nature
materials

ARTICLES

https://doi.org/10.1038/s41563-021-01148-3

‘ '.) Check for updates

Fabrication and nanophotonic waveguide
integration of silicon carbide colour centres with
preserved spin-optical coherence
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Optically addressable spin defects in silicon carbide (SiC) are an emerging platform for quantum information processing com-
patible with nanofabrication processes and device control used by the semiconductor industry. System scalability towards
large-scale quantum networks demands integration into nanophotonic structures with efficient spin-photon interfaces.
However, degradation of the spin-optical coherence after integration in nanophotonic structures has hindered the potential
of most colour centre platforms. Here, we demonstrate the implantation of silicon vacancy centres (V) in SiC without dete-
rioration of their intrinsic spin-optical properties. In particular, we show nearly lifetime-limited photon emission and high
spin-coherence times for single defects implanted in bulk as well as in nanophotonic waveguides created by reactive ion etch-
ing. Furthermore, we take advantage of the high spin-optical coherences of V; centres in waveguides to demonstrate controlled
operations on nearby nuclear spin qubits, which is a crucial step towards fault-tolerant quantum information distribution based

on cavity quantum electrodynamics.

uantum information distribution enables provably secure
communication’, blind quantum computing” and advanced
quantum metrology’. Large-scale quantum networks can
be realized based on a well-orchestrated interplay between station-
ary and flying multi-qubit systems®’. In this regard, by addressing
atom-like transitions in optically active solid-state spins>, impres-
sive landmark demonstrations showed multi-node quantum net-
works’, quantum error correction® and entanglement distillation’.
To claim system scalability, the field has yet to improve the inter-
action between colour centres and photons. For example, the emis-
sion of an optical dipole usually covers a solid angle of 4w, and the
associated low light collection efficiency results in slow experimen-
tal rates'’, reduced single-shot readout fidelity and limited quantum
protocol complexity. Near-deterministic light-matter interaction
is achieved via colour centre integration into monolithic resona-
tors''~"*. A challenge remains to preserve spin-optical coherence
while granting high-fidelity access to qubit clusters, such as nuclear
spins. The nitrogen vacancy centres in diamond'* and divacancy
spins in SiC'* showed excellent control over nuclear spins. However,
integration into nanophotonics structures proved challenging as
spin-optical coherences are degraded by coupling to nearby spins
and charge traps, which can be present in the starting material and/
or be formed during nanofabrication'*'*-?!. Group-IV defects in
diamond show robust symmetry-protected optical coherences™*,

but high-fidelity spin manipulation requires millikelvin tempera-
tures at which direct control over nuclear spin clusters becomes
challenging**.

By contrast, deep-bulk V; centres in 4H-SiC have shown excellent
optical coherences up to T=20K due to wavefunction symmetry
protection®®?, with millisecond spin-coherence times* and coher-
ent coupling to nuclear spins”. This has led to the demonstration of
a coherent light-matter interface comprising one electron spin and
two photons, suitable for cluster state generation®. The single dipole
orientation of Vy; centres facilitates integration into nanophotonic
resonators; however, little is known about spin-optical coherences
in such structures.

Here, we demonstrate that Vg centres retain excellent
spin-optical properties after generation via helium (He) ion
implantation, which allows for three-dimensional positioning.
Compared to previous approaches based on either heavy ions (mass
above He ions) or at high acceleration voltages (>10keV)*~*, we
use low-energy ions to create shallow V centres with a yield of
8%. We show nearly lifetime-limited absorption lines and record
Hahn echo spin-coherence times. Further, we simulate SiC wave-
guide designs®™ and create triangular cross-section nanophotonic
waveguides via reactive ion etching (RIE). For Vy; centres in such
waveguides, we report nearly lifetime-limited absorption lines
without degradation of spin coherences compared to defects in bulk
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Fig. 1| Properties of He* ion-implanted V2 centres. a, Crystal structure of 4H-SiC. The V2 centre is formed by a missing silicon atom at a cubic lattice
site. b, Energy level diagram of V2 centres. Ground (GS) and excited states (GS) are spin quartets and optical transitions are spin conserving (A, red; A,,
blue). ¢, Schematics of V2 centre creation via He* ion implantation. He* ions are accelerated to 6 keV and implanted at the a side of the crystal through a
lithographed PMMA mask. d, Confocal fluorescence scan of the implanted defect centre array. kct s, kilocounts per second. e, Off-resonant excitation
lifetime measurement of a single V2 centre. The fit is based on a single-exponential decay (proportional to exp(—t/z)) with a 1/e lifetime of r=7.08 +
0.06 ns. f, Single-scan resonant photoluminiscence excitation scan on an implanted V2 centre. The nearly lifetime-limited linewidth confirms the excellent
spectral stability of V2 centres. g, Repeated resonant excitation scans during 1h without repump laser. No ionization is observed and the small remaining

drift is assigned to surface charge fluctuations. a.u., arbitrary units.

material. Capitalizing on those advances, we coherently control
nearby nuclear spins with near-unity fidelity, which represents
a significant step forward towards integrated multi-spin, multi-
photon clusters.

V,; generation through low-energy He* ion implantation

We investigate the cubic lattice site silicon vacancy centre (V2) in
4H-SiC (Fig. 1a). V2 centres are characterized by a zero-phonon
line (ZPL) at 917 nm, with a Debye-Waller factor (DWF) of 8-9%
(refs. ). As shown in Fig. 1b, the system is spin-2, in which
the sublevels mg = :I:% and mg = :I:% are degenerate Kramers
doublets”. Optical transitions are spin conserving, resulting in
two absorption lines, labelled A, and A,, respectively*.

As shown in Fig. 1c, we generate arrays of V; centres via implan-
tation of He* ions. They are sent through a polymethyl methacry-
late (PMMA) mask with 100nm diameter holes, lithographed on
the a face of an epitaxially grown SiC sample with a low nitrogen
concentration in the [N] = 4Xx10”cm™ range (for more details,
see Sample preparation). Compared to previous work’ >, we
choose a low He* ion energy of 6keV to minimize crystal dam-
age. To remove residual lattice damage, we subsequently anneal the
sample in argon atmosphere at 600°C for 30 min. Figure 1d shows
the room-temperature photoluminescence map of an implanted
array using off-resonant excitation at 785nm. We infer the defect
number per spot using autocorrelation measurements and obtain a
Poissonian distribution with a mean value of 0.67 + 0.06 V2 centres
per spot. Considering the ion dose of 1 X 10" cm ™, we determine an
implantation yield of 8.5+0.8%, similar to previous work™. From
the fluorescence map, we infer that the implanted defect centres
are laterally distributed with a variance of +54 nm (1 s.d.), which
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is mainly determined by the implantation mask hole size. Synopsys
Sentaurus Monte Carlo simulations show that V2 centres are created
about 30-40nm beneath the surface without channelling effects
(Section 1A of the Supplementary Information and Supplementary
Figs. 1 and 2).

Although high-accuracy shallow defect generation is crucial for
integration into nanophotonic resonator devices and for quantum
sensing applications, it has remained unclear whether spin-optical
coherences can be maintained after ion implantation®>**. For many
colour centres, ion implantation and surface proximity lead to
strong degradation of spin-optical properties*~*. Here, we show
that V2 centres do not suffer from these problems.

To benchmark the quality of the resonant absorption linewidths,
we first measure the excited state lifetime of a single V2 centre at
a temperature of T=10K with a 780 nm picosecond-pulsed pump
laser. The data in Fig. le reveal a single-exponential decay with a
1/e lifetime of 7 = 7.08 £ 0.06 ns, similar to previous work®. Thus,
the lifetime-limited absorption linewidth is Av = (2rn7)™' = 22.5
+ 0.2 MHZ. Additional data for proton and silicon ion implanta-
tion are given in Section 1B of the Supplementary information and
Supplementary Figs. 4-6.

Subsequently, we perform resonant excitation with a tunable
diode laser at 917nm (Toptica DL pro). We provide an additional
microwave (MW) drive at 70 MHz to continuously mix the ground
states”, and in this way counteract optical spin-pumping®. A typi-
cal resonant photoluminescence excitation scan is shown in Fig. 1f.
The two absorption lines show the previously shown separation of
1GHz (ref. *°). The fitted linewidths are Av,, = 41 &+ 2 MHz and
Avp, =24+ 1MHz for the A, and A, transitions, respectively,
which are close to the lifetime limit. A long-term absorption line
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Fig. 2 | Properties of V2 centres in nanofabricated waveguides. a, Cross-sectional fundamental TE mode profile in waveguides with a half-opening angle a
= 45° and width d = 400 nm. b, TE mode profile for a waveguide with @ = 45° and d = 1,000 nm. ¢ Coupling efficiency into the fundamental TE waveguide
mode as a function of the width d (with emitter assumed to be located in the centre of the waveguide). High efficiencies are reached for d = 400-600 nm.
d, Waveguide fabrication recipe. (i) Deposition of a double layer of PMMA mask; (ii) deposition of a nickel mask; (iii) a straight reactive ion etch based on
SF, plasma creates 3 um deep trenches; (iv) an angled SF, plasma etch creates triangular cross-section waveguides. e, Scanning electron microscope image
of the created waveguide structures that appear smooth and well undercut. f, Confocal fluorescence microscope image of the waveguides. Bright spots are,
in the majority, surface-related defects. On average, one V2 centre is found in every five waveguides with d = 1,000 nm. g, Resonant excitation scans over
Th. No ionization is observed and the wavelength drift is minimal. h, Resonant excitation scans with the laser feedback software activated once per minute.

i, Single-line resonant excitation scans for six different V2 centres in waveguides. For better visibility, the A, transition for all spectra is centred at zero
detuning. The actual spectral distribution of the defects is +10 GHz, which is comparable to bulk defects®.

measurement is shown in Fig. 1g, revealing little drift with no signs
of ionization. Averaging over 125 scans, we find a linewidth of
40 MHz (29 MHz) for the A, (A,) transition, with a distribution (1
s.d.) of 10 MHz (5 MHz), respectively. Those measurements corrob-
orate the excellent stability of the V2 centre optical lines. We high-
light that these results are reproducible for other V2 defects (Section
1A of the Supplementary Information and Supplementary Fig. 3).

Spin-optical performance of Vg centres in nanophotonic
waveguides

We now proceed to V2 centres in nanofabricated waveguides***. We
focus on triangular cross-section waveguides, with which high coop-
erativity cavities have been realized*. Additionally, this geometry is
very versatile and can be directly applied to bulk substrates of any
polytype, without the need for doping level engineering". In colour
centre integration with triangular waveguides, single-mode light
propagation is crucial for quantum applications. The relationship
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between device profile and its supported mode wavelength has
been modelled recently®. Here, we expand on those findings and
simulate light propagation in triangular cross-section waveguides
with a half-opening angle of a = 45° (Supplementary Information).
Figure 2a,b shows the fundamental transverse electric (TE) modes
that are supported by waveguides with widths of d = 400nm and
d = 1,000 nm, respectively. Figure 2c shows the coupling efficiency
of light emitted by a centrally located horizontally polarized dipole
at 917 nm into the fundamental transverse electric (TE) mode as a
function of d. For d = 500 nm, we find high coupling efficiencies
up to 82% (41% in each propagation direction). The d = 1,000 nm
device still shows a good coupling efficiency of 30% while some of
the out-scattered fluorescence can be detected from the top of the
waveguide with our collection optics.

To ensure that the V2 centre dipole is parallel to the top surface
of the waveguides and to highlight reproducibility across different
SiC crystals, we now use a different epitaxially grown SiC layer.
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Fig. 3 | Electron spin properties of nanofabricated V2 centres. a, Energy level diagram of V2 centres in an external magnetic field to lift the Kramers
degeneracy in the ground and excited states. b, Ramsey interferometry for He* implanted V2 centres. The dephasing time is T; implanted = 34 + 4 ps.c,

Dephasing of V2 centres in waveguides, T;waveguide

= 9.4 4+ 0.7 ps. d, Spin-coherence time of He* implanted V2 centres using Hahn echo. The coherence

time is Ty implanted = 1.39 £ 0.06 ms. e, Spin-coherence in waveguides, T waveguide = 0.84 £ 0.01 ms. The strong modulation corroborates coupling to
at least one nearby #Si nuclear spin. In all plots, spin state +1 corresponds to mg = %and —ltoms = % The signal envelopes are fitted using stretched

exponential functions proportional to A exp (7%) + Yo.

The sample was grown along the a side with a slightly higher nitro-
gen concentration, [N]~3Xx 10" cm™. Before nanofabrication, we
create V2 centres throughout the entire sample at a density of 0.4
pm™ using electron irradiation at 2 MeV with a dose of 2 kGy (with
fluence of approximately 5x 10" cm™2).

To fabricate waveguide devices, we decide against photoelectro-
chemical etching, which may deteriorate spin-optical properties
due to material degradation and porosification". As shown in Fig.
2d, we fabricate triangular cross-section waveguides via a two-stage
process based on RIE with SF, gas. An initial straight etch creates
~2um deep trenches. Subsequent angled etching in a 45° Faraday
cage results in suspended waveguide structures with a length of
20 um and widths of 400 nm and 1,000 nm, respectively. A scanning
electron microscope image of the latter ones is shown in Fig. 2e.

A typical photoluminescence map with optical excitation and
collection from the top of the waveguides is shown in Fig. 2f, reveal-
ing multiple bright spots along the waveguides. Emission spectra
reveal most of the spots as surface-related or unknown defects
(Supplementary Information). Bright single V2 centres are found in
one out of five waveguides with 1,000 nm width. Intuitively, this is
low compared to the average V2 density in the bulk. However, our
simulations show that only emitters at the waveguides’ top apices
show a sizable emission towards our collection optics. The fluores-
cence of most emitters is actually guided along the waveguides or
out-scattered towards the bottom (Section 3 of the Supplementary
Information and Supplementary Figs. 15 and 16). In analogy to
the measurements on implanted V2 centres, we perform resonant
photoluminescence excitation scans. Figure 2g shows a 1-h-long
recording, revealing narrow absorption lines with no signs of ion-
ization. Considering that we primarily investigate defects at the
waveguide apices, we assign the remaining slow drift to surface
charge fluctuations.

To demonstrate that the drift is slow enough to perform com-
plex long-term measurements, we stabilize the resonant excita-
tion laser on optical transitions via software-control* (Section 2E
of the Supplementary Information and Supplementary Fig. 11).
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Figure 2h shows absorption line scans repeated over 1h with the
laser feedback activated once per minute and re-centring of the
scanning window after every scan with respect to the position of
the A, transition. Little to no effective drift is observed'**!, which
enables long-term measurements. To highlight reproducibility, we
show the resonant absorption spectra of V2 centres in six different
waveguides in Fig. 2i. We find that three out of six V2 centres show
nearly lifetime-limited absorption lines. The other three still present
spin-selective optical transitions. The best defect shows a linewidth
of 34 MHz (22 MHz) for the A, (A,) transition, after averaging over
198 scans. The standard deviation in these measurements is 8 MHz
(5MHz). Unfortunately, we did not identify V2 centres in the
400-nm-wide devices. We attribute this to the single-mode operation
of the 400 nm waveguides, which suppresses out-scattering towards
our collection optics, thus requiring dedicated output couplers*.

The next step should combine nanofabrication and localized
defect generation, for which multiple strategies exist, such as wave-
guide fabrication around precharacterized implanted defect arrays
or depositing He™ ion implantation masks on produced waveguides.
For the 45° etched waveguides, both strategies require precise align-
ment in the range of a few 10 nm. Our simulations indicate reduced
demands on alignment in single-mode devices with a wider
opening angle (75° and 900-1,000nm width; Section 2G of the
Supplementary Information and Supplementary Figs. 13 and 14).
Such devices could be created with adapted Faraday cages. Based on
the success in the diamond platform'"*, we believe that mask-free
implantation would be ideal, which can be achieved using a helium
focussed ion beam source or a helium ion microscope operated at
fluxes of about ten He" ions per spot.

Nuclear spin control with waveguide-integrated V,; centres
Having demonstrated implantation and nanofabrication with mini-
mal degradation of the optical properties of V2 centres, we proceed
to spin-coherence measurements. To maximize spin contrast, we use
resonant excitation”’ and take advantage of our software-controlled
laser feedback system. Intuitively, we expect that spin properties
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Fig. 4 | Control over nuclear spin qubits. a, Artistic representation of the coupled electron-nuclear spin triplet identified in a waveguide. b, Spin signal
for the eight-pulse CPMG sequence (inset) at B, = 81 G. Blue dots are experimental data. The red and orange lines correspond to the (independent) spin
signals obtained for the first and second nucleus, respectively. The white dashed line is the product of both fits. The strongest modulation is observed for
N, at the resonance time ng)p,ox = 5.38 ps. ¢, Electron spin signal for different number N of refocusing pulses at zcpye = 5.38 pis. Strong oscillations stem
from electron spin-dependent rotations of N,. Blue dots are uncorrected raw data. The red curve is a simulation based on two nuclear spins without any
free parameters. In all plots, spin state +1 corresponds to ms = %and —ltoms = % d, Bloch-sphere representation showing the dynamics of the nuclear
spin N, during the N = 4 pulse CPMG sequence. The rotation axes (green arrows) for the electron spin states ms = %and ms = %are antiparallel (+e,)
with a rotation angle of 4-Z rad. e, Same as in Fig. 4d, but for the nuclear spin N,. The nuclear spin is decoupled from the electron spin as the rotation axis

is (nearly) the same (~e,) with a very small rotation angle of 0.04 rad (the shown rotation is exaggerated for clarity).

are less affected than optical properties; however, ion implanta-
tion and waveguide nanofabrication can still lead to an increased
abundance of parasitic spin defects'>*. To allow selective address-
ing of the three ground-state spin transitions via the MW drive, we
lift the Kramers degeneracy by applying an external magnetic field
of B, = 36 G along the crystal’s ¢ axis (Fig. 3a). We then determin-
istically initialize the spin state”, here into ms = +3, followed by
probing dephasing and coherences between the levels ms = +1and

ms = -‘r%.
Ramsey interferometry shows a dephasing time of
T implanted = 34 £ 4 us for the ion-implanted defects (Fig. 3b),

which is comparable to deep-bulk defects in similar SiC crystals'>*.
Figure 3c shows the data for V2 centres in waveguides. We find
Swaveguide = 9-4 & 0.7 pis, which is only twice as short as compared
to deep-bulk defects in the same sample, T3 ;. = 21 & 1 ps (Section
2F of the Supplementary Information and Supplementary Fig. 12).

Hahn echo measurements with ion-implanted V2 cen-
tres are presented in Fig. 3d, showing a coherence time of
Tyimplanted = 1.39 £0.10 ms. This is a very long Hahn echo
coherence for this system. Figure 3e shows the data for defects in
waveguides, resulting in T, yaveguide = 0.84 £ 0.01 ms, which is com-
parable to bulk defects in the same sample, T, pu = 0.85 + 0.03 ms
(Section 2F of the Supplementary Information and Supplementary
Fig. 12). Thus, RIE can be used for nanofabrication of high-quality
SiC material without deteriorating spin properties.

Interestingly, the data in Fig. 3e display a strong modulation
due to dipolar interaction with weakly coupled nuclear spins. This
indicates that the hyperfine coupling strength with at least one
nucleus is comparable to the Larmor frequency. We show now that
the system is described by one V2 centre coupled to two nuclear
spins, as depicted in the artistic design in Fig. 4a. To infer the cou-
pling strengths with high resolution, we apply a slightly increased
magnetic field, B, = 81G and perform eight-pulse Carr-Purcell-
Meiboom-Gill (CPMG) sequences with varying waiting time 7pyg.
From the modulation signal in Fig. 4b, we extract that both nuclei are
**Si spins with hyperfine coefficients of A); = 2n x (—23.5) kHz
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and A1 = 2m x 12.0 kHz for the first nuclear spin (N,), as well as
Aj2=2m x02kHzand A, , = 21 x 8.5 kHz for the second one
(N,; Supplementary Information).

Having determined the coupling coefficients, we now show
coherent manipulation of an electron-nuclear spin pair in a SiC
waveguide. Compared to previous work'>***', we implement spin
control sequences at a low magnetic field (B, = 81 G). This keeps the
hyperfine coupling strength comparable to the nuclear spin Larmor
frequency @, which allows us to perform nuclear spin quantum
gates in short times using a moderate number of CPMG pulses.

As the V2 centre ground state is a quartet, it directly provides
three exploitable spin subspaces (ms = [+3; + 3], ms = [+3; — ]
and mg = [f %; - %]) that allow us to implement vastly different
nuclear spin control sequences. Here, we focus on the subspace
mg = [Jr% )+ %] to demonstrate nuclear spin rotations around the
x axis for the first nuclear spin. The strong resonance signal in Fig. 4b
at Tepyg = 5.38 ps already indicates that electron and nuclear spins
are flipped. Ensuring precise rotations around the desired x axis
requires determination of the optimal waiting times ® (dubbed as
resonances), at which the electron spin signal due to the nuclear
spin precession is exactly commensurate with the CPMG pulse
spacing. To this end, we develop a generalized theoretical model to
describe CPMG resonances for weakly coupled nuclear spins® in
small magnetic fields (Supplementary Information). For each indi-
vidual nuclear spin, the resonances occur at

-1
. [ W1pT, ny, - n —1
Tzs]};i)rox = Tk (1 + sin ( 1/22 k) ( 1/2(2k izi) T )

Here, the integer number k indicates the resonance num-
(2k—Dz \/(msAL)Z + (msAH - CUL)2

ber, 7= =" mg = and

OmgNmg = MgA | ex + (msAH — a)L) e;. The unit vectors e, and e,
denote the nuclear spin rotation axes. For the first resonance, we
calculate rgéf,mx = 5.38 ps, in excellent agreement with the experi-
mental data. We now control the nuclear spin rotation angle by
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varying the number N of CPMG pulses at zcpmg = 5.38 ps. The
uncorrected raw data in Fig. 4c reveal that the electron spin signal
is modulated due to electron spin-controlled nuclear spin rotations
with near-unity fringe contrast, in excellent accord with the simu-
lated signal with no free parameters (Supplementary Information).
By varying the number of refocusing pulses, we implement relevant
quantum gates on the bi-partite system. The Bloch spheres in Fig.
4d visualize the electron spin-dependent rotation of the first nucleus
N, for N = 4 CPMG pulses. The net result is an opposite rotation
around the x axis, which can be used to implement an entangling
Hadamard gate. Figure 4e shows the rotation of the second nucleus
N,. The nuclear spin is decoupled as its rotation is (essentially)
independent of the electron spin state. By increasing the number
of refocusing pulses, we can rotate N, to implement additional
gates, such as the o, gate for N = 8, and the identity operation for
N = 16. For the three gates (the Hadamard, o, and identity), our
simulations show fidelities of 97%, 94% and 98%, respectively
(Supplementary Information). These high fidelities are in part due
to the fast implementation of gates using only a small number of
refocusing pulses for which electron spin decoherence is negligible.
In this sense, we emphasize that the small signal decrease in Fig.
4c for high pulse numbers (N > 20) is not associated with elec-
tron spin decoherence. The signal decrease stems from a minimal
remaining spin-dependent rotation of N,, which can be suppressed
with stronger external magnetic fields”. Our results underline
that waveguide-integrated V2 centres can be used for controlling
nuclear spins with high fidelities at cryogenic temperatures, promis-
ing implementation of quantum memories, quantum error correc-
tion and (distributed) quantum computational tasks.

Outlook

We demonstrated that V2 centres in 4H-SiC can be successfully
integrated into nanofabricated waveguide devices produced by RIE
techniques. We showed further that low-energy He* implantation
creates shallow V2 centres with high yield and good spatial accu-
racy. Despite using SiC crystals from completely different growth
processes, we observed nearly lifetime-limited absorption lines and
reported record Hahn echo electron spin-coherence times. The fact
that ideally oriented V2 centres in new a plane 4H-SiC can be used
for quantum applications offers a unique potential to further scale
up of semiconductor quantum technologies*.

To induce these steps, we outlined how to combine ideal pho-
tonic waveguide designs and implantation strategies that could be
used towards realizing cavity-based spin-photon interfaces with
high cooperativities'’. For maximum coupling efficiency, such
devices could be directly connected to optical fibres™.

To interfere multiple emitters, Stark shift tuning™ could be
used for both matching resonance frequencies and shaping optical
linewidths™. On-chip wavelength conversion to the telecom band
could be implemented by utilizing the »® and y® nonlinearities of
4H-SiC%, ultimately enabling large-scale memory-enhanced quan-
tum repeater networks®.

To scale up such networks, nuclear spin quantum memories and
processors represent a critical technology®. In this sense, we demon-
strated coherent control over individual nuclear spins and we imple-
mented relevant quantum gates with high fidelity. The amount of
controllable nuclear spins can be directly scaled up in isotopically
engineered samples”. In this regard, V2 centres are very promising
central spins as they can be operated at temperatures of up to T =
20 K before experiencing spin-optical coherence degradation®. The
high cooling powers of standard cryogenic equipment at these tem-
peratures make it possible to operate experiments at full duty cycle
while controlling nuclear spins with high-power radiofrequency
drives.

Overall, these results corroborate that V2 centres in SiC are
attractive for developing large-scale quantum networks based on
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integrated quantum computational clusters with efficient spin-pho-
ton interfaces.
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Methods

Sample preparation. We used two different samples for the implantation and
waveguide experiments.

For the implantation experiments, we used a 110-pm-thick 4H-*Si"*C
silicon carbide layer that was grown by chemical vapour deposition on the ¢
plane of a n-type (0001) 4H-SiC wafer. The isotope purity was estimated to be
[281] > 99.85% and [**C] > 99.98%, which was confirmed by secondary ion
mass spectroscopy for one of the wafers in the series. After chemical mechanical
polishing of the top layer, the substrate was removed by mechanical polishing and
the final isotopically enriched free-standing layer had a thickness of ~100 pm.
Current-voltage measurements at room temperatures showed that the layer is
n-type with a free carrier concentration of ~6 x 10"*cm=. This value is close to the
concentration of shallow nitrogen donors of ~4 X 10" cm~?, which was determined
by photoluminescence at low temperatures. Deep level transient spectroscopy
measurements showed that the dominant electron trap in the layer is related to the
carbon vacancy with a concentration in the mid 102 cm= range. Minority carrier
lifetime mapping of the carrier showed a homogeneous carrier lifetime of ~0.6
ps. Since the lifetime was measured by an optical method with high injection, the
real lifetime is expected to be double that, so ~1.2 ps. Such a high minority carrier
lifetime indicates that the density of all electron traps should not be more than
mid 10" cm=. To investigate colour centres from the a side of the samples, they
were cleaved to obtain a reasonably smooth surface morphology. Samples were
investigated with fluorescence microscopy and no defect centres were found.

For the waveguide experiments, we used a 28-pm-thick 4H-*Si"C silicon
carbide layer that was grown by chemical vapour deposition on an a-plane n-type
4H-SiC wafer. Isotope concentration is estimated to be similar to the above-described
c-plane samples. However, we found an increased incorporation of nitrogen donors
in the ~3 X 10" cm™ range, which attributes to slightly increased optical linewidths.
The surface roughness of this sample was measured to be below 0.4 nm via an atomic
force microscope. Defects in this sample were generated using electron irradiation
at 2MeV with a fluence of 2 kGy. After irradiation, the sample was annealed at a
temperature of 600 °C for 30 min to remove some interstitial-related defects.

Spin manipulation. For all spin manipulation experiments, MW was provided
through a 50-um-diameter copper wire that was placed within a 50-100 um
distance from the investigated colour centres. MW signals were generated using
signal generators (Rohde & Schwarz SMIQO03b and SMIQ02b) and subsequent
switches (MiniCircuits ZASWA-2-50DRA+). MW signals were combined using
MW splitters, followed by a 20 dB amplifier stage. Typical MW power levels at the
wire were 15-20 dBm.

He implantation process. To generate defects via He* ion implantation, we
spin-coated a 200-nm-thick 200 K PMMA layer. Electron beam lithography was
carried out in a Raith Eline apparatus with 20kV acceleration voltage, 10 pm
aperture and an exposure dose of 270 pC cm. After exposure, the sample was
placed in a micro-beam implanter (ion gun) with a He* source and a Wien filter.
He* ions were accelerated at 6keV and implanted into the sample at a dose of 10"
ionscm™. After removing the PMMA mask, the sample was annealed at 600 °C for
30 min in argon atmosphere to remove some interstitial-related defects.

RIE process. To create suspended waveguide structures, a double-layer PMMA
mask (950K and 200K) was patterned using electron beam lithography. A
200-nm-thick nickel mask was evaporated onto the surface of the sample. The
pattern was transferred onto SiC via a SF, plasma etching process (20 sccm,

7.5 mTorr, —20°C, RIE power of 100 W). After completing straight and angled
etching processes, mask residuals were removed by immersion into diluted nitric
acid (HNO,). Thereafter, the sample was annealed at 600 °C for 30 min in argon
atmosphere to remove some interstitial-related defects.

Photonic modelling. To model the light propagation in SiC waveguides, we used
finite-difference time-domain simulations in Lumerical 2020a software. Colour

centres were simulated as horizontally oriented point dipoles at 917 nm, placed
inside triangular waveguides with n = 2.6 refractive index and mesh size of 20 nm.
Mode coupling was monitored for six lowest energy modes supported in the
waveguide and coupling efficiencies were evaluated after 10 um of propagation.

Data availability
Source data are provided with this paper and at https://doi.org/10.18419/darus-
2107. Any further data are available from the corresponding author upon request.

Code availability
Fits to the data were made using Python software. The fit functions, parameters
and simulations of hyperfine interactions can be made available upon request.
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