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Carbon vacancy-related centers in 3C-silicon carbide: Negative-U properties
and structural transformation

H. J. von Bardeleben
Sorbonne Université, Institut des Nanosciences de Paris, UMR 7588 au CNRS 4, place Jussieu, 75005 Paris, France

E. Rauls
University of Stavanger, Institutt for Matematikk og fysikk, Kristine Bonneviesvei 22, 4036 Stavanger, Norway

U. Gerstmann
Department Physik, Universität Paderborn, Warburger Straße 100, 33098 Paderborn, Germany

(Received 31 January 2020; revised manuscript received 10 April 2020; accepted 20 April 2020;
published 11 May 2020)

Combining electron paramagnetic resonance (EPR) spectroscopy and first-principles density functional theory
calculations we have identified the carbon monovacancy center and a second carbon vacancy-related defect,
the carbon vacancy–carbon antisite defect in 3C-SiC. In close analogy to the vacancy in silicon, the carbon
vacancy in 3C-SiC with its four potentially equivalent silicon dangling bonds shows a strong Jahn-Teller effect,
confirming previously predicted negative-U properties. High-temperature annealing (above 700 °C) of electron
or proton irradiated samples anneals out the primary silicon monovacancies and generates a new defect, which
we assign to the carbon vacancy–carbon antisite complex. As predicted by theory, this defect is the result of a
structural instability of the silicon vacancy in the positive charge state, which transforms at high temperatures
according to VSiC4 → VCCSiC3. Both defects are deep donors and thus not suitable for achieving semi-insulating
properties.
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I. INTRODUCTION

Among the intrinsic defects in silicon carbide, vacancies
and interstitials are the most-simple conceptual ones and are
also the building blocks of more complex defects such as
divacancies or vacancy-donor associates. Their study is of
fundamental and technological interest as they modify the
electrical and optical properties. In the hexagonal polytypes
4H and 6H both silicon and carbon vacancy-related defects
have been investigated in much detail, both experimentally
([1–8]; for a recent review, see Ref. [9]) and by theory
[10–16]. This is not the case of the cubic polytype 3C-SiC,
where the carbon monovacancy, for example, has escaped any
detection. We focus in this study on the investigation of carbon
vacancy-related defects introduced by particle irradiation.

Even though the observation of a paramagnetic defect (T5)
attributed to the carbon monovacancy in 3C-SiC has been
reported many years ago by Itoh et al. [1], this assignment has
been shown to be erroneous. The first assignment had been
made in the absence of any modeling. In 2002, Petrenko et al.
[4] showed, based on the analysis of the experimental hyper-
fine interactions, that the T5 center is actually the positively
charged carbon-split interstitial (C-C)C, which is the stable
configuration of the carbon interstitials in all SiC polytypes.
Since then, i.e., for nearly two decades, no new experimental
observation concerning the carbon monovacancy in 3C-SiC
has been reported. In other words, a clear experimental fin-
gerprint of the isolated carbon vacancy in 3C-SiC was still

missing. Theory has predicted the carbon monovacancy to
have multiple stable charge states ranging from 1− to 1+
in all three polytypes [10–15]. Both the 1− and 1+ charge
states are paramagnetic with spin S = 1/2 ground states and
should thus be observable by electron paramagnetic resonance
spectroscopy (EPR); in the neutral charge state both S = 0
and spin S = 1 ground states had been predicted. Here we
report the observation and identification of this defect in the
1+ charge state.

In the second part of this work we have investigated a sec-
ond carbon vacancy-related defect in 3C-SiC. It is produced
by the structural transformation of the silicon monovacancy
defect at high temperature: by a nearest-neighbor hop of a
carbon atom near a silicon vacancy a carbon vacancy–carbon
antisite complex is formed. This instability had been previ-
ously predicted in 3C-SiC by theory but not evidenced by
experiments.

An additional motivation for this work is the recent interest
in the application of intrinsic defects in SiC in quantum
technology as qubits [17–24] and nanoscale sensors for tem-
perature and magnetic fields [25,26]. In 3C-SiC the divacancy
and the nitrogen-vacancy (NV) center [22,23] have been
particularly studied; very recently the carbon vacancy–carbon
antisite defect in 3C-SiC has also been suggested to be a
promising single-photon source [26], but this assignment had
still to be confirmed.

In this work we have applied particle irradiation for the
controlled formation of the carbon and silicon vacancy-related
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intrinsic defects and investigated by combined EPR spec-
troscopy and ab initio calculations their microscopic and
electronic structure.

II. EXPERIMENTAL DETAILS

In this study we used commercially purchased (Hoya
Corp., Japan) 250-μm-thick (100)-oriented nitrogen-doped
n-type 3C-SiC samples as starting material. The carrier con-
centration is in the 2 × 1017cm−3 range. The samples were
cut to typical dimensions of 4 × 5 mm2. They were irra-
diated at room temperature either with high-energy elec-
trons (0.3 …2 MeV) or protons (2 MeV) to fluencies up to
1018cm−2. The samples were kept at room temperature and
their defect properties were found to be stable over months.
Some of the samples were annealed at high temperature
(700 °C–900 °C) to investigate the thermal stability of the
defects. In particular, we wanted to study the predicted in-
stability of the silicon monovacancy in the 700 °C temper-
ature range. Therefore some samples were furnace annealed
between 700 °C and 900 °C in an inert atmosphere. The EPR
measurements were performed with a commercial BrukerX-
band (9 GHz) spectrometer in the temperature range between
4 and 300 K. The spectra were recorded in a standard way with
100 kHz field modulation and lock-in detection. The spectra
were measured either under thermal equilibrium conditions
or under in situ photoexcitation. For the photoexcitation we
disposed of different diode lasers in the 650–980 nm range
with maximum 100 mW output. The angular variations of the
EPR spectra were simulated with the program “Visual EPR”
from Grachev [27].

III. COMPUTATIONAL DETAILS

The calculations of the spin Hamiltonian parameters for
reasonable carbon vacancy-related defects were performed
within density functional theory (DFT). The defect structures
were modeled with 512-atom 3C-SiC supercells using the
QUANTUM ESPRESSO software [28,29]. The hyperfine (hf)
coupling constants as well as the elements of the electronic g
tensors were calculated with the GIPAW module of QUANTUM

ESPRESSO [28] using a shifted 3 × 3 × 3k-point sampling.
We have used the Perdew-Burke-Ernzerhof (PBE) functional
[30] for both geometry optimization and EPR parameter
calculation along with norm-conserving pseudopotentials and
a plane-wave (PW) basis set with kinetic-energy cutoff of
90 Ry. For the calculation of charge transition levels, how-
ever, we use the concept of the Slater-Janak transition state
[31,32] together with the PBE + U approach, whereby a U
value of 4.7 eV was applied onto the carbon 2p electrons,
in order to adjust the fundamental gap to the experimental
value of 2.39 eV. In GaN, the same approach was shown
to provide charge transition levels in very good agreement
with those predicted by a hybrid functional [33]. For small
64-atom supercells we evaluated this method for the present
3C-SiC case against fully relaxed Heyd-Scuseria-Ernzerhof
calculations [34] and obtain within 5% the same (i.e., slightly
smaller) charge transition levels and excitation energies. For
the large 512-atom supercell, the PBE + U approach allows a
structurally fully relaxed self-consistent field treatment, where

such an application of hybrid functionals is still prohibitively
expensive.

IV. RESULTS AND DISCUSSION

Before irradiation the samples display only the EPR spec-
trum of the neutral nitrogen donor [35]. After irradiation we
observe two previously identified defects: (i) the negatively
charged silicon vacancy VSi

−, a high-symmetry, high-spin
S = 3/2 center with vanishing magnetic anisotropy (D = 0)
[1] and (ii) the positively charged carbon dumbbell (C-C)C

+

[4], a spin S = 1/2 defect. As both spectra have been reported
before, they will no longer be discussed here.

Under photoexcitation at low temperature we observe in
addition a new spin S = 1/2 center, which is the object
of this study. It is characterized by an unusual tetragonal
point symmetry D2d .We assign this center as shown in the
following to the carbon monovacancy in the 1+ charge state
(VC

+).When the irradiated samples were annealed at high
temperature (700 °C–900 °C), the silicon monovacancy VSi

−
and the carbon dumbbells (split interstitials) were no longer
observed. Instead an additional new spin S = 1/2 center was
generated, which we attribute to the positively charged carbon
vacancy–carbon antisite complex.

A. Carbon monovacancy

In Fig. 1(a), we show a typical EPR spectrum of an irra-
diated, nonannealed sample before and under photoexcitation
at T = 4 K. Before photoexcitation we observe the nitrogen
shallow donor spectrum with spin S = 1/2, which displays
a triplet structure due to the hf interaction with 14N nucleus
[35]. Under photoexcitation a new irradiation-induced EPR
spectrum is superimposed. It is characterized by a much
smaller linewidth of �Bpp = 200 mG . For the orientation of
the magnetic field parallel to the [001] axis, this spectrum is
composed of two lines with an intensity ratio 1:2 and g values
of g1 = 2.0026 and g2 = 2.0064, respectively. For an arbi-
trary orientation of the magnetic field in the (110) plane the
spectrum is composed of two lines. In Fig. 1(b) we show the
experimental results of the angular variation of the resonance
fields for a rotation of the magnetic field in the (110) plane.
This angular variation of the EPR spectrum demonstrates an
unusual tetragonal point symmetry D2d which can be fitted
with the spin-Hamiltonian parameters S = 1/2 and an axial
g tensor with principal values g‖100 = 2.0064 and g⊥100 =
2.0024 (Fig. 1).

The small linewidth allows us to resolve also hyperfine
interactions, a key parameter for establishing a microscopic
model. We observe both central (chf) hyperfine and superhy-
perfine (shf) lines, the intensities of which are characteristic
for the interaction of the electron spin with 4 Si atoms and 12
C atoms, respectively [cf. Fig. 1(c)]. This intensity distribution
is characteristic for a carbon site defect, which has 4 Si nearest
neighbors and 12 C next-nearest neighbors. The strongest chf
interaction is with the nearest Si neighbors. The chf interac-
tion could be resolved for B ‖ [001] and B ‖ [111] (Table I).
For B ‖ [001] the experimental value is 42 × 10−4cm−1. The
shf parameter is nearly isotropic and has a value of about 3.5
G (for further details, see Table I).
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(a) (b)

(c) (d)

FIG. 1. (a) EPR spectrum of the VC
+ center in electron-irradiated 3C-SiC: (top) before excitation only the neutral N◦ spectrum is observed;

(bottom) photoexcitation generates the VC
+ spectrum and increases the intensity of N◦; T = 4 K and B ‖ [001] (b) Experimental (red squares)

and simulated (red circles) angular variation of the VC
+ EPR spectrum and the isotropic spectrum of N◦ (blue circles). (c) EPR spectrum for

B ‖ [001] showing the central hyperfine interaction with 29Si. (d) EPR spectra of the VC
+ center for three orientations of the magnetic field

showing the resolved superhyperfine (shf) interaction (in G) with 29Si; T = 4 K.

TABLE I. Spin-Hamiltonian (EPR) parameters (experimental and calculated) of the positively charged carbon vacancy VC
+ in 3C-SiC and,

for comparison, those of the positively charged silicon vacancy V + in Si (G1 center).

VSi
+(G1) VC

+

Material Silicon 3C-SiC

Spin 1/2 1/2
Symmetry D2d D2d

g tensor, g‖100 = 2.0087 g‖100 = 2.0064
Expt. g⊥100 = 1.9989 g⊥100 = 2.0026
Theory (this work) g‖100 = 2.0076 g‖100 = 2.0067

g⊥100 = 1.9982 g⊥100 = 2.0023
29Si chf, |A‖| = 43.9 × 10−4 cm−1 |A‖001| = 42 × 10−4 cm−1

Expt. (10−4 cm−1) |A⊥| = 29.8 × 10−4 cm−1 |A‖111| : 51 × 10−4 cm−1/40 × 10−4 cm−1/37 × 10−4 cm−1

Theory (10−4 cm−1) A33 = −43.7 × 10−4 cm−1

(this work) A22 = −31.4 × 10−4 cm−1 A33 = −54.7 × 10−4 cm−1

A11 = −30.8 × 10−4 cm−1 A22 = −38.8 × 10−4 cm−1

A11 = −38.1 × 10−4 cm−1

|A‖001| = 41.8 × 10−4 cm−1

|A‖111| : 54 × 10−4 cm−1/42 × 10−4 cm−1/39 × 10−4 cm−1

29Si shf, expt. ASHF,expt. = 3.3 . . . 4.5 G
theory (this work) ASHF,DFT = 3.3 . . . 4.9 G
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TABLE II. Predicted carbon monovacancy ground-state properties in 3C-SiC: Besides total spin S, symmetry, and related Jahn-Teller
energies (up to 0.5 eV), the charge transition levels are given, with (+/0) < (2 + /+), i.e., a strong negative-U effect and direct (2+/0)
recharging at EVB + 1.61. We note that in silicon (this work) and 4H-SiC [10] much smaller Jahn-Teller energies (below 0.2 eV) are calculated.

Charge state 2+ + 0

Total spin S 0 1/2 0
(Point group) symmetry Td D2d (C3v − 0.042 eV) D2d (C3v − 0.321eV)

(Td − 0.203 eV) (Td − 0.503 eV)
Charge transition levels (2 + /+) = EVB + 1.73 eV (+/0) = EVB + 1.52 eV

An obvious candidate for this center is the carbon monova-
cancy in the 1+ charge state (Table II). Indeed, the carbon
vacancy is an expected primary irradiation-induced defect
and its presence is indirectly indicated by the observation
of carbon dumbbell centers. Early cluster calculations by
Petrenko et al. [11] of the VC

+ center in 3C-SiC had al-
ready predicted a D2d symmetry and a central hf interac-
tion (29Si) with hf parameters aiso = −40 × 10−4 cm−1 and
anisotropy parameter b of −8 × 10−4 cm−1. Bockstedte et al.
[13] refined these calculations with more reliable supercell
data; they obtained a larger isotropic hf contribution (aiso =
−47 × 10−4 cm−1) and a slightly smaller anisotropy param-
eter −7 × 10−4 cm−1. Our present ab initio supercell calcu-
lations (in 512-atom supercells) provide a complete set of
EPR parameters, i.e., the hf interaction parameters as well as
the principal values of the electronic g tensors. As shown in
Table I, both the principal values of the g tensor as well as
the hyperfine interaction parameters are in good agreement
with the experimental values. We thus attribute this defect
to VC

+.
We have further studied the spectral dependence of the

photoexcitation required to generate the VC
+ state at some se-

lected wavelengths. Photoexcitation at 650, 808, and 980 nm
generate the VC

+ center in a similar way. The photoinduced
generation of the VC

+ center is accompanied by an increase in
the neutral donor concentration which indicates a photoion-
ization VC

0 → VC
+ + ecb to the conduction band and subse-

quent capture by ionized shallow donors. Our calculations
show an ionization threshold of 0.8 eV, which is coherent with
the observation that excitation at wavelengths between 650
and 980 nm are efficient (Table II). After photoexcitation at
T = 4 K, the center is metastable up to T = 50 K.

A tetragonal point symmetry is unusual for intrinsic defects
in 3C-SiC. Our calculations show that it is due to a strong
Jahn-Teller effect (Table II). A similar effect has also been
reported for the silicon monovacancy in silicon, the isostruc-
tural variant of the VC center in 3C-SiC [36–39]. This defect
has basically the same microscopic and electronic structure
(Fig. 2). We have thus compared the EPR parameters and
magnetization density of the two defects in Table I and Fig. 2,
respectively; the parameters for the VSi in silicon have also
been recalculated in this work.

The stable configurations of VC in the three different charge
states (−/0/+) are shown in Table II and Fig. 3(d). As in
the case of VSi in Si, the carbon vacancy is surrounded by
four nearest Si neighbors, whose hybridized dangling bond
states form the electronic ground state. Already in silicon,
the interaction between the Si dangling bonds gives rise to
strongly charge-state depending Jahn-Teller distortions [36].

For VC in 3C-SiC this effect is even stronger due to the
smaller lattice constants; relative to undistorted Td symmetry
energies of 0.2 eV for the positive, and even 0.5 eV for the
neutral charge state are gained by a pairwise coupling of the
Si dangling bonds (see Fig. 2, middle), resulting in the D2d

symmetry. This exceptionally strong Jahn-Teller distortion for
the neutral charge state makes its diamagnetic configuration
0.3 eV more stable than any paramagnetic variant. It leads to
a direct recharging from the 2+ to the neutral charge state [see
also Table II and Fig. 3(d)], making the 2+ and 0 diamagnetic
charge states the only stable ones. In contrast to the case of
VC in the hexagonal SiC polytypes, the negative charge state
is found in 3C-SiC already deep in the conduction band.

B. Carbon vacancy–carbon antisite pair VCCSi

To investigate the predicted instability of the VSi defect and
its transformation into the VCCSi centers [40–47] as well as
the stability of the VC center, we have studied the effect of
high-temperature annealing on the irradiated samples, which
contain VSi and VC as irradiation-induced primary defects.
The samples were furnace annealed at T � 700◦, the tem-
perature range for which annealing of the VSi have been
reported.

After annealing, the EPR spectrum of the VC
+ center is

still observed after photoexcitation at T = 4 K. The VC defect
is stable at annealing at T = 700 ◦C. In addition, we observe
a new spin S = 1/2 center [see Fig. 3(a)]. Its EPR spectrum
is observable without photoexcitation and can be observed in
the whole investigated temperature range from T = 4 K to
room temperature. The angular variation of the EPR spectra
for a rotation of the magnetic field in the (110) plane reveals
a trigonal C3v symmetry, a g tensor with principal values of
g‖111 = 2.0023 and g⊥111 = 2.0037, and a nearly isotropic
hyperfine interaction of about 20 G with three Si neighbors
(see Table IV and Fig. 3).

To verify the model of a VCCSi center, we have calculated
the spin states and EPR parameter for this defect in its
different charge states. In Table III we show the calculated
charge transition levels of this defect in 3C-SiC: we obtain
three transitions (2+/+), (+/0), and (0/−) at energies of
EV + 1.57, EV + 2.24, and EV + 2.39 eV. The VCCSi center is
paramagnetic in the three charge states +/0/−, with the neu-
tral charge state providing a (S = 1) spin triplet and the + and
− charge states being characterized by spin S = 1/2 ground
states. As the (0/−) charge transition level is degenerate with
the conduction band, the negative charge state is probably
unstable. The stable charge states are then 2+/+/0 and
their occupation will depend on the Fermi level position. In
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FIG. 2. Top: Crystal structure of the VSi in Si, VC in 3C-SiC, and VCCSi in 3C-SiC; vacancies, light gray; Si atoms, blue; carbon atoms,
red. Bottom: Atomic structure and calculated magnetization density for the VC

+ (middle) and VCCSi
+ (right) S = 1/2 centers (“missing” atoms

indicated by circles). For comparison, the isostructural monovacancy VSi
+ in silicon (24% larger lattice constant) is also shown (left). The Si

nuclei giving rise to the experimentally resolved 29Si hyperfine (hf) splittings (cf. Tables I and IV) are indicated.

semi-insulating samples the VCCSi center should be observ-
able in the 0 or 1+ charge state under thermal equilibrium
conditions. Only the 1+ charge state is compatible with the
observed spin S = 1/2 center. In Table IV we compare the
calculated spin Hamiltonian parameters of the VCCSi

+ center
and those of the annealing-induced new spin S = 1/2 center.
Clearly its point symmetry, g tensor, and the 29Si-related hf
splittings are all in excellent agreement, which allows us
to assign this defect to VCCSi in the 1+ charge state. The
potentially metastable (see Table III) negative charge state
is characterized by a different g tensor and a qualitatively
different hf signature (see Table IV). In contrast to the case of
the isolated VC, our calculations for VCCSi show no significant
negative-U effect: with values around 90 meV (with respect to
the “native” C3v symmetry) the Jahn-Teller energies are much
smaller.

C. Defect interactions

The structural instability of the silicon monovacancy in
p-type SiC and its transformation into the carbon antisite–
carbon vacancy complex has been predicted in numerous the-
oretical studies, first for the hexagonal 4H and 6H polytypes
[40,41], and later also for the cubic 3C polytype [42–46]. This
transformation operates easiest in p-type material, i.e., for the
positive charge states, but depending on Si-/C-rich growth
conditions and the polytype it remains possible for Fermi

levels up to 2 eV [48], i.e., for the 2+ to − charge states of VSi

[see also Fig. 3(d)]. In any case it requires high temperatures
to overcome an energy barrier [40,46]. Thus, the initial n-type
doping level and the irradiation-induced electrical compensa-
tions are two parameters, which will govern the instability or
stability of the VSi center under the annealing conditions. Our
observation conclusively confirms the theoretically predicted
structural instability of the silicon vacancy in cubic 3C-SiC.

Previously it has been shown that the annealing of irra-
diated n-type 3C-SiC in the same temperature range leads
also to the formation of two spin S = 1 centers, the neutral
divacancy VSiVC

0 [16] and the negatively charged NV center
(VSiNC

−) [22,23]. Their formation has been attributed to the
mobility of the VSi, which diffuses and interacts with stable VC

and NC centers. Combining these results with our findings, the
following scenario can be retained: parallel to the structural
transformation of the VSi center, it becomes mobile and forms
complexes with carbon vacancies and nitrogen donors. Both
processes are apparently operative at 700 °C annealing, and
the resulting fractions will depend on the doping level and the
electrical compensation of the samples.

Finally, we comment on the recent proposition that the
VCCSi center in 3C-SiC might be a potentially interest-
ing single-photon emitter with promising properties suit-
able for quantum technology applications [26]. These au-
thors studied the room temperature photoluminescence of
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(a) (b)

(c)
(d)

FIG. 3. (a) EPR spectra of the VCCSi
+ center taken for three orientations of the magnetic field. (b) Angular variation of the VCCSi

+ EPR
spectra (red squares) in the [110] plane and its simulation (black circles) with the parameters: point symmetry C3v; g‖[111] = 2.0023, g⊥[111] =
2.0037. (c) 29Si central hf interaction of the VCCSi

+ center; resolved for B ‖ [001] at T = 80 K. (d) Formation energies (eV) for the VC-related
defects in 3C-SiC (VC and VCCSi) in their possible charge states (given by the slope of the curves); EPR active S = 1/2 centers identified in
this work are indicated by areas shaded gray. The negative-U effect for the metastable VC

+ is clearly visible (for details, see text and Table II).
For comparison, the data for the isolated silicon vacancy VSi is also given, showing the bistable, strongly Fermi-level-dependent nature of the
(VCCSi ⇔ VSi ) center.

cubic 3C-SiC nanoparticles and observed a broad Gaussian
photoluminescence band centered at 650 nm, which they
attributed tentatively to the VCCSi defect. It is characterized by
an exceptionally strong single-photon emission with a record
saturation count of 7 × 106counts/s, which makes this center
an exceptional single-photon emitter. These authors relate this
emission to the “E” center zero-phonon line (ZPL) observable
at low temperature. This model contradicts previous conclu-
sions that the E line ZPL, which has been studied in quite
some detail in irradiated bulk 3C-SiC, is associated with the

silicon monovacancy [48]. We have therefore also calculated
the optical transitions of the VCCSi center in its various charge
states. In light of our theoretical results the assignment of a
ZPL at 1.95 eV (E line) in 3C-SiC nanoparticles to VCCSi

centers seems highly improbable: our total energy calculations
and subsequent analysis of the Slater-Janak transition states,
situates the (2+/+) and (+/0) charge transition levels of
the VCCSi center at Ev + 1.57 eV and Ev + 2.24 eV, placing
any intracenter transitions with energies of 1.95 eV highly
resonant with the conduction band. This makes an efficient

TABLE III. DFT-predicted properties of the carbon vacancy–carbon antisite VCCSi in 3C-SiC; besides total spin S and symmetry, the charge
transition level (CTL) into the respective charge state is given. Our calculated CTLs (see also Fig. 3) are about 0.2 eV lower as reported in
Ref. [46]. Nonetheless, the negative charge states remain instable (2−) or at least metastable (−).

Charge state + 0 −
Spin S 1/2 1 1/2
(Point group) symmetry C3v C1h(C3v − 85 meV) C1h(C3v − 88 meV)
Charge transition levels (2 + /+) = 1.57 eV (+/0) = 2.24 eV (0/−) = 2.39 eV
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TABLE IV. Spin-Hamiltonian (EPR) parameters of the VCCSi

(S = 1/2) centers in 3C-SiC: experimental data (see Fig. 3) com-
pared with calculated values, g tensors, and 29Si-related hf splittings.
For VCCSi

− the latter originate from the three (in C1h symmetry)
nonequivalent Si dangling bond atoms; in the case of VCCSi

+ they
perfectly fit to the experimental data and belong to the three Si atoms
back-bonded to the three carbon ligands of the CSi (see Fig. 2, right).

Total spin S, hf (29Si)
VCCSi symmetry g tensor (10−4 cm−1)

Experiment S = 1/2 g‖111 = 2.0023 A‖111 = 22.3
C3v g⊥111 = 2.0037 A⊥111 = 18.1

Theory VCCSi
+ S = 1/2 g‖111 = 2.0025 3 × Si

C3v g⊥111 = 2.0041 A33 = 22.7
A22 = 19.1
A11 = 18.7

Theory VCCSi
− S = 1/2 g11 = 2.0024 1 × Si

C1h g22 = 2.0028 A33 = 14.9
g33 = 2.0068 A22 = 12.1

A11 = 17.8
2 × Si

A11 = −76.4
A22 = −75.5

A33 = −100.6

intracenter photoluminescence (PL) transition highly improb-
able. Finally, the observation of the “E” line PL in as-
irradiated, nonannealed bulk samples [48] is also not coherent
with our results that the VCCSi center is only generated by
high-temperature annealing. Thus the origin of the single-
photon emitter should be reconsidered.

V. CONCLUSIONS

We have identified by EPR spectroscopy the carbon mono-
vacancy defect in the 1+ charge state in 3C-SiC. Similar to
the case of the isostructural defect VSi

+ (G1) in silicon, the
positively charged carbon vacancy, VC

+, is a negative-U center
resulting from strong pairwise coupling of the Si dangling
bonds. Our modeling shows that the neutral carbon vacancy
in 3C-SiC displays an exceptionally strong Jahn-Teller effect,
much larger than in the 4H-SiC polytype and even larger
than the isostructural vacancy in silicon. The carbon vacancy–
carbon antisite defect is not a primary radiation-induced cen-
ter but results from the structural instability of the silicon
vacancy at temperatures above �700 ◦C. The donor character
of the VC center will not allow its use for the growth of
undoped semi-insulating samples contrary to the hexagonal
polytypes, in which due to the higher band gaps a deep
acceptor state is stabilized.
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