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Silicon vacancy centers in 4H-silicon carbide (SiC) host a long-lived electronic spin with spin-resolved optical
transitions. This makes them a great candidate for implementing a spin–photon interface, an important building
block of quantum networks. However, the fraction of coherently scattered photons is intrinsically low, limiting the
achievable communication rates. To address this problem, we integrate V2 centers within a SiC membrane into a
fiber-based Fabry–Perot microcavity. We find that SiC is uniquely suited for this approach, offering extremely low
losses as we evidence by a high cavity finesse F ≈ 40 000 and naturally available maximal cavity–emitter coupling
due to the perfect alignment of polarization modes and the dipole orientation. We observe a 13.3-fold Purcell
enhancement of the zero phonon line of a single emitter, constituting an efficient source of coherent photons for
this novel material platform, and opening the path toward a deterministic spin–photon interface.
Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License. Further distribution of
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1. INTRODUCTION
Spin-active quantum emitters in solids are considered a promis-
ing platform for quantum technology applications [1,2]. Dia-
mond, as the main host material for such emitters, has been
used for pioneering experiments in the field [3–8]. However,
other semiconductor materials such as silicon (Si) [9–11] and
silicon carbide (SiC) [12,13] have recently gained increasing
attention because they offer advantages such as complementary
metal-oxide-semiconductor (CMOS)-fabrication compatibility
and wafer-scale material availability [14–17] while still hosting
promising quantum emitters, such as silicon-vacancy centers
(VSi) [18–20] or divacancy centers (VV) [21–23] in 4H-SiC.
The VSi-center in 4H-SiC has already been used for encour-
aging demonstrations of single-shot readout of the spin state
for the k-site VSi (V2) [24,25] and spin–photon entanglement
for the h-site VSi (V1) [26]. However, it shows only low
Debye–Waller factors (6 % to 9 %) and a moderate quantum
efficiency of QE = 28.6%, thus raising challenges for useful
quantum technology applications with the system [27–30].

Different photonic structures have already been demonstrated
to enhance the collected photon rate [31–36]. Yet, to specifically
enhance the zero-phonon line (ZPL) transition of the emitters,
highly resonant structures that can harness the Purcell effect
must be used. This increases the rate of coherent photons, which
are necessary to generate and distribute remote entanglement in
quantum networks [2]. Photonic crystal cavities and disk res-
onators have already been used to enhance VSi- and VV-centers
in 4H-SiC [37–39]. Compared with these integrated structures,
open microcavities such as (fiber-based) Fabry–Perot cavities
offer the possibility of easy tunability of the spatial and spectral
position of the cavity resonance [40–43]. This enables the in
situ optimization of resonance conditions and the investigation
of multiple emitters with a single cavity. With this approach,
emitters can be integrated within thin membranes bonded onto
the cavity mirror, as already successfully demonstrated for the
diamond platform [44–49]. Crucially, this allows one to position
emitters farther from surfaces, avoiding spectral diffusion due
to charge fluctuations.
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In this work, we demonstrate the coupling of V2 centers
inside a few-micrometer-thin 4H-SiC membrane to a fiber-
based Fabry–Perot cavity. We produce two membranes with
an extremely low surface roughness of 350 pm to 400 pm root
mean square (r.m.s.) and high spatial homogeneity. We study
the losses and dispersion of the cavity–membrane system and
find excellent agreement with theoretical descriptions and sim-
ulations, as well as minimal loss introduced by the membrane,
for both samples. We then analyze the emitter properties and
find a reduced lifetime when resonant with the cavity due to the
Purcell effect. Finally, we show that by using the cavity to spec-
trally select individual emitters, we achieve high single-photon
purity and high ZPL count rates.

2. RESULTS AND DISCUSSION
2.1. Sample Fabrication and Characterization

The samples we use for our experiments are made from a
commercial, n-type, a-plane 4H-SiC wafer (Wolfspeed) with
a 10 µm-thick high-quality epilayer grown on the top side. In
total, we fabricate and investigate two samples: sample A (SA)
and sample B (SB). Analogously to previous work [36,50],
we use a series of lapping and chemical–mechanical polish-
ing (CMP) to thin the samples from the wafer side down to a
total thickness of ∼40 µm. Subsequently, the samples are van
der Waals bonded with the epilayer side onto a commercially
coated distributed-Bragg-reflector (DBR)-mirror (Laseroptik),
using an oxygen plasma activation (see Supplement 1 for details
on the bonding procedure). Next, we thin the samples on the
mirror further down to a few-micron-thin membranes using a
SF6-based reactive-ion etching (RIE) process. In order to pre-
vent a strong amount of micromasking due to nonvolatile etch
by-products from the mirror and to preserve parts of the free
mirror throughout the etching, we use a SiC hard mask with
a square opening on top of the silicon carbide sample SA and
only etch it within the opening of the mask. This yields only a
square sub-region of the whole SiC sample at the target thick-
ness as visible in the microscope image of Fig. 1(a). The SB is
etched without a hard mask on top. Our etching leaves the sur-
face with a low r.m.s. roughness of ∼400 pm (see Supplement 1
for AFM measurements), which is crucial for high-finesse cavity
experiments. To create V2-centers, we use electron irradiation
at an energy of 5 MeV and a dose of 5 kGy (see Supplement 1
for more information on the electron irradiation and for a full
process flow diagram of the fabrication).

To confirm the presence of V2 centers in the fabricated
samples, we use a home-built confocal microscope at room
temperature (NA = 0.9 objective). Figure 1(b) shows a typical
fluorescence map of a central region within the membrane SA
under off-resonant excitation at 785 nm. Since the V2 emission
spectrum has no characteristic peak at room temperature, we use
optically detected magnetic resonance (ODMR) measurements
to identify V2 centers together with a preselection based on the
polarization of the fluorescence (see Ref. [36] for details on the
preselection). Out of 14 preselected spots, we find eight that
show a clear ODMR signal from a V2 center (see Supplement 1
for details on the ODMR measurements). The remaining six
spots are most likely V1 centers.

To characterize the optical properties of the V2 centers in
SA, we cool the sample to 8 K in a closed-cycle cryostat
(Montana Instruments), and use a second home-built confocal

Fig. 1. Fabrication and characterization of the membrane SA.
(a) Light microscope image of the sample after the fabrication.
(b) Room temperature confocal fluorescence scan in the membrane
region of the sample. Diffraction limited spots that were further
investigated by ODMR are marked with a circle. The green circles
show spots with a clear ODMR signature from a V2 center. (c)
Background corrected emission spectrum of (i) a single spot under
off-resonant excitation and integration for 20 s at a temperature of
8 K and (ii) spectra of 58 investigated V2 centers stacked above
each other. The orange, dashed line indicates the ZPL position from
bulk V2 centers. (d) The PLE scans of a single V2 center in the
membrane at 8 K. The two dark lines are due to an ionization of the
emitter upon resonant excitation. (e) The PLE-linewidth distribution
of different V2 centers in the membrane. The linewidth is extracted
by the average full-width half-maximum (FWHM) of Lorentzian
fits on 25 single-line PLE scans for each center. The black solid
line at 471 MHz depicts the average linewidth of all investigated V2
centers.

microscope (NA = 0.75 objective) for cryogenic spectroscopy.
Here, we identify V2 centers from their emission spectra under
off-resonant excitation at 730 nm, as shown for an exemplary
emitter in Fig. 1(c i). Compared with the ZPL of the bulk cen-
ters at 917 nm [27,51], we find that the ZPLs of most emitters
in the bonded membrane are shifted by ∼1 nm, as depicted in
the stacked spectra plot of 58 different emitters in Fig. 1(c ii).
We attribute this shift to a homogeneous strain inside the sample
arising from the bonding to the DBR-mirror: a ZPL shift of 1 nm
could be explained by strain of 0.02 % parallel to the c-axis [27],
which is a realistic amount since similar strain has been already
observed for bonded SiC as a consequence of lattice mismatch
[52].

Finally, we investigate the linewidths of the optical transi-
tions of membrane-integrated V2 centers by photoluminescence
excitation (PLE) scans. As described in earlier work [36], we
use acousto-optic modulators (AOMs) to generate a laser beam
containing two wavelengths split by 1 GHz. With this beam,
we simultaneously scan over both optical transitions of the
V2 center at a power of 5 nW before the objective and col-
lect the photons from the phonon sideband (PSB). Figure 1(d)
shows a series of such scans from the same emitter stacked
over each other with no visible spectral jumps. To evaluate
the linewidth, we fit a Lorentzian to each individual line and
extract the mean linewidth from the series. We repeat these
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Fig. 2. Characterization of the membrane cavity system. (a) Schematic sketch of the fiber-cavity–membrane system. (b) Photograph of
the fiber mirror protruding from a metallic needle opposing the membrane bonded onto a planar DBR mirror. (c) Finesse as a function of
wavelength for two orthogonal polarizations, corresponding to the ordinary and extraordinary polarization modes of the SiC membrane. The
periodic modulation is due to the SiC membrane. (d),(e) Measured cavity dispersion of SA and SB, showcasing the characteristic hybridization
of air-like and dielectric-like modes for membrane cavity systems. Due to the birefringence of SiC, we observe two families of modes. The
different membrane thickness changes the periodicity of the mode coupling. The fainter, slightly offset traces correspond to higher-order
cavity modes. (f),(g) Simulated dispersion for SA and SB. The simulation reproduces the measurements. Extracted membrane thicknesses
are dSA = 6.20µm and dSB = 2.85µm.

measurements for a total of 15 emitters and find a mean PLE
linewidth of 471(132) MHz for all emitters, as depicted in
Fig. 1(e). To exclude a significant power broadening of the
optical linewidths, we perform excitation power-dependent PLE
linewidth measurements on a single emitter and find that there
is no significant power broadening at 5 nW excitation power
(see Supplement 1). We note that the average PLE linewidth of
471(132) MHz appears to be higher than the linewidth reported
from similar samples [36,50]. Possible explanations for the
increased linewidth include non-perfect thermalization of the
sample and an increased amount of charge noise, both stemming
from the thick, isolating glass substrate of the mirror between
the silicon carbide membrane and the copper plate inside the
cryostat.

2.2. Cavity Characterization

In order to characterize the membrane–mirror system perfor-
mance, we integrate the sample into a home-built positioning
unit, forming a microcavity together with a fiber mirror that is
approached closely to the membrane, as sketched in Fig. 2(a)
and depicted in Fig. 2(b). The positioning setup is located in a
closed-cycle cryostat as reported in an earlier work [53]. The
fiber mirror can be scanned laterally across the mirror over a
range of 20µm × 20µm and the cavity length can be tuned
over multiple free spectral ranges. This enables us to spatially
search for emitters, optimize the lateral overlap of emitter and
cavity mode and then minimize the cavity length by bringing
the fiber mirror in contact with the membrane. The contact con-
figuration has the added benefit of drastically improving the
longitudinal stability. This allows us to avoid active stabiliza-
tion and passively stay on resonance with the ZPL despite a
relatively high finesse. This configuration is used for all fluo-
rescence measurements in this work (data presented in Figs. 3
and 4).

Fig. 3. Coupling of ZPLs to cavity modes. Cavity dispersion
measured under off-resonant excitation. (a i,b i) A strong increase
in emission is observed when the cavity is resonant with the ZPLs.
(a ii,b ii) By integrating the individual spectra and calibrating the
local dispersion, we can extract a frequency distribution of ZPLs.
The orange line is a fit of multiple Lorentzians to the data. Notably,
the thicker membrane (a) SA shows a denser and more centered
distribution of emitters, while (b) SB exhibits sharp peaks with
large spacings.

We begin by measuring the finesse at a small mirror dis-
tance by monitoring the transmission of a narrow linewidth
laser through the cavity, while modulating the cavity length over
multiple free spectral ranges. The transmission spectrum is fitted
with Lorentzians to determine the positions and linewidths of
the fundamental modes, allowing us to calculate the finesse.
The finesse as a function of the probe wavelength is displayed
in Fig. 2(c). It exhibits a strong dependence on the probe wave-
length, due to the modulation of the DBR transmission by the
membrane. The presence of a membrane in the cavity leads to
the formation of a dielectric and air-like set of modes, see Refs.
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Fig. 4. Characterization of the emitter fluorescence in the cavity. (a) Detected count rate under off-resonant, pulsed excitation as a function
of cavity detuning. At least four distinct peaks belonging to different ZPLs are visible. The brightest peak shows a ZPL count rate of 30 kcps.
Note the close similarity to the measurement in Fig. 3(b), when accounting for the different y-axis scaling. (b) Excitation power dependence
of the ZPL count rate under pulsed excitation. The laser power was measured behind the cavity. No clear saturation behavior was observed.
(c) Pulsed auto-correlation measurement with the cavity resonant with the peak marked in (a), showcasing a high single-photon purity of
g(2)(0) = 0.024(24) without background correction. Coincidence counts in the gray area arise from recombination photons in the counting
photon avalanche diodes (APDs) and are excluded from the fit (see Supplement 1 for details). (d) Detuning dependent optical lifetime
measurements of the resonance marked in (a). The detuning is reflected by the average count rate during the measurement. Solid lines show
monoexponential fits with a constant offset to account for background counts. The count rate traces recorded during the lifetime measurement
are plotted together with a sweep over the resonance in (e), in order to illustrate the cavity–emitter detuning and its stability. The lifetime
reduces as the cavity becomes resonant with the ZPL, consistent with Purcell enhancement. The effective Purcell factors calculated from
C = τ0

τ
− 1 are plotted in (f).

[54,55] and below. We observe a finesse as high as F = 40000
at a wavelength of λ = 980 nm, which is almost twice the value
observed for a bare cavity (see Supplement 1 for details on the
coating). From simulations with a transfer matrix model, we can
extract additional losses due to scattering and absorption in the
high-finesse case of approximately Lair ≈ 70 ppm, further evi-
dencing the high sample quality. We measure a finesse of up to
F = 10000 at λ = 917 nm, where the zero-phonon line of the
V2 center is located.

Next, we measure the dispersion of the cavity–membrane sys-
tem by coupling a broadband light source to the cavity and
observing the resonances in transmission with a spectrome-
ter, while stepwise changing the cavity length [Figs. 2(d) and
2(e)]. The mode hybridization of the cavity with the membrane
manifests itself in a modulation of the cavity dispersion, as
previously observed in comparable systems [44,47,55–57]. It
is further complicated by the strong birefringence of 4H-SiC,
which fully determines the polarization modes of the cavity
and leads to two families of modes with orthogonal polarization
[58]. The two polarization modes are also observed in the finesse
measurement [Fig. 2(c)].

Simulated dispersion plots of the cavity membrane system
using a transfer matrix model [44] are shown in Figs. 2(f) and
2(g). The good agreement with the experimental data confirms
that our model captures the relevant effects and allows us to
extract the membrane thickness of SA to be dSA = 6.2µm and of
SB to be dSB = 2.85µm, in agreement with the measurements
during fabrication using a profilometer.

2.3. Cavity Enhanced V2 Emission

We continue by measuring the properties of the emitters when
coupled to the cavity. We couple an off-resonant diode laser (λ =
785 nm) to the cavity fiber to excite the emitters via the PSB. The

mirror coating is almost transmissive at this wavelength, but still
leads to a modulation of the intensity by a factor of ≈ 3, which
we account for by measuring the excitation laser power after
the cavity. We use filters to block the excitation light and detect
the fluorescence in a spectral band of λ = 900–1000 nm, either
using a spectrometer or two single-photon counters arranged in
a Hanbury–Brown–Twiss (HBT) configuration.

First, we record spectra under off-resonant excitation while
slowly varying the cavity length. Due to a broad background,
we observe the cavity dispersion as in Figs. 2(d) and 2(e) as well
as a strong increase in fluorescence when the cavity is resonant
with the ZPL of one or more V2 centers (Fig. 3). Crucially, this
is only observed for one polarization branch, because the dipole
axis of the V2 center is oriented along the crystallographic c-
axis, as is the extraordinary axis of the refractive index ellipsoid
(see Supplement 1). This is useful for our application because it
guarantees a maximal overlap between the emitter dipole and the
cavity polarization, which otherwise would reduce the Purcell
factor.

By performing these scans slowly and finely resolved, we
note a substructure around the ZPL of SA [Fig. 3(a)], which
we attribute to the inhomogeneous linewidth, originating from
the different local electrical environment of multiple emitters.
In our sample, multiple emitters are located inside the cavity
mode waist, with the depth being randomly distributed. Thus,
the lateral overlap and the position in the standing wave field, and
therefore the coupling to the cavity mode and the observed peak
count rate, vary for the different emitters. Interestingly, emitters
in SB are both more sparse and spread over a larger frequency
space [Fig. 3(b)]. Both facts can possibly be explained by the
thinner membrane.

By fitting a linear slope to the local dispersion, we can cal-
ibrate the cavity length shift in terms of resonance frequency
shift, allowing us to determine the feature linewidth by fitting
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the calibrated integrated spectrum. The observed linewidth is
a convolution of the linewidths of the cavity and the emit-
ter. For sample SB, the brightest peak yields a linewidth of
δν = 4.8 GHz, while the narrowest linewidth is obtained for the
two rightmost peaks with δν = 3.8 GHz [Fig. 3(b ii)]. We mea-
sure the cavity linewidth at this position to be δνcav = 3.44 GHz
by slowly (0.1 Hz) scanning a resonant laser over the cavity and
recording the frequency with a wavemeter (see Supplement 1).
This indicates a contribution from the emitter linewidth for the
most dominant peak, which could be caused by insufficient ther-
malization of the mirror in the cavity stage. The temperature we
measure at the mirror holder is 16 K. The linewidth of V2 centers
is known to significantly increase above 20 K [27]. However, the
sample is isolated from the copper mirror holder by the mirror
substrate. To alleviate this, we add a copper link connecting the
mirror holder to the sample, but a temperature gradient might
nevertheless still persist.

Even though multiple emitters are located inside the cavity
mode volume, we can make use of their inhomogeneous spectral
distribution together with the spectral selectivity of the cavity
to select individual emitters. In the thinner membrane SB, we
observe peaks that are well isolated and are spread over a wide
spectral range (915–918 nm). We set the cavity resonant with the
brightest peak and measure the second-order autocorrelation
g(2)(τ) under pulsed off-resonant excitation (SuperK-Fianium,
repetition rate 23.4 MHz, λ = 780–790 nm, P = 230µW). The
measurement and a fit are displayed in Fig. 4(c). We observe
a strong antibunching dip at τ = 0 ns with g(2)(0) = 0.024(24),
indicating a high single-photon purity. This underlines the ability
of the cavity to spectrally select single emitters even under non-
selective excitation, potentially enabling spectral multiplexing.

In order to quantify the achieved Purcell enhancement, we
conduct lifetime measurements using the same pulsed laser
source as above by recording the start-stop histograms between
the laser emission and the detected photons. We vary the cav-
ity emitter detuning and observe a lifetime-shortening as the
cavity becomes resonant with the ZPL [see Figs. 4(d)–4(f)].
The shortest lifetime observed when the cavity and the emit-
ter line coincide is τmin = 5.6 ns. We take the longest lifetime
observed for large detunings as the free space lifetime τ = 7.3 ns,
in good agreement with the values reported in the litera-
ture, e.g., τ = 7.08 ns in Ref. [59]. The lifetime shortening
allows us to determine the effective Purcell factor defined as
Ceff =

τ0
τcav

− 1 = 0.30(1). The observed change in the lifetime is
small because only the photons emitted into the narrow ZPL
experience a significant Purcell enhancement, while all other
decay channels remain unperturbed. Taking into account the
fraction of coherently emitted photons via the Debye–Waller
factor of DWF = 8% [27] and accounting for the quantum
efficiency of QE = 28.6% [30], this corresponds to an ideal
Purcell factor C0 = Ceff/(DWF × QE) = 13.3. The ideal Purcell
factor quantifies how many ZPL photons are additionally emit-
ted into the cavity mode compared with free-space emission
into 4π.

2.4. Discussion

For calculating the expected Purcell factor, we use the quality
factor Q = 7.4 × 104 extracted from the dispersion measurement
[Fig. 3(b ii), inset], which is sensitive to both the linewidth of
the cavity and the emitter. The mode volume 12.0λ3

V2 is calcu-
lated by numerically integrating the field distribution obtained

by the one-dimensional (1D)-simulation, yielding the effective
cavity length Leff =

∫
|n(z)E(z)|2dz

max(n(z)E(z)) . The mode volume is then given

by V = πw2
0Leff
4 , where the mode waist w0 = 1.66µm in the mem-

brane is calculated as previously reported in Refs. [44,54] by
matching a Gaussian beam in the air gap to one in the mem-
brane. This results in an expected Purcell factor of C0 = 25.7.
By using the quality factor obtained in the dispersion measure-
ment, we automatically account for additional broadening of the
emitters in the calculation, which could be caused by insufficient
thermalization. Yet, the calculated value is almost twice as high
as the observed Purcell enhancement. We believe that this dif-
ference can be explained by a non-perfect overlap of the defect
with the cavity mode field, both transversally and longitudinally.
Further, our calculations of the ideal Purcell factor depend on the
literature values for the Debye–Waller factor and the quantum
efficiency. While these properties have been studied carefully in
the past, it is unclear how they are affected by a thin membrane,
in particular because of applied stress.

However, even a relatively small lifetime reduction due to the
small QE and DWF leads to a large increase of ZPL photons
by a factor of C0, which is confirmed by the observed ZPL
count rates of up to 30 kcts/s [Fig. 4(a)]. We note that we use
conventional silicon-based single photon counters, which fea-
ture a smaller detection efficiency (detection efficiency ≈ 30%)
than the commonly used superconducting nanowire detectors
(detection efficiency ≈ 90%). Furthermore, due to the limited
available pulsed laser power and inefficient excitation due to the
large cavity mode waist, we are unable to saturate the emitter.
This is evident from both the saturation measurement depicted
in Fig. 4(b) and the rather unpronounced bunching in g(2)(τ)
displayed in Fig. 4(c). We estimate that by driving the emitter in
saturation, we could increase the count rate by at least a factor
of four. Therefore, we predict that we can achieve more than an
order of magnitude higher count rates by using a more potent
laser source and state-of-the-art single photon detectors, without
any changes to the cavity–membrane system.

3. CONCLUSION
In conclusion, we have demonstrated Purcell enhancement of
single V2 centers in a few-micron-thick 4H-SiC membrane by
integrating the membrane in a fiber-based Fabry–Perot cav-
ity. The suitability of SiC for this approach is evident by the
reproducible fabrication process, excellent surface roughness,
and experimentally observed high finesse. We find a lifetime
reduction of Ceff = 0.30, which corresponds to a 13.3-fold
enhancement of the coherent zero-phonon line. The spectral
selectivity of the cavity allows us to achieve a high single-photon
purity even though multiple defects are spatially located inside
the cavity field. We detect up to 30 kcts /s ZPL photons from
a single emitter, which could be increased by more than an
order of magnitude by updating the experimental setup with
state-of-the-art technology.

In future work, the Purcell factor could be increased by uti-
lizing an optimized mirror coating with the stopband centered
around the ZPL resonance. Operating an experiment with a
finesse of F = 40 000, as measured in the center of the stopband
for our mirror, requires extremely low cavity fluctuations, which,
however, have been demonstrated for the setup used in this work
using active stabilization. This would enable 10 times higher
effective Purcell factors of up to Ceff = 3. For spectrally narrow
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emitters close to the lifetime limit, as already demonstrated for
V2 centers in even thinner membranes [50], this corresponds
to a cooperativity C>1, enabling spin-based reflection schemes
which can be harnessed to generate remote entanglement [60].
Another important step forward is to demonstrate control of the
spin state, either by integrating an RF line into the setup or by
coherently driving the optical transitions.
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