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The annealing ofP6/P7 centers(VCCSi pairs) in the presence of carbon vacancies in high concentrations
typical for semi-insulating(SI) silicon carbide(SiC) is studied theoretically. The calculated hyperfine param-
eters support the suggestion of a negatively charged divacancy as the most stable SI-5 center. A possible
correlation of the SI-1 and SI-2 spectra with metastable configurations of this divacancy reveals a rather
complicated equilibrium of several defect configurations that might be responsible for the large number of
electron paramagnetic resonance signals observed in high-purity semi-insulating SiC.
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Silicon carbide(SiC) is suitable for many high power,
high-frequency, and high-temperature electronic
applications.1 Devices like metal-semiconductor field-effect
transistors(MESFET) designed for increased power densi-
ties require high-purity semi-insulating(HPSI) SiC sub-
strates. These can be grown by physical vapor tranport
(PVT)2 and also by high-temperature chemical vapor depo-
sition (HTCVD).3 The defect or defects giving rise to the
semi-insulating(SI) character of these HPSI materials are
still discussed controversially. Residual vanadium contami-
nation, several kinds of vacancies, or complexes thereof, are
considered as possible candidates. A high concentration of
carbon vacancies VC

+ is observed, but clearly the number of
different centers in electron paramagnetic resonance(EPR)
measurements exceeds the number that could be explained
by isolated carbon vacancies alone.

However, the concentrations of the various defects ob-
served in different HPSI substrates vary strongly:4 Whereas
in PVT material grown at moderate temperatures theP6/P7
centers(VCCSi pairs) are dominating,5–7 theseP6-like signals
are practically absent in all substrates grown by HTCVD
processes at high temperatures(HT). Instead, several signals
(labeled SI-1 to SI-9) are observed with different signature,
which can be found exclusively in SI material,4,6 e.g., a
broad isotropic line labeled SI-1, as well as a very aniso-
tropic spectrum SI-2 withinC1h symmetry.

The P6/P7 centers, in contrast, are well known from ir-
radiated material: they represent the first annealing products
of the silicon vacancy8,9 and are proposed to anneal out at
temperatures above 1200 °C via the emission of VC, result-
ing in a carbon antisite or a SiCsCSid2 antisite complex, re-
spectively. The latter, isolelectronic defect is an excellent
candidate to cause the prominentDI luminescence which is
observed inn-type doped, as well as inp-type SiC, after
high-temperature annealing up to 1700 °C.10 This lumines-
cence, however, has not been detected in SI material. Instead,
the EPR signal of the so-called SI-5 centers remains visible
after annealing at temperatures above 1600 °C.4 In some
HTCVD samples, this SI-5 line is already dominating with-
out additional annealing, whereas the prominent VC

+ signal
appears significantly weaker. In PVT 4H–SiC substrates the
SI-5 line can only be detected under illumination above
1.75 eV. Obviously, the annealing behavior of vacancy-

related centers depends crucially on the doping and growth
conditions.

In this work, we calculate how carbon vacancies in high
concentrations influence the annealing of theP6-like centers.
The hyperfine parameters calculated for different defect
models confirm in part the assumption of Sonet al., that a
negatively charged divacancy is the origin for the most stable
SI-5 center.4 We further show that there is a rather compli-
cated equilibrium of several metastable configurations of the
divacancy which might cause the large number of EPR sig-
nals observed in high-purity SI–SiC grown by HTCVD.

We use a combination of two theoretical methods to in-
vestigate the origin of the SI-5 signal: For the computation-
ally demanding dynamical calculations, i.e., geometry opti-
mization and calculation of activation energies, the self-
consistent charge-density-functional-based tight-binding
(SCC-DFTB) method is used.11 Various supercell models[up
to a s43434d supercell with 512 atoms in 3C–SiC] have
been used together with theG-point approximation. For the
geometry optimization with a common conjugate gradient
scheme, all atoms were permitted to relax freely. Using the
relaxed geometries obtained by the SCC-DFTB calculations,
ab initio calculations of the electronic structure and the hy-
perfine (hf) interactions were carried out within a Green’s-
function-based approach, the linear muffin-tin orbital method
within the atomic spheres approximation(LMTO-ASA),12

which allows us to investigate isolated charged defects in an
otherwise infinite perfect crystal. Further details of the meth-
ods, e.g., an adjustment of the fundamental gap to the experi-
mental value by the scissors operator technique13 and the
scalar relativistic treatment of the valence electrons, can be
found elsewhere.11,12

In irradiated SiC, a combination of these two methods has
been previously applied to investigate the annealing of the
silicon vacancy and its follow-up products(e.g., VCCSi).9,10

Usually, the local-density approximation(LDA ) of DFT is
known to give rather accurate values for total energies. How-
ever, the LDA underestimates the polarization of the core
electron by up to a factor of 2, also if these electrons are
treated fully relativistically.14 In Ref. 10, it was shown that a
self-interaction-corrected optimized effective potential(SIC-
OEP) method15,16 improves the description of the core elec-
trons and their contribution to the hf interactions. Using this
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functional, which goes beyond usual LDA but is no more
time consuming, the comparability with experimentally ob-
served hf splittings is improved significantly. We, therefore,
shall adopt it for our present calculation of hf parameters as
a fingerprint of the SI centers.

Despite the rather complicated appearance of defects in
different HPSI samples, it is quite obvious that theP6/P7
centers are not observed if the so-called SI signals are
present and vice versa. Our total-energy calculations indicate
that theP6/P7 centers can be transformed into some of the
SI centers. Since in semi-insulating SiC high concentrations
of carbon vacancies are available, they can, in principle,
form larger complexes with VCCSi pairs, ending up in
VCCSiVC. However, as can be taken from the calculated for-
mation energies of VCCSi+VC and possible follow-up prod-
ucts in Fig. 1, the energy gain and, thus, the appearance of
these complexes, strongly depends on the position of the
Fermi level with respect to the valence bands. For a Fermi
level below midgap, theP6-like centers are expected to ap-
pear in its isolated form as observed for SI substrates grown
by PVT. For Fermi levels aboveEVB +1.4 eV, in contrast, the
additional carbon vacancies tend to form complexes with the
P6-like centers. Also in the case of theP68 andP69 centers
(VCCSiSiCCSi complexes, recently identified in electron irra-
diated 6H–SiC),10 this scenario ends within VCCSiVC aggre-
gates. Apparently no activation energy is required and the
gain by this(multi-atom) jump process amounts to 1–3 eV.
However, from this CSisVCd2 complex the formation ofdiva-
canciessVCVSid is possible. The concentrations and relative
stability of these defects depends crucially on the position of
the Fermi level, and moreover, on the energy barriers sepa-
rating the different atomic configurations. In Fig. 2, this is
shown for EF=1.68 eV as an example. Fortunately, and in

contrast to many other examples in defect physics, the mi-
gration path between the CSisVCd2 complex and the diva-
cancy practically doesnot depend on the charge state for
charge states from 2+ to 2−. Thus, a charge transition during
the migration of the carbon atom can be taken into account
explicitly. Starting from the doubly positive charged
CSisVCd2

2+ complex with C2v symmetry, the carbon antisite
moves slightly towards one of its(2,2,0) silicon next-nearest

neighbors in thes11̄0d plane. This lowering of the symmetry
towardsC1h symmetry is accompanied by an energy gain of
about 0.1 eV and a change of the charge state into single
positive. From this position, the carbon atom has to over-
come an energy barrier of about 1.5 eV, while the length of
the bond between the CSi and its two carbon neighbors in-
creases from 1.6 Å(typical for C–C bondlengths like in dia-
mond) to about 2.2 Å near the saddle-point configuration,
before the carbon atom takes the position of the neighboring
carbon vacancy. During this last part of the migration a mul-
tiple recharging process from1 to the neutral state, and back
again, takes place before finally a divacancy in its negative
charge state within C1h symmetry is reached. In other words,
for Fermi levels lying in the upper half of the band gap, both
alternatives, the CSisVCd2 aggregate defect in theC2v con-
figuration as well as withC1h symmetry, are metastable con-
figurations of the divacancy.

The VCVSi
− divacancy comes out to be a very stable defect

pair in SI-SiC. A dissociation into isolated vacancies requires
to pass a barrier of at least 5 eV, whereby the formation
energy of the dissociated parts is several eV higher than that
of the defect pair. Thus, from the energetical point of view
the divacancy provides a perfect candidate for the SI-5 cen-
ter, which is known to remain stable after annealing above
1600 °C. In addition, a formation of the SI-5 center from
P6/P7 and a nearby VC

+ explains that the SI-5 spectrum
dominates in some HTCVD samples, whereas simulta-
neously the VC

+ signal is essentially reduced. The require-
ment of illumination to observe the SI-5 line in PVT-grown
samples indicates that this material provides a lower Fermi

FIG. 1. (Color online) Formation energies of the divacancy and
stochiometric equivalent configurations in 3C–SiC with respect to
the Fermi level. Note that the various structures are separated by
energy barriers(see also Fig. 2, takingEF=E2+/+sVCCSiVCd
=1.68 eV as an example).

FIG. 2. (Color online) Metastability of the divacancy in SiC
assuming a Fermi levelEF=E2+/+sVCCSiVCd=EVB +1.68 eV. Note
that for the different charge states the migration paths are almost
identical. At elevated temperatures starting from the VCCSiVC com-
plex in its doubly positive charge state several charge transitions
can take place resulting in a negatively charged divacancy as the
most stable configuration.
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level (see also Fig. 1). It is important to note here, that our
results calculated for the divacancy in 3C–SiC can be trans-
fered to the hexagonal polytypes obviously: e.g., the charge
transition levels−/2−d=1.91 eV is in good agreement with
previously reported values for 4H–SiC in the range of
1.76–1.84 eV, depending on the lattice sites.17

In principle, our total-energy calculations confirm the de-
fect model of Sonet al.4 However, in HTCVD-grown sub-
strates these authors report hf splittings that belong tothree
29Si nuclei and tothree 13C nuclei, as appropriate for a
divacancy− sS=1/2d in C3v symmetry. According to our
total-energy calculations, in contrast, the resulting2E state
with its a1

2e3 electronic configuration is subject to a Jahn-

Teller distortion leading to a slightly distorted atomic con-
figuration with C1h symmetry, 0.05 eV lower in energy.
Since the EPR spectra were measured at 77 K, a dynamic
Jahn-Teller effect could give rise to motional averaged spec-
tra with effectiveC̄3v symmetry. Then, as can be taken from
Table I, the divacancy in its negative charge state gives rise
to a hf splittingA'=29.91 MHz with three equivalent13C
nuclei—a value which corresponds very well with the
31.8 MHz experimentally observed forB perpendicular to
the c axis. However, the valueAi=82.44 MHz exceeds the
experimental value forB ic by more than a factor of 2.18

About the same discrepancy is found for a positively charged
divacancy(which also provides a spinS=1/2 system).

From the hf interactions calculated for the VCVSi
− diva-

cancy in itsC1h configuration we propose alternatively to
assign the outer carbon splittings to thetwo equivalent car-
bon neighbors of the distorted divacancy. A value ofAi

=46.45 MHz is in good agreement with the experimentally
observed value of 40.7 MHz. In this interpretation the hf
interaction with the remainingsingle 13C nucleus(see also
Fig. 3) would not have been resolved in the experiments. The
small natural abundance of the carbon atoms with nuclear
spin(1.1%) leads to less intense satellite lines with respect to
the central line. In addition, the estimated splitting ofAi

=155.14 MHz would overlap with several other signals ob-
served in the HPSI material. Further EPR measurements
should aim at a confirmation of this model of a divacancy in
C1h symmetry via a resolved hf splitting due to asingle13C
nucleus above 100 MHz. A first hint of aC1h symmetry is
already visible in the EPR measurement at 77 K: the inner
lines, assigned tothree silicon neighbors, do not split but
broaden forB perpendicular to thec axis. The calculated
nearly isotropic hf splittings due to the silicon neighbors of
the divacancy in C1h symmetry (1315.49 and 2

TABLE I. Calculated hf parameters(MHz) for the divacancy in
SiC in comparison with the experimentally observed hf splittings
for the SI-5 center(values deduced from Ref. 4).

Center Symmetry Nuclei
Ai

(MHz)
A'

(MHz)
a

(MHz)
b

(MHz)

SI-5 3329Si 11.8 12.1 12.4 −0.30

3313C 40.7 31.8 34.8 2.97

VSiVC
+ C3v 3329Si 9.16 9.79 9.58 −0.21

3313C 74.44 21.01 38.82 17.81

VSiVC
− C3v 3329Si 9.94 10.51 10.32 −0.19

3313C 82.44 29.91 47.43 17.51

VSiVC
− C1h 2329Si 14.32 15.89 15.49 −0.41

1329Si 16.80 17.72 17.42 −0.31

2313C2 46.45 12.30 23.70 11.38

1313C1 155.14 62.74 93.87 31.13

FIG. 3. (Color online) Spin density ofsS=1/2d configurations of the divacancy in 3C–SiC: the metastable configuration VCCSiVC
+ in C2v

symmetry(left) and inC1h symmetry(middle), as well as the nearest-neighbor configuration VCVSi
− in the C1h ground-state configuration.

The lower parts describe thes11̄0d mirror planes, the upper parts are perpendicular to these planes.
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317.42 MHz), fit very well with this experimental finding of
three almost equivalent29Si nuclei.

The metastable configurations VCCSiVC
+ of the divacancy

provideS=1/2 spin systems and, thus, are likely candidates
to explain the isotropic SI-1 and the strongly anisotropic SI-2
signals. TheC1h configuration(lower structure in Fig. 2) can
explain a slight deviation of the principal axis of theg factor
from thec axis by 3° in case of the SI-2 center. Alternatively,
this structure can contribute to the broad signal of the SI-1
center. The metastable character and the rather small energy
differences between the various atomic configurations with
different orientations would lead to an inhomogeneous super-
position of several similar signals. A broad, rather isotropic,
signal is the consequence. In the hexagonal polytypes the
number of different configurations which might contribute to
the broad SI-1 signal is increased by inequivalent lattice
sites. In Table II the calculated hf parameters for the two
configurations possible in 3C–SiC are given. In both cases,
the estimated spectrum is dominated by a strongly aniso-
tropic splitting due to the carbon antisite13CSi nucleus ac-
companied by up to 10 silicon-related rather isotropic split-
tings in the range between 20 and 70 MHz. As can be taken
from Fig. 3, the relaxation of the CSi to one of its silicon

next-nearest neighbors[the Sis2̄, 2̄,0d nucleus in the left-
hand side of the lower density plots] leads to a transfer of
spin density to this site at the expense of the previously(in
C2v symmetry) equivalent silicon nuclei around the Si(2,2,0)
site.

In summary, total-energy calculations confirm the diva-
cancy to be one of the most stable defects in SI-SiC. Calcu-
lated hf parameters suggest an assignment of its3A8 state in
C1h symmetry to the thermally stable SI-5 center important
for the SI properties of the HTCVD-grown substrates. More-
over, the existence of several metastable configurations of
the divacancy in the form of VCCSiVC complex could ex-

plain the large number of different EPR signals observed in
HPSI-SiC. Unfortunately, no further hf splittings have been
resolved experimentally and, thus, an unambiguous assign-
ment of the SI-1, SI-2 centers to these metastable states is not
yet possible. However, from our calculations we propose the
following procedure for future EPR measurements: Using a
second microwave frequency, part of the occupation of the
broad inhomogeneous SI-1 line can be inverted.14 By this
spectral hole burning, it should be possible to discriminate
the different atomic configurations. If the hf interactions thus
obtained happen to agree with the calculated hf parameters
listed in Table II, we could make a major step towards an
unambiguous assignment of one or even several configura-
tions of the VCCSiVC

+ aggregate defect.
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TABLE II. hf parameters(MHz) of the VCCSiVC complex cal-
culated for its3A8 ground state inC1h symmetry and for the sym-
metric metastable3B2 state(C2v symmetry).

VCCSiVC
+

Atoms
per shell

3B2 (C2v symmetry) 3A8 (C1h symmetry)

a
(MHz)

b
(MHz)

a
(MHz)

b
(MHz)

13CSi 1 13.97 23.08 11.26 23.85
13Cs1,1,1d 2 −8.74 1.69 −5.29 2.48
13Cs3,1,1d 2 −0.79 0.59 4.92 1.41
29Sis2,2,0d 1 −20.16 −2.63 −68.51 −5.94
29Sis2,2,0d 1 −20.16 −2.63 8.30 1.06

29Sis0,2,2d 2 −41.34 −3.10 −46.56 −3.25
29Sis0,2, 2̄d 2 −41.34 −3.10 −20.98 −2.49
29Sis0,2,2d 2 −56.41 −5.71 −28.23 −2.85
29Sis0, 2̄,2d 2 −56.41 −5.71 −53.96 −6.91
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