with TTV
of only 88 nm across a 1 cm diameter etched area, compared to
628 nm for our standard grind and polish technique (7x
improvement). The improved thickness uniformity of our
PEC-etched samples resulted in a higher yield of racetrack
resonator devices that match the designed resonance and line

width, compared to grind and polish samples. Further, SiCOI
waveguides with divacancy defects were fabricated, and the
PEC etching process was shown not to obfuscate zero phonon
line (ZPL) emission. This work is one of the first to discuss the
chip-to wafer-scale manufacturability of 4H—SiCOI and the
results presented herein provide a significant step toward
maturing the photonic platform.

B RESULTS AND DISCUSSION

4H-SiCOI films schematically illustrated in Figure le were
characterized for oxidation rate as a function of voltage under
UV illumination using the PEC etching setup depicted
schematically in Figure 2. The n-type sacrificial layer with a
high thickness variation was etched first (Figure 3a, orange
curve). The passivation peak voltage was found to be 0.97 V vs
Ag/AgCl, so an etching voltage of 0.7 V vs Ag/AgCl was
chosen to selectively etch the sacrificial layer (Figures 3b and
S2). The choice of etching voltage is important; voltage chosen
too low can result in low selectivity to the etch-stop layer, and
voltage too high can result in unstable etching or premature
passivation. The etching current was stable at ~12 mA until
the thinnest part of the n-type layer was fully etched (~20 C),
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Figure 3. Electrochemical data (a) linear sweep voltammetry (LSV)
curves of n-type (orange) and i-type (green) before and after
performing selective PEC etch, respectively. (b) Constant voltage
hold performed at 0.7 V vs Ag/AgCl and stopped once current
stabilized after reduction due to selectivity.

at which point the current reduced as a result of the lower etch
rate of the i-type layer at 0.7 V vs Ag/AgCl. Finally, after 29 C
of charge had passed, the current stabilized at 0.8 mA (Figure
S2), indicating that all of the n-type SiC had been etched away.

After stabilization of the etching current, an LSV sweep was
performed to characterize the relative oxidation rates with
respect to voltage of the i-type layer compared to that of the n-
type sacrificial layer (Figure 3a). The i-type layer exposed by
PEC etching passivates at a significantly lower voltage than the
more highly dolped n-type, consistent with previous reports by
Pavunny et al. ® The chosen etching voltage (0.7 V vs Ag/
AgCl) is at more positive voltage than the passivation peak
voltage in the i-type layer, resulting in a significantly decreased

etch rate of the i-type compared to n-type, and hence good
selectivity.

The gradual reduction in current from 20 to 29 C of
transferred charge (1750 to 2750 s in Figure S2) is a result of
the thickness variation in the n-type SiC. As the i-type layer is
exposed, the average areal etch rate decreases, leading to a
downward slope which is gradual if TTV of the layer is high.
Using the ratios of etching current in the n-type layer vs the i-
type layer as a ratio of etch rates, the selectivity of the PEC
etch was estimated to be 15:1. Reduction in TTV can be
observed visually by near elimination or rainbow-like
interference patterns within etched area (Figure S3).

Characterization of the morphology of the SiC after PEC
etching by cross-sectional SEM is depicted in etched vs
unetched areas in Figure 4a,b, respectively. Secondary electron
yield gives doping-dependent regions of darker and lighter
contrast, enabling facile inspection of differently doped SiC.
We observe distinct epitaxial layers, with the lower i-type layer
thickness ~5.2 ym, the n-type buffer region thickness ~0.5 pm,
and the n-type sacrificial layer ~3.8 pm. We note that due to
the polishing-induced TTV, the thickness of the n-type
sacrificial layer can vary by more than 1 ym depending on
location. Clearly, the top n-type sacrificial layer and the n-type
epitaxial buffer layer have been completely removed after PEC
etching, with a minimal change in thickness of the i-type layer,
demonstrating good selectivity (Figure 4c). The resulting
etched area has low surface roughness (R, = 0.73 nm Figure
S4). The ~S.5 um etch depth characterized by stylus
profilometry is consistent with the removal of the surface n-
type layer and stoppage of the i-type layer below (Figure 4c).

To characterize the impact of dopant-selective PEC etching
on TTV reduction, thickness mapping measurements were
made on SiC samples at three stages of the fabrication process

4-6 uym n-type SiC

0.5 um n-type SiC buffer_}_

5 um i-type SiC

Height (um)

T T T T T

4 5 6 7 8 9 10 11 12 13 14
Distance (mm)

Figure 4. Etched material characterization cross-sectional SEM image of epitaxial SiC layers in SiCOI stack (a) after grind and polish and (b) after
PEC etching. Scale bar is S ym. (c) Stylus profilometry characterization of etch depth and surface morphology following PEC etching.
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Figure S. TTV analysis Thickness distributions and mapping for SiCOI samples (a) after grind and polish (b) after dopant-selective PEC etching
and (c) after thinning to 250 nm. All areas measured for thickness are 0.79 mm?.

outlined in Figure 1c—e; after the grind and polish (Figure Sa),
after PEC etching (Figure Sb), and after thinning via dry etch
to optimal photonic thickness (Figure Sc). All SiC areas
compared for TTV were 79 mm?* and measurements were
made with a spacing of 0.25 X 0.25 mm. TTV is quantified by
taking three standard deviations from the mean of the
thickness measurements (30). After the grinding and polish
step, the TTV is found to be 628 nm (Figure Sa). After PEC
etching, the distribution of thicknesses is significantly
narrower, with a measured TTV of 84 nm. This represents a
factor of 7.5 lower TTV achieved by the selective PEC etching
method. Finally, after dry etching to 250 nm the TTV is
measured to be 88 nm, thus dry etching the remaining 4.75 pm
of SiC does not significantly add to the TTV.

The thickness variation pattern apparent in the thickness
map after grinding and polish has features over long
(centimeter-scale) length scales, not uncommon in SiCOI
films processed with this method. However, while the
thickness differences are smaller, the thickness variation
pattern after PEC etching has more intricate features (mm-
scale). We expect that the thickness variation patterns present
in the PEC etched samples are a result of the light intensity
differences across the spot from the focused Hg lamp. To
illustrate this, intensity profiles of the beam are compared with
thickness maps and photographs of the PEC-etched SiC
samples (Figure SS). Clearly, the light intensity pattern has
transferred to the resultant thickness variation in the PEC
etched samples. Thus, there is clearly a light-dependent etch
rate, resulting in thickness variation being introduced to the
etch stop, while thicker portions of the n-type sacrificial layer
are still being removed.

Additionally, here we have demonstrated only TTV
reduction using one etch stop, which also serves as the layer
hosting photonic devices (discussed below). However, prior
work has shown that using a greater doping contrast (1 e, p-
type rather than i-type) results in improved selectivity'® and
stacking of multiple etch stops results in greater effective TTV
reduction through multiple selective etches.'” Photonic devices

typically suffer higher propagation loss in layers with high
doping, but in an optimized sacrificial multilayered stack,
intermediate etch stop layers could be p-type while the final
device layer remains i-type. Therefore, while the reduction in
TTV demonstrated here is dramatic, there is further
opportunity to improve TTV through improvement of light
source uniformity, greater contrast between dopants, and
multilayer stacking of contrasting dopant layers. We expect that
making these simple changes to optimize the fundamental
process outlined here would result in reaching the target <10
nm TTV across a 100 mm wafer.”

To demonstrate that the PEC etching approach enables low-
loss photonics with a high fabrication yield, we fabricated
racetrack resonators after thinning to 250 nm. We fabricated
104 racetrack resonators with varied coupling lengths (14.53,
36.48, 46.67, and 55.35 um) and found that 58% of these
devices exhibit resonance and line widths matching our design,
as compared to 19% of similar devices prepared on a chip
without PEC etching (Figure S6 and Table S2). We chose to
focus on the devices with the shortest coupling length (14.53
um) since they exhibited the strongest resonances. Simulation
results determining the optimal coupling length for a given
propagation loss are shown in Figure S7. Thus, we chose to
focus our analysis on these devices. Of these, clear resonances
were observed in 100% of the devices contained within the
PEC etched area. When the grind and polish method alone is
used, we observe that less than half of our racetrack resonators
exhibit clear resonances.

In 12 of 22 racetrack resonators tested, only one family of
resonances were observed in the through and drop port
spectra, indicating the desired single mode behavior. However,
10 of the devices exhibited more than one family of
resonances, as indicated by the distinct sets of free spectral
ranges (FSRs, Figure S8). We suspect that this multimode
behavior is due to mode conversion in the device, possibly a
result of TTV along the length of the waveguides since our
grating couplers are optimized for transverse electric (TE)
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polarization and our waveguides support only a fundamental
TE and transverse magnetic (TM) mode.

Of the single mode devices measured, the average
propagation loss was 17 dB cm™". The best performing device
was measured to have 2.2 dB cm™'propagation loss, the lowest
value reported for a single mode waveguide in SiCOI that the
authors are aware of (Figure S9)."” The champion resonator
exhibits a loaded Q factor of 20,100. Based on the relation in
eq 1, we extract an intrinsic Q factor, Q; = 100,000, where , is
the group index and «a is the propagation loss. A Q-factor of
10° is a high value for single mode resonators in SiCOI at 920

nm, directly a result of the low propagation loss.”"*"”
27n
Q=—>"
aly 1)

Although TTV reduction could play a role in reducing the
average propagation losses of waveguides across a chip (for
example, reduction of mode conversion losses), it is also
possible that the uniformity of the SiC material quality could
play a role. We note a bulk value for SiC propagation loss at

1550 nm is < 0.1 dB/cm, though we are measuring at 920 nm
in a confined medium, where scattering due to sidewall
roughness becomes prevalent. We suspect that sidewall
roughness (Rayleigh scattering) on our waveguides is currently
limiting our propagation loss, an aspect which we have not yet
attempted to optimize.

The location of devices on the chip exhibiting single mode
or multimode resonance is shown in Figure 6¢ with single
mode devices depicted as green circles and multimode devices
depicted as yellow circles. Interference patterns on the
microscope image are present in SiCOI films as a result of
contrasting refractive index of the underlying oxide, allowing
for visual indication of thickness (Figure S4). The areas of the
chip that appear green in color to the eye are thicker than the
areas that appear pink, with thicknesses ~310 vs ~260 nm,
respectively (Figure S10). Thus, we can see that a greater
fraction (70%) of the devices in the thinner part of the chip
appear to be single mode resonators, as compared to 33% in
the thicker green region. Clearly, a significant fraction of the
devices perform with high quality, but there is still room for
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improvement. These results reinforce the importance of TTV
as a feature of SiCOI device fabrication which needs additional
attention in order for realization of 4H—SiCOI photonics at
large scale.

In a wafer-scale photonic platform, it is not only necessary to
fabricate a high yield of single-mode devices but also important
that all devices are functionally identical across the chip. Since
the effective index of a guided mode is dependent upon the
geometry of the waveguide and hence the thickness of the SiC
layer, resonant wavelengths of our devices are thickness
dependent. One way to compensate for deviations of the
resonant wavelengths due to TTV is to use the electro-optic
effect intrinsic to SiC. We estimate that electro-optical tunin%
can shift resonant wavelength with a voltage of ~1 pm/V.”**
Thus, as an estimate, a SO pm (~50 V) shift should be within
the dielectric breakdown window, and a 250 pm (250 V) shift
could potentially be accessible.

The nine devices exhibiting single mode resonance in the
thinner (pink) region of the chip are labeled with identifiers in
Figure 7a. The resonant peak wavelengths are plotted for each
device in Figure 7b, and the difference between peaks of a
given mode is calculated as Alg in Figure 7c. It was found that
devices 1—4 are within the 50 pm range for electro-optic
tuning, and devices 5 and 6 are within 250 pm. Devices 7—9
are all deviating from Device 1 by > 250 pm, and therefore by
our estimation are not within range of electro-optic tuning.
Further, the standard deviation of the loaded Q factors of these
devices is roughly 10% of the average, indicating that the
geometry and dimensions of the racetrack resonators are
similar (Figure S11). The proximity of the functioning devices
within an area of a relatively constant thickness is further
illustration of the importance of low TTV for production of
scalable SiCOI photonics. The ability to make 3 nearly
identical SiC racetrack resonators spaced by > 5 mm is
illustrative of the impact the selective PEC etching method has
on manufacturability of SiCOI photonics.

In order to be useful in quantum technologies, it is critical
that all SiCOI fabrication processes do not interfere with the
optical emission of quantum color centers. To demonstrate
that the PEC etching process is compatible with maintaining
high quality color center emission, SiC wafers were implanted
with divacancy defects prior to SiO, deposition (Figure 1b)
and then carried through the remainder of the process steps,
including PEC etching. Waveguides are fabricated with
features optimized for detecting ZPL emission (Figures 8
and S12); the waveguide has grating couplers on one side
tuned to 920 nm (corresponding to the off-resonant excitation
used herein), and the other side to 1107 nm (corresponding
with the PL3 kh basally oriented divacancy defect ZPL)."”
The waveguides are single mode for ZPL emission, and with
randomly distributed defects in the waveguide, the coupling of
defect emission into the waveguide is not known. After cooling
to 7 K, we detected a strong ZPL emission from the output
grating coupler, with the most intense peak being the PL3
emission, corresponding to the design of our grating coupler.
Although PL4 (basally oriented hk divacancy defect) should
couple well to a TE waveguide mode, the ZPL intensity here is
relatively weak most likely due to the limited bandwidth of the
grating coupler. Similarly, PLS and PL6 both lie far below the
optimized wavelength of our grating couplers, centered at 1107
nm, and are thus not observed. On the other hand, the ZPLs of
PL1 and PL2 (axially oriented hh and kk defects, respectively)
appear as broad, weak features, which we speculate is due to
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Figure 8. ZPL emission measurement emission spectra from the
output of waveguide-integrated defects at 298 K and 7 K. Upon
cooling, sharp ZPLs emerge for basally oriented PL3 and PL4, and
broad features for axially oriented PL1 and PL2.

their preferred coupling with a TM waveguide mode. Thus,
unlike ion-cutting methods to reduce TTV, PEC etching does
not prevent strong emission of color centers and, as such, is
one of the only methods to produce low-TTV SiCOI with
compatibility for waveguide-integrated color centers.

B CONCLUSIONS

Here, we have demonstrated an approach to improving the
feasibility of 4H—SiCOI as a quantum photonic platform by
fabricating SiCOI films with low TTV via dopant-selective
PEC etching. Racetrack resonators on SiCOI films fabricated
using the selective PEC etching method had a low average and
champion propagation loss (17 dB/cm, 2.2 dB/cm), and a
58% vyield of high-quality single mode resonators within a 0.8
cm?* area. Resonant modes of several resonators are within
range of electro-optic tuning, enabling fabrication of function-
ally identical devices across mme-scale distances. SiCOI
implanted with divacancy defects exhibit strong ZPL emission
at 1107 nm, demonstrating compatibility with waveguide-
integrated quantum color centers. This work is one of the first
to evaluate fabrication yield, quality, and resonance variation of
multiple optical elements on chip in 4H—SiCOI, clearly
demonstrating the challenges faced in maturing the 4H—SiCOI
technology. Despite the challenges, our results herein suggest
that PEC can provide a viable path forward for SiCOI
technologies, with a path to <10 nm TTV across a wafer. Such
a dramatic improvement in SiC thin film uniformity would
provide unprecedented opportunities for SiCOI photonics.

B EXPERIMENTAL METHODS

SiCOIl Fabrication. Monocrystalline samples for PEC
etching consisted of commercial n-type 4H—SiC substrates
(4° off-axis, resistivity 0.015—0.028 Q cm, 100 mm diameter,
350 pm thick). Epitaxy began on the C-face with 0.5 ym thick
n-type buffer layer ([N] > § X 10'® cm™), followed by a § ym
unintentionally doped (i-type) layer ([N] = 1 X 10" cm™3,
Figure 1a). Five ym thickness is used as the etch stop thickness
to allow sufficient UV absorption for PEC etching. Substrates
with grown C-face epitaxial layers were obtained from
STMicroelectronics.
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Wafers were initially cleaned with Piranha (H,SO,/H,0,
4:1) and downstream plasma washing to remove organics.
Samples with divacancy defects were implanted with carbon
ions at a dose of 5 X 10" and annealed at 850 °C for 1 h. A
few pm layer of SiO, was deposited by ICPCVD on the surface
of the i-type layer, followed by anneal to densify the SiO,.
Chemical mechanical polishing is then performed on SiO, to
render a desired thickness for device fabrication and a suitable
surface finish for bonding (Figure 1c). The wafer is then
bonded such that the top SiO, layer is bonded to the SiO, on
an Si/SiO, handle wafer by annealing at 200 °C for 3 days
(Figure 1d). This structure exposed the Si face. Following
bonding, mechanical grinding and polishing was performed to
reduce the thickness of the n-type substrate to 6—8 ym (Figure
le). Ohmic contacts were patterned with photolithography,
and the exposed SiC surface was treated with an O,-plasma
descum and close-coupled dilute ~1 wt % % HF for 1 min to
remove organic residues and native oxide, respectively. This
was followed by e-beam evaporation of 100 nm thick Ni ohmic
contacts and metal liftoff. Samples were diced into 20 mm X
20 mm squares containing 20 mm X 3 mm strips of Ni on two
sides. Ohmic contacts were activated by rapid thermal
annealing at 950 °C in Ar for 2 min. Typical resistance across
the 2 contacts on the SiCOI film before PEC etching was <30
Q.

Photoelectrochemical Etching. Photoelectrochemical
etching was performed on the samples described above using
a custom photoelectrochemical cell (Figure 2) with a Solartron
SI 1287 potentiostat. Additional experimental details about cell
dimensions, electrical contact application, and temperature/
flow parameters can be found in our previous work.'” The SiC
sample working electrode was inserted into the cell such that
the Si face surface was exposed to flowing KOH (1 wt %/0.18
M) in a flat cell configuration with a platinum wire counter
electrode and a Ag/AgCl reference electrode. Electrolyte was
circulated to maintain a constant temperature during
illumination and provide perturbation for dissolution of
oxidation products. All electrochemical experiments were
performed at room temperature (~21 °C). A Hamamatsu
LC8 Hg—Xe lamp was used as the light source, and an aspheric
condenser lens was used to focus the light onto the sample.
The light intensity through the aperture of the electrochemical
cell was measured to be 3.5 W cm™ using a S310C thermal
power surface absorber at a wavelength of 365 nm.

LSV and chromatoamperometry (CA) were used to
characterize the voltage-dependent oxidation rate and perform
a constant voltage etch, respectively. n-type SiC is stable in 1%
KOH with no visible etching at open circuit and little dark
current in the relevant voltage window (-1to 3 Vs Ag/
AgCl). In a typical LSV experiment, the applied voltage was
swept to positive (anodic) voltages, and the resulting current is
used to determine oxidation rate. Anodic sweeps were stopped
just after the crest of the passivation peaks to prevent
passivation prior to the CA etching experiments. After the
etching behavior was characterized with LSV, etching was
performed at a fixed voltage, chosen to be more negative than
the passivation peak voltage.

Etch Characterization. Following etching, samples were
characterized by stylus profilometry (KLA Tencor Profiler) to
determine depth. As a result of grinding and polishing, the
surface of the SiC was not level, so further data processing was
required to account for the discrepancies from the profiler’s
software. Briefly, parabolic fits were made to the unetched area

and subtracted from the data set. The etched area was assumed
to be flat relative to the depth of the etch (~6 ym) based on
ellipsometry mapping data and interference patterns. A linear
fit of the unetched area was then subtracted from the etched
area.

Atomic force microscopy (Bruker Dimension Fastscan) was
used to characterize the surface roughness and morphology.
Cross-sectional SEM was performed using a Hitachi S-4800
SEM. Ellipsometry mapping was performed using a Woollam
RC2 Small Spot System. Spectroscopic data for ellipsometry
were taken from 600 to 1500 nm with a distance of 0.25 mm
between points and a spot size of 25 pum X 40 pm.

Fabrication of Photonic Devices. After the PEC etch,
SF¢/O, reactive ion etching (RIE) was used to thin down the
exposed i-type SiC layer further for photonic circuit fabrication
with target thickness of 250 nm for the SiC thin film. Then,
500 A Al,O; was deposited by ALD as a hard mask at 200 °C.
ZEP resist was used to pattern photonic device through
electron beam lithography. BCl;/Cl, RIE was used to etch
Al,O;, and SF4/O, RIE was used to etch the SiC layer in the
shape of photonic devices. After the SiC etch, the Al,O; mask
was removed by NH,OH solution immersion for 40 min.

Optical Testing. Racetrack resonators were characterized
on a waveguide test setup under ambient conditions. A
schematic of the setup and resonator layout is shown in Figure
S13. A tunable laser (Toptica CTL 950) was coupled into a
fiber, sent through a polarization controller, and directed to a
V-groove fiber array. Some of the input light was directed to a
wavelength meter (Bristol 871A-NIR) and reference photo-
diode (Newport 2011-FC-M) via 99:1 fiber beam splitters.
After transmission through a photonic waveguide device, light
was collected by adjacent fibers in the V-groove array and
directed to additional photodiodes. The voltage output from
the photodiodes was readout by a DAQ (National Instruments
USB-6356). Fiber alignment to the grating couplers is achieved
through a series of XYZ@ stages. Once the alignment was
optimized, the polarization of light upstream in the fiber was
adjusted to maximize transmission through a device on chip.
The wavelength of the laser was then continuously tuned over
the desired range while the transmitted power is simulta-
neously recorded by the DAQ. Propagation loss was extracted
from the racetrack resonator data after applying a peak fitting
algoriztahm and utilizing the analytical equations provided in Xia
et al.

Waveguides with divacancy defects were characterized in a
Montana Cryostation s-100 instrument with a base temper-
ature of 4 K (sample stage temperature of 7 K). The fiber setup
described above was used to prepare off-resonant excitation
light near 920 nm, delivered to photonic waveguides via a
different V-groove array housed inside the Montana cryostat.
The V-groove array was in a fixed position, and alignment to
grating couplers was achieved with an Attocube XYZ stage
configuration. The output from the waveguide with defects was
directed into another fiber in the V-groove array, passed
through a 950 nm long pass filter, and directed to a
spectrometer (Princeton Instruments HRS-500, PyLoN IR).
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