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This paper discusses the trends and approaches in developing the material base for quantum technologies using
silicon carbide enhanced through isotope engineering. A comprehensive review of international research projects
focused on the study and development of isotopically modified silicon carbide as a cutting-edge platform for
quantum technologies is presented. The paper includes results from the characterization of isotopically modified
2" (2inch) #SiC produced at the Ioffe Institute, using secondary ion mass spectrometry, optical spectroscopy, and
microwave spectroscopy. The study identifies two families of optically active spin centers in irradiated isotopically
modified crystals: triplet centers (S = 1), including divacancies (Vs;-V¢) and nitrogen-vacancy (NV) defects, and
quadruplet centers (S = 3/2), associated with negatively charged silicon vacancies (Vg ). These spin centers are
widely utilized in the development of quantum sensors, qubits, and other quantum information technologies. The
findings open new possibilities for exploring the properties of optically active high-spin centers in isotopically pure

silicon carbide matrices.
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1. Introduction

Modern quantum technologies require the development
of new materials with unique properties [1,2].  The
creation of isotopically pure semiconductors, in particular,
silicon carbide is one of the promising fields in this re-
spect [3-5]. This material has several advantages, combining
the semiconductor properties of silicon, strength, thermal
conductivity and chemical resistance of diamond.

Of particular interest are optically active defects in SiC,
which have a high-spin ground state. Defects such as
divacancies, NV-centers, and silicon vacancy centers can
be used for quantum information processing, quantum
magnetometry, and thermometry, as well as biosensors with
submicron spatial resolution [1-5].

It is necessary to control the isotopic composition of the
material for the effective application of SiC in quantum
technologies. Isotopically unmodified SiC contains 4.7% of
2Si isotope with nonzero nuclear spin (I = 1/2), which
may limit the coherence times of quantum states [3-5].
Isotopic enrichment can significantly reduce the content of
298, replacing it with stable non-magnetic isotopes of silicon
BSi (I =0, 92.2%), 3°Si (I =0, 3.1%), thereby increasing
the spin coherence times of defects [3-6).

Work aimed at obtaining isotopically modified silicon
carbide for quantum technologies is currently actively
underway in many research institutes and groups and is
supported in all major countries at the level of national
development programs. As an example, it makes sense to
analyze the development of this field in Europe and the
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USA. Fraunhofer IISB has been studying the SiC growth
using the isotopes 28Si and '?C since 2023 to improve the
characteristics of qubits and single-photon sources based on
spin defects. SPINUS project [7] funded by the Horizon
Europe program, develops experimental platforms based on
spin qubits for quantum simulations and calculations, with
the participation of 12 partners from different European
countries. QRC-4-ESP project (Quantum Reservoir Com-
puting for Efficient Signal Processing) [8] launched in 2024,
aims to create quantum computing systems using super-
conducting qubits and defects in SiC. QRC-4-ESP includes
7 university centers and research organizations from various
European countries, including Germany, Great Britain, Swe-
den, France, Finland, Hungary and Switzerland. SiCqurTech
(Silicon Carbide Qubits towards a Fab-Ready Technology)
project [9] develops the integration of spin centers in SiC
into photonic chips for quantum communication networks,
focusing on technologies ready for industrial production,
which is justified due to the fact that two-inch technology is
well mastered in the case of silicon carbide. The project
involves institutions such as the Luxembourg Institute
of Science and Technology (LIST), Friedrich-Alexander
University and ETH Ziirich from Switzerland. Active studies
in the field of SiC-based quantum technologies are also
conducted in the USA. Several scientific consortia have
been established for this purpose. Established in 2020,
Q-NEXT [10] brings together roughly 100 experts from
three national laboratories, 10 universities and 14 technology
companies. Quantum Science Center of Q-NEXT studies
spin defects in SiC for quantum sensors, memory, and
quantum communication. Oak Ridge National Laboratory
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ORNL [11] studies defects in SiC, investigating the effect of
isotopes on the properties of quantum centers. These studies
are aimed at unlocking the potential of SiC as a platform for
sustainable and scalable quantum systems, which is of key
importance for the development of quantum technologies.
It is worth emphasizing that the above examples include
only large projects implemented within the framework
of significant R&D programs or research centers created
separately for these tasks.

Our group has been studying the growth of high-quality
isotopically modified silicon carbide and its use in quantum
technologies for a relatively long time. We have proposed
some applications of isotopically modified silicon carbide
for quantum technologies such as quantum magnetometers
starting from 2015 [12], we also conducted pioneering
studies of the coherent and spin properties of defects in
such crystals [4,6], on the basis of which it is currently
proposed to create quantum information systems. It is worth
noting the recent results of the creation of negatively charged
nitrogen vacancy defects in isotopically enriched 6H-28SiC
by irradiating the latter with high-energy particles (electrons,
protons, neutrons) with subsequent annealing [13,14].

We demonstrate in this paper the possibility of growing
high-purity silicon carbide with a diameter of 2”7 (50.8 mm)
by the sublimation method enriched in the nonmagnetic
isotope 28Si to 99.8%. We show the possibility of creating
the main types of centers in such crystals, which are
offered today for the development of quantum technologies.
Namely, NV-centers and divacancies (P6/P7 or VVOcenters)
with S=1 [13-16], as well as negatively charged silicon
vacancies (Vg ) with S=3/2 [17,18]. The basic spin
and optical properties of these defects are illustrated in
Figure 1, and their spectroscopic characteristics are summa-
rized in Table 1. As shown in Figure 1, these defects have
an optically induced spin alignment that differs significantly
from the Boltzmann distribution, which allows them to
be used as optically addressable qubits [19,20], the basis
for masers active in a wide temperature range, up to
room temperature [21,22], and also, given the intense
photoluminescence and high-tech nature of silicon carbide,
to create sources of single photonic [17,20,23,24] and spin-
photonic interfaces [1,3,25], which are the basis of quantum
information technologies. The uniqueness of the results
presented in this paper is to demonstrate the first suc-
cessful steps towards scalable quantum technologies based
on isotopically modified silicon carbide in an industrially
developed two-inch technology. It is worth emphasizing that
our results open up the opportunity for studying all three
main color centers offered today for quantum technologies
within a single crystal matrix with a controlled isotopic
composition. This opens up prospects for a comparative
analysis of their properties under identical conditions, which
is especially important for optimizing the parameters of SiC-
based quantum devices.

2. Experimental part

Crystals of silicon carbide 6H-%SiC with a reduced
content of the magnetic isotope *’Si (I = 1/2) were grown
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by high-temperature physical vapor transport (PVT) [31]
using a precursor enriched in the isotope 28Si. 6H-SiC
substrate with a natural content of silicon and carbon
isotopes was used as a seed: ¥Si (I =1/2, natural
prevalence 4.7%), 2Si (1 =0, 92.2%), 3Si (I = 0,3.1%),
and 2C (1 =1/2,989%), 3C (1 =1/2,1.1%). A com-
mercially available isotopically pure source of 28Si in
powder form produced by State Corporation ,Rosatom®
was characterized by a purity level of 99.98% in terms
of the content of the specified isotope. Thus, the content
of stable isotopes in the precursor — the non-magnetic
isotope 3°Si and the magnetic isotope 2°Si is reduced by
more than 10 times. The concentrations of the main
impurities in the grown sample and the isotopic composition
of silicon in the grown samples were evaluated by secondary
ion mass spectrometry (IMS 7f, CAMECA). The control
measurement of the concentration of the isotope 28Si was
carried out by analyzing the intensity of the components of
an ultrathin structure in the spectra of electron paramagnetic
resonance (EPR) of Vg centers. EPR spectra in both
continuous and pulsed modes were recorded on commercial
BrukerESP300 and E680 spectrometers in the frequency
ranges of 94GHz (X-band) and 94GHz (W-band), re-
spectively. Pulse spectra were obtained by recording the
integral intensity of the electron spin echo (ESE) as a
function of magnetic field sweep B using a sequence of
Khan pulses 7/2-7-7-r — ESE. The pulse duration /2
is 44 ns, and 7 = 280 ns. The main part of the experiments
was conducted at room temperature (T = 300K) and with
optical excitation by IR lasers (1 = 785; 808 and 980 nm).
The ESE spectrum of divacancies was measured at a tem-
perature of 50K using a flow-through helium cryostat from
Oxford Instruments to cool the sample. Microphotolumines-
cence experiments (u-PL) were conducted using T64000
spectrometer (Horiba Jobin-Yvon, Lille, France) equipped
with a confocal microscope and a silicon CCD matrix
cooled to liquid nitrogen temperature. A laser 1 = 785 nm
was used to excite luminescence. The PL spectra were
recorded using diffraction grating 600 grooves/mm. Vg
centers were created by irradiation of the grown sample
by electrons with an energy of 2MeV and a dose of
2-10"%cm~2. Divacancies and NV~ defects were created
by the annealing of the irradiated sample at a temperature
of 900°C for 2h in an argon atmosphere [13,32].

3. Results and discussion

Figure 2 shows a photograph of a plate with a diameter
of 2" of single-crystal 6H-2SiC. The same figure shows
the results of the sample analysis by secondary ion mass
spectrometry (SIMS) for the main uncontrolled impurities
(nitrogen, oxygen, boron, aluminum) and isotopic compo-
sition. It can be seen from the SIMS data that the upper
limit of the nitrogen concentration is 1.5-107cm™3, and
the concentration of p-type compensating impurities (B, Al)
is an order of magnitude lower.

Thus, the grown sample contains a concentration of
nitrogen admixture uncompensated by acceptors of the
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Table 1. Designations of optically active Vg centers with spin S= 3/2, NV~ centers and divacancies with spin S=1 in 6H-SiC. The
corresponding phononless lines in the PL spectra are given in nm, the values of the splits in the zero magnetic field (D for S=1 and 2D
for S= 3/2) taking into account the sign of the fine structure constant D, given in MHz

Vg [17,18,26] NV~ [13,27] VV? [28,29,30]
ZPL Vi A% V3 NViike NVioki NVhn VViike VViokt VVin
E,nm 865 887 906 1155 1227 1183 1139 1093 1135
ZFS,
MHy, -27 +128 27 +1355 +1278 +1328 +1300 +1342 +1334
a 7S b
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Figure 1. (a) View of 6H-SiC lattice in the plane (1120). Silicon, carbon, and nitrogen atoms are shown in blue, brown, and green,
respectively. The hexagonal (h) and quasi-cubic (K1, k2) unequal positions are indicated respectively. Vacancies of silicon and carbon
are indicated by dotted lines, paired defects of NV and divacancies are shown by rectangles. (b) Energy structure of levels in the optical
pumping cycle of spin sublevels of triplet centers (NV~, VV°) and quadruplet centers (Vg ). The dotted arrows show spin-dependent
recombination from the excited state (ES) to the ground state (GS) through the metastable state (MS) under the action of near-infrared
optical excitation (NIRexc). Spin-dependent IR luminescence is designated as NIRPL. The separation of spin sublevels in the absence of
a magnetic field is indicated by the fine structure parameter D. Two ground state occupation diagrams are provided for Vg depending on

the sign of the fine structure parameter that determines the order of the spin sublevels.

order 10" ¢cm=3. Isotopic analysis shows that the degree

of enrichment of the grown SiC sample with the non-
magnetic 28 silicon isotope is 99.799%, which is in good
agreement with the specification of the precursor, and a
slight deviation of 0.1% can be explained by autoloading
silicon from 6H-SiC substrate used as a seed.

Irradiation of 6H-28SiC sample by electrons leads to the
creation of vacancy centers, of particular interest of which
is the negatively charged silicon vacancy, characterized
by spin and optical properties shown in Figure 1,5 and
the parameters specified in Table 1, namely, a set of
phononless lines V1, V2, V3 in the photoluminescence
spectrum, splitting of spin sublevels of the ground state
S=3/2 in a zero magnetic field, and optically induced
alignment of spin sublevels. This set of characteristics is

illustrated in Figure 3. Namely, the spectrum of low-
temperature photoluminescence is shown in Figure 3,a.
The three phononless lines V1, V2, V3 and their position
in the spectrum clearly indicate the presence of silicon
vacancies in the crystal in a negative charge state. Figure 3, b
shows the EPR spectrum recorded in the X-band with the
orientation of the magnetic field B || ¢ and optical excitation
of the sample by 4 = 808 nm laser. This EPR spectrum
unambiguously proves the presence of Vg centers in the
studied sample [17,19]. In this orientation of the magnetic
field, the magnitudes of the magnetic field splits between the
resonant components of the fine structure, indicated on the
spectrum as AB(V2) and AB(V1,V3) are equal to 9.1 mT
and 1.9mT, respectively. Based on the fact that in this
orientation AB = 4D /gug, where g is a factor of 2.00, and
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Figure 2. A photo of a polished plate of 2"”6H-*SiC is provided on the left. SIMS analysis data showing the concentrations of the main
uncontrolled impurities are provided on the right: N, B, Al and the content of 2Si, ?Si, *Si isotopes.

Up is a Boron magneton, the ZFS value equal to 2D can be
easily calculated as equal to 127.4 MHz for centers V2 and
26.6 MHz for centers V1/V3, which is in good agreement
with Table 1. An important feature of the spectra is the
phase inversion of EPR signals in each pair of fine-structure
components, which indicates the creation of an optically
induced alignment of spin sublevels, as schematically shown
in Figure 1, b and in the insert of Figure 3, b.

After the presence of Vg centers in isotopically pure
SiC was unambiguously shown by a set of spectroscopic
characteristics, we performed an independent additional
assessment of the isotopic enrichment of silicon carbide with
the non-magnetic silicon 28 isotope, taking into account that
the intensity of the hyperfine interaction (HFI) satellites of
the electron spin of Vg centers with nuclear magnetic
moments of the SiC lattice, observed in the EPR spectra
(shown by arrows in the insert of Figure 3, ), are propor-
tional to the concentration of the magnetic isotope 2Si.

Indeed, the intensity of each fine structure line corre-
sponds to the EPR transitions between the electron spin
sublevels for which there is no HFI, that is, it corresponds to
the interaction with the nuclear spins 28 and 30 of the silicon
isotope, for which | = 0. The accompanying doublets of
hyperfine lines with splitting 0.29 mT, occur as a result of
HFI with one atom of #Si (I = 1/2) among the 12 nearest
neighbors of the sublattice Si [33,34]. The intensity ratio
between the total intensity of the two components of the
HEFT and the central line of the fine structure is 0.126. Taking
into account that the intensity of the HFI line is determined
by the probability of the presence of one 2°Si atom among
the 12 nearest neighbors in the lattice Si(P;), while the
intensity of the center line is determined by the probability
that all 12Si atoms have | =0(Py) it is possible to
determine the concentration of 2°Si. Namely, the probability
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Table 2. Spectroscopic parameters of NV-centers used in
calculating the positions of EPR lines according to the spin
Hamiltonian (1)

Defect g D, MHz
NViike 2.0045 1358
NVin 2.0044 1331
NViaki 2.0046 1282

that a lattice site is occupied by an odd isotope is defined as
Pm=CiX™(1 — X)" ™ where m is the number of nodes
occupied by the isotope, n is the number of equivalent
lattice sites considered in the calculations, and X is the
isotope concentration #Si. Thus, P; = 12X - (1 — X)!!
and Py = (1 — X)!2. Using the intensity ratio of 0.126, we
obtain X = 0.0103, which corresponds to 2°Si content of
approximately 1% in the sample. Modeling of the shape
of the EPR line, performed using Bruker BioSpin software,
taking into account 2?Si content of 1%, is shown by red color
in the insert in Figure 3,b. The good agreement between
the experimental spectrum and the simulated spectrum
confirms the correctness of our calculations. Thus, it
follows from the EPR spectrum that the concentration of
the magnetic 2°Si isotope is reduced by 4.7 times.

Further, using pulsed EPR in the W-band (94 GHz),
we studied irradiated 6H-?8SiC crystals annealed for two
hours at a temperature of 900°C in an argon atmosphere
to demonstrate the creation of isotopically pure samples of
NV~ centers and divacancies. The EPR spectrum recorded
in the electron spin echo mode with the orientation of the
magnetic field B || ¢ and with constant optical excitation
by 4 =964nm laser is shown in Figure 4. Three pairs
of lines are observed in the spectrum, designated as NVpp,
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NVioki and NViko. The structure of the spectrum indicates
splitting in a zero magnetic field between the spin sublevels
of triplet defects. The spectrum can be described by a
spin Hamiltonian of axial symmetry of the form (1), which
includes a Zeeman term and a term reflecting the splitting
of spin sublevels in a zero magnetic field, leading to the
appearance of a fine structure in the EPR spectrum:

H =gupB-S+D(S —2/3), (1)

where S is the electron spin operator, B is the con-
stant magnetic field, D is the fine structure para-
meter corresponding to the ZFS value in Figure 1,aq,
S is the spin projection operator of the triplet cen-
ter.  Calculation of the experimental spectrum using
this Hamiltonian, performed in the EasySpin program
with the parameters: NVpag = 2.0044, D = 1331 MHz;

Bol | T=15K, Ay =785 nm 6H-28SiC  a
SEL V3
Es|
IR
D-4:|||| oo S S T S S T S T T S T T S S N S
860 870 880 890 900 900 920
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Q
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o
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332 334 336 338 340
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Figure 3. (a) Photoluminescence spectrum of an electron-

irradiated 6H-8SiC sample was detected with excitation by
A =785nm laser and temperature of T = 15K. The set of
phoneless lines of Vg centers is indicated by the generally
accepted abbreviation V1/V2/V3 [17,18]; the position of the lines
corresponds to the data given in Table 1. (b) The EPR spectrum
of 6H-*SiC sample, recorded at room temperature and optical
excitation of the sample with 2 = 808 nm laser. The orientation
of the permanent magnetic field is B || ¢. The signals of the
EPR centers Vg are indicated by arrows. The insert on the right
schematically shows the inverse occupation of spin sublevels under
the action of optical pumping. The insert on the left shows the low-
field component of Vg centers in the magnified scale. The vertical
arrows indicate the doublet of the HF component with splitting
0.29 mT, resulting from HFI with one atom *Si. The experimental
spectrum is shown by a solid black line, and the modeled EPR
line with a concentration of ?Si 1% is shown by a dotted red line.
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Figure 4. Pulse EPR spectrum of sample of 6H-2SiC, irradiated
with electrons and annealed at 900°C, recorded at T = 300K
and with excitation by 4 = 980nm laser. The orientation of the
magnetic field is B || ¢. The resonant magnetic fields corresponding
to the allowed transitions between the spin sublevels of triplet
centers are designated as NV, NVioki and NViik. The dotted
line shows the calculated spectrum using (1) and the parameters of
Table 2. The insert shows the spectra recorded at a temperature of
T = 50K with optical excitation by A = 980 nm laser and without
it (dark).

NViokig = 2.0046, D = 1282MHz; NVyjk20g = 2.0045,
D = 1358 MHz, shown on Figure 4 by a dotted line. The
triplet state and spectroscopic values correspond to NV~
centers of axial symmetry in 6H-SiC. The inversion of the
signals of the high-field components of the fine structure
inside each pair of triplet lines indicates the predominant
occupation of the spin sublevel with the projection of spin
ms = 0 created by optical excitation. The insert of Figure 4
shows a fragment of the spin echo spectrum recorded at
a temperature of T =50K. The lines in the spectrum,
designated as VVpn, VViake and VVigko, correspond to
another family of triplet centers, namely the divacancies
(Vsi-Ve) in the neutral charge state [15,16].

4. Conclusion

This paper presents current trends in world scientific
practice in the field of quantum technologies using in-
dustrial semiconductor material silicon carbide. We have
demonstrated the possibility of obtaining of 2" of a single-
crystal 6H-28SiC in Toffe Institute of Physics and Technology
using isotopically pure silicon obtained in ROSATOM as
a precursor. Taking into account that the scientific and
technological side of the study and production of various
isotopes is traditionally considered one of the strongest sides
of Russian science [33,34], the development of quantum
technologies based on high-spin defects in isotopically pure
SiC, in our opinion, is particularly promising. We also
demonstrated the technology of creating spin centers, Vg,
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NV~ and VV?, with the property of spin alignment under

the action of optical pumping, in grown crystals.

These

results can be considered the basis and starting point for the
development of quantum technologies based on isotopically
modified silicon carbide.
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