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Spectral stability of V2 centres in
sub-micron 4H-SiC membranes
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Colour centres in silicon carbide emerge as a promising semiconductor quantum technology platform
with excellent spin-optical coherences. However, recent efforts towards maximising the photonic
efficiency via integration into nanophotonic structures proved to be challenging due to reduced
spectral stabilities. Here, we provide a large-scale systematic investigation on silicon vacancy centres
in thin silicon carbide membranes with thicknesses down to 0.25 μm. Our membrane fabrication
process involves a combination of chemical mechanical polishing, reactive ion etching, and
subsequent annealing. This leads to highly reproducible membranes with roughness values of 3–4Å,
as well as negligible surface fluorescence. We find that silicon vacancy centres show close-to lifetime
limited optical linewidths with almost no signs of spectral wandering down to membrane thicknesses
of ~0.7 μm. For silicon vacancy centres in thinner membranes down to 0.25 μm, we observe spectral
wandering, however, optical linewidths remain below 200MHz, which is compatible with spin-
selective excitation schemes. Our work clearly shows that silicon vacancy centres can be integrated
into sub-micron silicon carbidemembranes,which opens the avenue towardsobtaining thenecessary
improvements in photon extraction efficiency based on nanophotonic structuring.

Optically active spins in solids have implemented quantum technology
applications across all fields1. Following up on landmark experiments
with nitrogen-vacancy (NV) centres in diamond, a current technology
trend focuses on colour centres in industrial semiconductor platforms,
to benefit from advanced (nano-) manufacturing at the wafer-scale.
Recent work identified colour centres and optically active dopants
across a variety of semiconductor materials, such as GaN2,3, AlN4,
ZnO5,6, Si7–9, and SiC10,11. For the latter two, nuclear spin-free crystals
based on isotope purification are already established, which resulted in
multi-second colour centre spin coherence times12. Additionally, colour
centres in SiC have demonstrated nearly lifetime limited optical tran-
sitions, which enabled high-fidelity spin-photon interfaces that are
suitable for quantum communication13.

A current issue for quantum applications with individual colour
centres concerns the efficient collection of fluorescence photons. The
high refractive index of the above-mentioned materials (n > 2, and

even n > 3.5 for Si) leads to total internal reflection at the interface
crystal-air.

Promising advances towards improved light collection efficiency were
recently demonstratedwith negatively charged silicon vacancy (V�

Si ) centres
in 4H-SiC, based on nanostructured solid-immersion lenses14, nano-
pillars15, waveguides16, photonic crystal cavities17, and disk resonators18. In
most studies, nearly lifetime limited optical linewidths were observed,
however,with a tendency for slow spectralwandering innanoscopicdevices.
This currently prevents setting up networks of spectrally orchestrated V�

Si
centres in SiC.

In this work, we show a systematic investigation of V�
Si centres in

SiC membranes with several thicknesses ranging from 0.13 μm to
2.36 μm. Our study reveals almost no degradation of optical coher-
ences down to membrane thicknesses of 0.7 μm, which is compatible
with emitter integration into resonant enhancement structures, e.g.,
planar optical antennas19 or external Fabry–Pérot cavities20–23. Such
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structures could permit to efficiently orchestrate high-quality pho-
tonic interference between multiple emitters24. In membranes below
0.7 μm thickness, we observe a tendency for slow spectral wandering.
Also, at a 0.25 μmmembrane thickness, we measure a slight linewidth
broadening to ~200 MHz, which, however, is still compatible with
spin-selective excitation. Thus, V�

Si centres in SiCmembranes could be
used for high-fidelity electron-nuclear-spin-related experiments, such
as quantum registers25.

Results and discussion
Membrane fabrication
The steps that are used to fabricate membranes with integrated V2 centres
are inspired by previous works17,19,26, and are sketched in Fig. 1a. Our
cleaning procedures in between steps are described in Supplementary
Note 1. Similar to previous studies14,16, we use electron irradiation followed
by thermal annealing to create singleV�

Si centres.Wenote thatwedecided to
create V2 centres before the main fabrication steps by purpose to study the
influence of our fabrication on the optical properties of colour centres.

Consecutively, we removematerial from thewafer side (opposite to the
high-quality epilayer) by lapping until we reach a total sample thickness of
~50 μm. To remove scratches and subsurface damage induced by the lap-
ping, a series of chemical-mechanical polishing (CMP) steps is used,
yielding a total thickness of~42 μm.Ourpolishing yields a rootmean square
(RMS) surface roughness of 2–4Å, shown as a representative standard in
the left panel of Fig. 1c and measured with an atomic force microscope
(AFM) on an area of 5 × 5 μm2.

To create (sub-)μm-thinmembranes,weuse reactive-ion etching (RIE)
with an SF6-plasma at an etch-rate of 56–60 nm min−1. At first, we place a
diamond hard mask with 12 square openings of 350 μm length, see Sup-
plementary Note 2 for details, on the wafer side of the sample and create

trenches with a depth of ~35 μm. By using the diamond mask we retain
outer frames at a thickness of ~42 μm for mechanical stability and easier
handling at subsequent steps of the sample, while the 12 open regions serve
as thin membranes. Consecutively, the diamond mask is removed and the
sample is flipped, followed by a series of short etching steps for the final
thinning. To retain control over themembrane thickness at thefinal etching
steps, we measure the thickness minimum of each membrane, labelled as
shown in Fig. 1c, with a home-builtwhite-light-interferometer (WLI, details
in Supplementary Note 3).

After the main fabrication and optical characterisation, that will be
discussed in the next section, we perform a second annealing of our sample
with the same parameters as the first annealing. We perform photo-
luminescence (PL) scans of our sample at room temperature with an exci-
tation laser of 728 nm and 350–450 μW before the objective. We find that
the background fluorescence of our sample increased by one order of
magnitude after the annealing, which can be seen by comparing the upper
and centre panel of Fig. 1d. Furthermore, we observe very slow bleaching of
the parts of the surface that were exposed to the 728 nm laser. To clean the
surface of the parasitic fluorescence, we perform a short soft-ICP etching
step on the growth side of the epilayer with an SF6-plasma. We removed
~30 nmofmaterial, which resulted in an only slightly increased background
fluorescence level compared to the one after the main fabrication, as shown
in the lower panel of Fig. 1d and Supplementary Fig. 3. However, as dis-
played in the right panel of Fig. 1c, this soft-ICPetching induced a grain-like
surface with an increase of the surface roughness by a factor of ~2.5. We
suspect that the annealing step created contamination on the surface which
was partially imprinted on the SiC surface at our soft-ICP step. We
emphasise that the induced roughness is not related to the RIE of our main
fabrication in all likelihood, since we know from previous samples that our
process yields a surface roughness comparable to the one after polishing

Fig. 1 | Membrane fabrication scheme and surface characterisation. aMembrane
fabrication: (1) V�

Si -creation via irradiation with electrons at an energy of 5 MeV and
a dose of 2 kGy and subsequent annealing at 600 °C. (2) Lapping and CMP of the
wafer down to a total sample thickness of around 40 μm. (3) Fabrication of 35 μm
trenches using RIE with an SF6-plasma. The trenches are defined by a diamond hard
maskwith square openings (blue). (4) Final thinning of themembranes after flipping
the sample with the same RIE process already used in (3). b Lightmicroscope images
of the sample after fabrication. The inset with a blue frame shows a zoom of the
thinnest membrane D3, where visual interference fringes indicate a thickness

gradient. The red inset shows a zoom of membrane A2 with visible defects on the
surface that appeared after an SF6 soft-ICP etching that was done as part of the post
fabrication. c Surface topography on an arbitrary position of our sample after the
final polishing of step (2) (left panel) and on membrane D3 (right panel) after the
post fabrication, measured with a commercial AFM. The extracted RMS-roughness
are shown on the top left of each panel. d Photoluminescence scan under 785 nm
excitation at 0.4 mW on an arbitrary position of membrane D3 after the main
fabrication steps (upper), the post fabrication annealing (centre) and an additional
soft-ICP etching step (lower).
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(Supplementary Notes 5 and 6). After all fabrication steps, the thinnest
membrane of our sample exhibits a minimum thickness of ~0.13 μm and
the thickestmembrane aminimum thickness of ~2.36 μm.We attribute this
inhomogeneity to our lapping and polishing steps. For simplicity, we now
always refer to the membrane thicknesses after the soft-ICP step.

Emission spectra in membranes and bulk
The emission spectrum of V1 (V2) centres in 4H-SiC at cryogenic
temperatures is characterised by a sharp zero-phonon line (ZPL) at
862 nm (917 nm) and a broad phonon side band (PSB)27–29. To inves-
tigate the influence of our fabrication process on the implanted silicon
vacancy centres, we record over 100 emission spectra in each of the
regions. These regions comprise the only-polished bulk, the etched
bulk, and the four membrane windows C1, D1, D2, and D3 with
respective thicknesses of 1.54–1.66 μm, 0.58–0.63 μm, 0.63–0.72 μm,
and 0.13–0.25 μm. Thicknesses were measured by WLI about 50 μm
next to the respective membrane centres (see Supplementary Note 7),
which corresponds to the areas in which we performed the investiga-
tions on the colour centres. Additional data for the latter two mem-
branes can be found in SupplementaryNote 8. For acquisition of spectra
we developed an automatised software that optimises the focus and
records a spectrum on eachmanually selected point of a high resolution
confocal map, as shown in Fig. 2a.

Next, we extract the spectral positions of peaks in these spectra and
notice that most peak positions in only polished bulk and etched bulk
material align at the ZPL of the silicon vacancy centres, while the spectral
positions of peaks in membranes are wide-spread over the detection win-
dow. This difference is visualised for membranes C1 and D1 in Fig. 2b.
Stacking spectra with at least one peak in a two-dimensional plot results in
two clear lines for V1- and V2-ZPL in the bulk case. For the membranes,
however, those lines are hardly visible in this representation, indicating the
fabrication process induced crystal damage in vicinity to the silicon
vacancies that altered their structure and therefore their ZPL emission
frequency. Motivated by this insight, we decide to continue with an
annealing step (same as for the color center creation, see methods) in effort
to heal the crystal and recover the altered silicon vacancy centres. Note that
weonly anneal the samplewithmembranes,while keeping thepolishedbulk
as a reference. However, we expose both samples to a subsequent short SF6
ICP etching step. The stacked spectra after those post-fabrication steps are
depicted in the bottom row of Fig. 2b. As expected, in the bulk sample, there
are essentially no observable changes. Yet, the emission spectra in the
annealed membrane sample now show a significantly increased number of
emission lines aligning around the typical V1- and V2-ZPL.

Toquantify this change,we assign eachpeak in the spectra to aV1 (V2)
centre if its spectral position lies maximum two spectrometer pixels, i.e.
0.7 nm, away from the position of the V1- (V2-) ZPL in bulk material. We

Fig. 2 | Spectra acquisition, statistics, and comparison for bulk and membrane
material. a Confocal map of a 25 × 25 μm2 region in membrane D1 with circles
marking the manually selected positions of recorded photoluminescence spectra.
The bold white circle indicates where the background correction spectrum was
recorded, which we subtracted from all subsequent measurements. The brown, red,
and yellow circles correspond to three representative spectra, which are shown
below: brown/top: multiple peaks within one spectrum; red/middle: a single V2-
peak; yellow/bottom: no peak. b Stacked photoluminescence spectra from different
spots with peaks on a bulk sample that was only polished, on the bulk part of the
etched membrane sample, on the membrane C1, and on the membrane D1. The

upper (lower) panels show data before (after) the post-fabrication processing. Each
line corresponds to a background corrected spectrum taken at one spot in the
respective region. The insets on the right zoom into the wavelength interval
914–919 nm where dashed red lines indicate the region 915.7–917.1 nm in which
peaks are ascribed to emission from a V2 centre for c. The respective membrane
thickness is given in the title. Peaks in the range of 861.0–862.4 nm are considered to
be V1 centres, the reasoning for these intervals is given in the main text.
c Percentages of V1-peaks, V2-peaks, both V1- and V2-peaks (V1& V2), and uni-
dentified peaks (O) in the spectra, obtained as in a, before and after the post-
fabrication processing.
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choose this cut-off, since wemeasured photoluminescence excitation (PLE)
onV2centreswithZPLpeaks atmost twopixel away from thebulkposition.
The interval for V2 centres is indicated by dashed read lines in the insets of
Fig. 2b. Every peak out of both intervals is assigned to the category “other
defects” (O) in the overall statistics, which is shown in Fig. 2c. This statistics
also includes an extra category for simultaneous appearances ofV1- andV2-
peaks within a diffraction limited spot, which is a rather regular observation
that we made.

Overall, the percentage occurrences show, as expected, that bulk
material has the highest amount of V�

Si centres at the V1- and V2-position.
For membranes, after the first fabrication step, up to 74% less V1- and V2-
peaks are observed, and many new emission peaks appear at different
wavelengths. As a general trend, we find that the relative amount of V�

Si
centres decreases with reducedmembrane thickness. After post-fabrication
(annealing, short ICP), the amount of V�

Si centres in the membranes
increases up to a factor of five, indicating that some crystal damage from the
fabricationwas repaired. Even though the spots investigated before and after
post fabrication are not exactly the same, the high number of investigated
spots enables us to identify this trend. To investigate the spectral features of
V2 centres in more detail, we perform additional PLE measurements.

Resonant laserexcitationmeasurements inmembranesandbulk
As depicted in Fig. 3a, we record the PLE spectra by sweeping a narrowband
tunable laser across the optical transitions within the V2-peak, while
detecting the PSB emission. In addition, we apply continuous microwaves
(MW) at 70MHz to mix the spin populations in the ground states, which

counteracts spin-pumping processes. TheMWsignal is provided through a
50 μm copper wire spanned across our sample nearby the membranes D1,
D2, andD3, shown in Fig. 1b.We repeat the PLE schemeN = 20–100 times
for each emitter and different laser powers, to observe its stability over time
and to get more statistics for the linewidth extraction. Four exemplary PLE
scans at 2 nW excitation power in etched bulk, membrane D2, D3, and D1
are depicted in Fig 3b, c. The scan in D3 shows a significantly better signal-
to-noise ratio (SNR) than the other three examples since it was recorded
after post-fabrication and we upgraded our detector from an avalanche
photo-diode (APD) to a superconducting nanowire single-photon detector
(SNSPD) during this processing. Furthermore, the SNR reduces with
smaller excitation powers, which challenges an accurate determination of
the linewidths from single line scans. To obtain the linewidth from PLE
scansat lowSNRconditions,weneed toaveragedataovermultiple scans.To
additionally account for spectral wandering, we align the positions of all A1

(A2) peaks based on single line fits and then perform another Lorentzian fit
on the sum of all single lines. From the latter fit, we extract the A1 (A2)
linewidth as the full width at half maximum (FWHM) by converting the
x-axis to frequencies based on the 1 GHz separation of the A1 and A2

transition30,31. An example of this process is shown in Fig. 3b. More details
can be found in the methods section.

Tobe consistentwith the linewidth extraction,weuse this procedure for
every PLE scan. Figure 3d shows averaged linewidths for different regions as
a function of the resonant laser power. An overview of all extracted line-
widths for individual emitters is displayed inSupplementaryNote9.The left-
sided panel of Fig. 3d showsmean linewidths for 14 emitters before the post-

Fig. 3 | PLE measurement scheme, PLE examples with linewidth evaluation, and
power dependent linewidths for membranes as well as bulk material. a Spin-3/2
level scheme of the VSi centre together with the measurement sequence of the PLE
scan in b consisting ofN = 100 single line scans of 5 s eachwith an integration time of
~5 ms per point (see methods for details). b Exemplary linewidth extraction from a
PLE scan of one emitter in membrane D1 at a resonant laser power of 2 nW. The
middle panels show the scanned lines recorded over time and the normalised sum of
all recorded lines over the applied voltage. The left (right) panels show the A1 (A2)
shifted scanned lines and their sum over the frequency, fitted with a Lorentzian

profile to extract the A1 (A2) linewidth. c PLE scans at 2 nW resonant excitation
power for single emitters in the etched bulk, membrane D2, andmembrane D3. The
abscissa shows the frequency obtained from a conversion analogous to b and the
respectivemembrane thicknesses are given in the title. dMeanA1 andA2 linewidths,
extracted as in b, of emitters before and after post-fabrication processing in only
polished bulk, etched bulk, as well asmembranes C2, D1, D2, andD3 as a function of
the root of the excitation power. The error bars correspond to a standard deviation of
the splitting of 75MHz (see methods section).
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processing steps (annealing, short ICP), comprising 3 VSi centres in the
polished bulk, 2 in the etched bulk, 4 V�

Si centres in membrane D1, and 5 in
D2. The right-sided panel shows mean linewidths after the final processing
step for 3V�

Si centres in the etched bulk and 2 inmembraneD1, aswell as the
linewidths of 1 emitter measured in membranes C2 and D3, respectively.
Although post-processing did approximately triple the amount of V2-peaks
across all membranes, we found that measuring power-dependent line-
widths became more difficult due to increased spectral jumping. I.e., before
post-processing, we found that only 4/18~22% of the V2 centres, for which
we could observe a PLE signal, showed spectral jumps. However, after post-
processing, 22/29~76%of suchV2 centres showed spectral jumping, even at
low resonant laser powers (fewnW).An explanation could be that annealing
repaired the lattice enough to recover the original ZPL wavelengths for
several V2 centres, which we have not considered before. However, these
recovered V2 centres are still surrounded by some remaining lattice damage
that gives rise to charge fluctuations and subsequent wavelength jumps.
Since emitters inmembranes are close to surfaces, it is indeed unlikely that a
simple annealing step can recover a pristine quality.

The mean linewidths in the membranes D1 and D2 before the post-
fabrication showed the expected tendency to slightly increasewithpower up
to about 50MHz at a power of 4.5 nW. They are, without exception, nar-
rower than the mean linewidths obtained in the bulk material at the same
power that go up to 132MHz at greater powers. For a fewdata sets recorded
at the lowest laser power, we obtain fitted linewidths slightly below the
lifetime-limited values of 26MHz (14MHz), calculated as (2πτ)−1 from the
A1 (A2) lifetimes τ = 6.1 ns (11.3 ns)32. This phenomenon has been studied
in detail in a previous work33, where it was shown thatmeasurements at low
signal-to-noise can lead to an underestimation of the resonant linewidths.
This is also corroborated by our studies. After the post-fabrication step, we
upgraded our detectors to SNSPDs, which improved the signal-to-noise
significantly. No sub-lifetime limited linewidths were recorded anymore,
with the linewidths in themembraneD1goingdown to 29MHz (see section
SupplementaryNote 9). The linewidths in bulkmaterial showno significant
change and are similar to the linewidths in the 1.93–2.04 μmmembraneC2.
In the membrane D3 at 0.25 μm thickness, we measure slightly broader
linewidths in the range of 116–187MHz.

Overall, for all power series measurements, we find little or no increase
of the linewidth with the optical power. This indicates that the laser powers

are not yet in a regime of significant power broadening. Especially in sub-
micron membranes, we observed defects to ionise more rapidly at higher
laser powers, which limited ourmeasurements to powers of P≲ 10 nW. An
explanation could be a less stable charge environment for emitters in surface
proximity due to an increased abundance of charge traps and/or band
bending.Additionally, ourdata for the emitter in the thinnestmembraneD3
(red triangles) shows a parasitic trend of decreased linewidths at higher
excitation power. Aswe detail in SupplementaryNote 10, this observation is
explained by an increased rate of spectral jumps and ionisations at higher
powers. This leads to asymmetric line shapes for which the Lorentzian fit
function systematically underestimates the linewidth.

We also find that emitters in thinner membranes show an increased
tendency for (slow) spectral wandering, which can be explained by the VSi

centre’s sensitivity to electric fields and charge noise34,35. Qualitatively, this
can be seen in Fig. 3b, c, where lines in the bulk material show no visible
spectral wandering. Aligned with the membrane thickness, PLE lines show
an increased wandering from membrane D2 (0.63–0.72 μm), to D1
(0.58–0.63 μm), to D3 (0.13–0.25 μm). We quantify the wandering by cal-
culating the peak position change per time in two consecutive PLE line
scans. The evaluated data is depicted in Fig. 4a in form of histograms. From
the standard deviation of each data set, we see a clear correlation between an
increased wandering and thinner structures, which we expect due to the
closer proximity to the surface.

Lastly, we investigate the inhomogeneous distribution of our spectral
PLE positions. For this purpose, we show the laser frequencies, from where
we started the PLE power series in Fig. 4b.We see a distribution of 176 GHz
in between all regions, with a largest contribution coming from the mem-
brane D1 with 168 GHz. This spread can be attributed to a combination of
the fabrication process and strain in the membranes and matches our
observation from the emission spectra. Additionally, we observe a dis-
tribution of 29 GHz for emitters measured in the only polished bulk
material, which is comparable to previous reports16, thus confirming that
deep bulk emitters are not influenced by the fabrication. This is in line with
the observation that sub-surface damage is only expected within the first
2–5 μm, even before polishing36,37.

In conclusion, we developed a reproducible method for fabrication of
sub-micron 4H-SiCmembranes with low surface roughness and integrated
V�
Si centres. As reported previously16, we also observe a decrease in the

Fig. 4 |Wandering histogramand inhomogeneous
distribution of the PLE positions. aHistograms of
the spectral wandering in consecutive PLE lines of
emitters in etched bulkmaterial andmembranes C2,
D1, and D3 after the post-fabrication annealing and
soft-ICP etching. The black curve represents a
Gaussian distribution with the standard deviation
and mean value of the wandering data. b Relative
laser starting position for the performed PLE scans
with respect to the region before and after the post-
fabrication processing. The relative position of zero
corresponds to an absolute frequency of
327.100 THz. Pb and Eb stand for polished bulk and
etched bulk, respectively.
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emitter density after the fabrication of sub-micron structures. Additionally,
we showed that spectral shifts of the ZPLs induced by our initial fabrication
steps can be recovered by post-processing annealing. However, the
annealing process led to a reduced percentage of V�

Si centres with stable PLE
lines, which may require further studies on optimal post-fabrication pro-
cesses. These should potentially include surface treatments to recover a
pristine SiC surface quality.

All of our investigated emitters with stable PLE showed narrow line-
widths below 200MHz, which is compatible with spin-selective excitation
schemes. Moreover, all emitters in the ~0.65-μm-thick membrane showed
linewidths below 100MHz, which is comparable with recent studies on V�

Si
centres in 4H-SiC integrated in triangular waveguides with a height of
~500 nm and a width of ~1000 nm16, as well as ~500-nm thick disk
resonators18. At the lowest powers, our measured linewidths in the 0.6–2-
μm-thick membranes are at most 4.6 times larger than the lifetime limit
(65MHz to 14MHz). For comparison, the linewidths of NV centres in a
3.8 μm diamond membrane, have in average a 6.6 times broadened line-
width (86MHz to 13MHz)38. Additionally, as opposed to NV centres, our
V2 centres in 2-μm-thick membranes show no signs of spectral diffusion,
even at high pump powers.We can also compare V2 centres in our thinnest
0.13–0.25 μmmembrane toGermaniumvacancy (GeV) centres in 0.11-μm-
thin diamond membranes39. In such membranes, our V2 centres showed
linewidths of ~150MHz, which is only 6–11 times larger than the lifetime
limit, depending on the used optical transition. For GeV centres, improved
spectral stabilities are expected since their structural inversion symmetry
isolates them from electric field fluctuations. Indeed, measurements showed
an average single-scan linewidths of 95 MHz, which is ~4 times larger
compared to the lifetime limited value of 26MHz40. Similarly, tin-vacancy
(SnV) inversion symmetry centres in diamond show very good spectral
stability even below 60 nm surface proximity41. For an individual SnV centre
in a photonic waveguide, spectral stability measurements revealed single-
scan linewidths of 35MHz. This exceeds the lifetime limit only by a factor of
1.63, even in the presence of off-resonant charge state repumping pulses. In
summary, while the spectral properties ofV2 centres in SiC are slightlymore
sensitive compared to inversion symmetry defects in diamond, they are still
surprisingly robust considering the lackof inversion symmetry.At thispoint,
we mention that this wandering can be counteracted by our previously
developed resonance feedback system16, integration of SiC colour centres
into p-i-n diodes for stabilising their charge environments42, and that we
have been able to find several V�

Si centres with only weak spectral wandering
in our membrane D2 (0.63–0.72 μm, see Supplementary Note 11).

V�
Si centres in such sub-μm-thin membranes are ideally suited for

integration into tunable microcavities43, which can significantly increase
photon detection rates via emission funnelling, as well as Purcell
enhancement. With the latter comes also an increase of the natural line-
widths of the A1 and A2 optical transitions, which could mitigate spectral
wandering to some extent. Higher photon detection rates will be beneficial
for improving detection rates in photonic interference experiments14, aswell
as improving the efficiency of the spin state readout for controlling more
nuclear spin qubits16. SinceV�

Si centres can be operatedwithout degradation
of spin-optical coherences up to temperatures of T ~ 20 K29, an integration
into bulkymicrocavities imposes relatively relaxed constraints on cryogenic
cooling power and management. This qualifies V�

Si centres in SiC mem-
branes as one of the prime candidates for developing quantum network
architectures based on cavity-integrated solid state colour centres.

Methods
Sample growth
The sample of this study is fabricated from an a-plane, n-type 4H-SiCwafer
(Wolfspeed). After an external polishing (NovaSiC) a ~10-μm-thick n-type
epilayer with a free carrier concentration of ~ 7 × 1013 cm−3 is grown on the
polished side along the a-axis by chemical vapour deposition. After epitaxial
growth, the wafer is cut into 5 × 5mm2 pieces, and the membranes are
fabricated within the epilayer of the sample.

Creation of V�
Si centres

For the creation of V�
Si centres we irradiate the sample with electrons at an

energy of 5MeV and a dose of 2 kGy. Subsequently, the sample is annealed
for 30min at 600 °C (temperature rise of 5°Cmin�1) in a ~850mbar Ar
atmosphere.

Lapping and CMP
We use a commercial CMP-tool (PM6, Logitech) for lapping and polishing
of the wafer side. Lapping is performed with an iron plate, diamond slurry
with a mean particle size of 6 μm and a plate rotation speed of 40 rpm at a
pressure of 30 kPa. Typical removal rates are 7–8 μmmin−1 for this process.
The next step is a rough polishing at the same parameters as the lapping but
with a polyurethane pad (0CON-399, Logitech) instead of the iron plate with
a removal rate of ~1 μmmin−1. Thefinal polishing steps are performedwith
a diamond slurry with a mean particle size of 0.5 μm, for one hour at a
pressure of 75 kPa and for another hour with a softer pad (0CON-387-1,
Logitech) at a pressure of 150 kPa with no measurable removal at the μm-
scale. Our polishing process leads to a small thickness inhomogeneity of the
resulting samples due to an edge rounding that becomes stronger with
increasing polishing time (see Supplementary Note 12). This is the main
reason for the different thicknesses of the individual membranes.

Reactive-ion etching
The dry etching processes we use are performed in a commercial ICP-RIE
tool (PlasmaPro80, Oxford Instruments). It starts with a 2.5min O2-plasma
soft-ICP cleaning step with a gas flow of 30 sccm at a pressure of 10mTorr,
an ICPpower of 180W, and a temperature of 24 °C. This step is followed by
multiple 2min SF6-plasma etching steps with a flow of 40 sccm at 8mTorr,
an HF power of 100 W (no ICP), and a temperature of 20 °C with 2min
waiting steps in between them to prevent a significant heating of the sample.
Typical etch rates for the process are 56–60 nmmin−1. The post-fabrication
etching step consists of a 2min SF6 soft-ICP etching step with a gas flow of
30 sccm at a pressure of 10mTorr, an ICP power of 250W, and a tem-
perature of 24 °C.

AFMmeasurements and evaluation
For surface characterisation we use a commercial AFM (Veeco Dimension
Icon, Veeco Instruments) with silicon cantilevers (Olympus OMCL-
AC240TS-R3) and measure areas of 5 × 5 μm2. To deduce the RMS-
surface roughness,we apply step-line corrections andapolynomialfit on the
acquired raw data with the software Gwyddion.

Spectra measurements
We perform the spectra measurements on our sample in a Montana
Instruments closed-cycle helium cooled cryostat at ~8 K with a home-built
confocalmicroscope using aNA0.9 objective with × 100magnification and
a working distance of 1mm (Zeiss EC Epiplan-Neofluar). To control our
hardware,weuse the software packageQudi44. For acquisitionof the spectra,
we excite the selected spots off-resonantly with a Toptica iBeam-Smart-CD
728 nm laser diode and record the spectra using anOcean Optics NIRQuest
spectrometer with a resolution of 0.3–0.4 nm. The wavelength of the
spectrometer isfine-calibrated by a tunable diode laserTopticaDLpro and a
wavemeter HighFinesse AngstromWS7-60. The peaks from the spectra are
extracted using the SciPymethod find_peaks.

PLE measurements
We perform the PLEmeasurements on the same low-temperature confocal
microscope setup and use the same off-resonant repump laser as in the
spectra measurements. To excite an emitter resonantly, we utilise a tunable
Toptica DL pro laser whose light passes an acousto-optic modulator by
Gooch&Housego operating at 270MHz that acts as a switch. The excitation
power of the laser is measured before the objective. We filter out photons
emitted in the ZPL using two tunable long pass filters Semrock TLP01-995
and detect photons in the PSB before the post-fabrication with an APD
SPCM-900-24 by Excelitas Technologies Corp and after the post-fabrication
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with an SNSPD by Photon Spot. The laser frequency is monitored using a
wavemeterHighFinesse AngstromWS7-60 and tuned by applying a voltage
via a National Instruments data acquisition card (NIDAQ). A PLE line
consists of the collected counts with respect to this applied voltage. The
typical tuning range amounts to ~2 GHz around a wavelength of 917 nm.
To avoid decaying into a dark state via inter-system-crossing after excita-
tion, we drive the ground state spin transition continuously using a
microwave signal at input powers of 12–15 dBm. Only in case the system
ionises in a single line scan, we turn on a 728 nm laser (software-wise
implemented as pulses at intervals of 1ms for 10 μs each), to repump the
system back to its negatively charged state, in the time the tunable laser
returns to its starting frequency. One can determine a linewidth from a PLE
scan consisting of multiple PLE lines, by summing all lines, performing a
Lorentzian fit, and transforming the FWHM from voltage to frequency
based on the known separation of theA1 andA2 transition peaks (1 GHz,

45).
However, this method only works for scans with little to no observable
spectral wandering, since more than two peaks can appear in case of a
stronger spectral wandering, see the middle panel of Fig. 3c. For this pur-
pose, we have written a program that starts by trying to fit each single line
scan to the sum of two Lorentzian profiles using the SciPymethod curve_fit
with restrains on the fit parameters, such as no negative amplitudes,
FWHMs smaller than the scanned interval, manually defined limits to the
peak positions, and only a small variation in the distance between the peak
positions. Next, it shifts the lines where this fit was successful according to
the fit parameters such that the positions of all A1 (A2) peaks align, sums the
shifted lines and performs another Lorentzian fit. Only then is the data
transformed to frequencies based on the peak splitting and the A1 (A2)
linewidth extracted. Since a standard deviation of 75MHz for the ZFS of the
excited state was reported for V1 centres45, and we expect a similar beha-
viour for V2 centres, we attribute an error of 7.5% to our extracted line-
widths. The spectral wandering in the histogram in Fig. 4 stems from the
peak position difference in single line fits for two consecutive lines divided
by the time in between those lines. This data is converted from voltages to
frequency based on the transformation value obtained as described above.
We have calculated themean errors for each evaluated region and chose the
bin width to be the biggest one of these, namely 2.13MHz s−1. An insig-
nificant amount of data points (8 out of 3471) was disregarded in the
histogram, since the obtained standard deviation of the single line fits used
for those points is unphysically high (>200MHz s−1).

Data availability
The data supporting the presented findings are available at the following
repository: https://doi.org/10.18419/darus-3982.

Code availability
The measurement and evaluation codes used for this study are available
from the corresponding author upon reasonable request.
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