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The annealing oP6/P7 centergV Cg; pairg in the presence of carbon vacancies in high concentrations
typical for semi-insulatingSl) 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, related centers depends crucially on the doping and growth
high-frequency, and high-temperature electronicconditions.
applicationst Devices like metal-semiconductor field-effect  In this work, we calculate how carbon vacancies in high
transistorstMESFET) designed for increased power densi- concentrations influence the annealing of Belike centers.
ties require high-purity semi-insulatingHPSIl) SiC sub- The hyperfine parameters calculated for different defect
strates. These can be grown by physical vapor tranpornodels confirm in part the assumption of Seinal, that a
(PVT)? and also by high-temperature chemical vapor deponegatively charged divacancy is the origin for the most stable
sition (HTCVD).2 The defect or defects giving rise to the SI-5 centef We further show that there is a rather compli-
semi-insulating(Sl) character of these HPSI materials arecated equilibrium of several metastable configurations of the
still discussed controversially. Residual vanadium contamidivacancy which might cause the large number of EPR sig-
nation, several kinds of vacancies, or complexes thereof, aneals observed in high-purity SI-SiC grown by HTCVD.
considered as possible candidates. A high concentration of We use a combination of two theoretical methods to in-
carbon vacancies Vis observed, but clearly the number of vestigate the origin of the SI-5 signal: For the computation-
different centers in electron paramagnetic resongf&d®R  ally demanding dynamical calculations, i.e., geometry opti-
measurements exceeds the number that could be explainedzation and calculation of activation energies, the self-
by isolated carbon vacancies alone. consistent  charge-density-functional-based tight-binding

However, the concentrations of the various defects ob¢SCC-DFTB method is used Various supercell modefsip
served in different HPSI substrates vary strorfglithereas to a (4 < 4x4) supercell with 512 atoms in 3C-SjQave
in PVT material grown at moderate temperaturesR6éP7  been used together with ti&point approximation. For the
centergV Cg; pairy are dominating;’ theseP6-like signals  geometry optimization with a common conjugate gradient
are practically absent in all substrates grown by HTCVDscheme, all atoms were permitted to relax freely. Using the
processes at high temperatu(ef). Instead, several signals relaxed geometries obtained by the SCC-DFTB calculations,
(labeled SI-1 to Sl-pare observed with different signature, ab initio calculations of the electronic structure and the hy-
which can be found exclusively in SI materffi,e.g., a perfine (hf) interactions were carried out within a Green’s-
broad isotropic line labeled SI-1, as well as a very anisofunction-based approach, the linear muffin-tin orbital method
tropic spectrum SI-2 withirC,;, symmetry. within the atomic spheres approximatighMTO-ASA),*?

The P6/P7 centers, in contrast, are well known from ir- which allows us to investigate isolated charged defects in an
radiated material: they represent the first annealing productstherwise infinite perfect crystal. Further details of the meth-
of the silicon vacand® and are proposed to anneal out atods, e.g., an adjustment of the fundamental gap to the experi-
temperatures above 1200 °C via the emission gf Msult-  mental value by the scissors operator technigend the
ing in a carbon antisite or a §Cg;), antisite complex, re- scalar relativistic treatment of the valence electrons, can be
spectively. The latter, isolelectronic defect is an excellenfound elsewheré!-'?
candidate to cause the prominddtluminescence which is In irradiated SiC, a combination of these two methods has
observed inn-type doped, as well as ip-type SiC, after been previously applied to investigate the annealing of the
high-temperature annealing up to 1700 ¥CThis lumines-  silicon vacancy and its follow-up products.g., VCg;).%*°
cence, however, has not been detected in SI material. Insteadsually, the local-density approximatiqihDA) of DFT is
the EPR signal of the so-called SI-5 centers remains visibl&nown to give rather accurate values for total energies. How-
after annealing at temperatures above 1600 °i6.some ever, the LDA underestimates the polarization of the core
HTCVD samples, this SI-5 line is already dominating with- electron by up to a factor of 2, also if these electrons are
out additional annealing, whereas the prominegtsignal treated fully relativistically:* In Ref. 10, it was shown that a
appears significantly weaker. In PVT 4H-SIiC substrates theelf-interaction-corrected optimized effective potentiC-
SI-5 line can only be detected under illumination aboveOEP method®*¢improves the description of the core elec-
1.75 eV. Obviously, the annealing behavior of vacancy-trons and their contribution to the hf interactions. Using this
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ER i : ) FIG. 2. (Color online Metastability of the divacancy in SiC
5 PVT grown | HTCYD grown assuming a Fermi levefr=E2**(VCqV)=Eyg+1.68 eV. Note
4tk i N that for the different charge states the migration paths are almost
: identical. At elevated temperatures starting from the&€¥V - com-
3 1 ! L 1 plex in its doubly positive charge state several charge transitions
0 0.5 1 1.5 2 can take place resulting in a negatively charged divacancy as the

Fermi Level above VB [eV] most stable configuration.

FIG. 1. (Color onling Formation energies of the divacancy and contrast to many other examples in defect physics, the mi-
stochiometric equivalent configurations in 3C—SiC with respect togration path between the V), complex and the diva-
the Fermi level. Note that the various structures are separated tb/ancy practically doesiot depend on the charge state for
energy barriers(see also Fig. 2, takingg==E*"*(VcCsVo)  charge states from 2+ to 2—. Thus, a charge transition during
=1.68 eV as an example the migration of the carbon atom can be taken into account

functional, which goes beyond usual LDA but is no moreeXp"Ci“%’; Starting from the doubly positive charged
time consuming, the comparability with experimentally ob-Csi(Vc)2  complex with C;, symmetry, the carbon antisite
served hf splittings is improved significantly. We, therefore, MoVes slightly towards one of it2,2,0 silicon next-nearest
shall adopt it for our present calculation of hf parameters agieighbors in thé110) plane. This lowering of the symmetry
a fingerprint of the Sl centers. towardsC;,, symmetry is accompanied by an energy gain of
Despite the rather complicated appearance of defects iabout 0.1 eV and a change of the charge state into single
different HPSI samples, it is quite obvious that th&/P7  positive. From this position, the carbon atom has to over-
centers are not observed if the so-called Sl signals areome an energy barrier of about 1.5 eV, while the length of
present and vice versa. Our total-energy calculations indicatéhe bond between the£and its two carbon neighbors in-
that theP6/P7 centers can be transformed into some of thecreases from 1.6 Atypical for C—C bondlengths like in dia-
Sl centers. Since in semi-insulating SiC high concentrationsnond) to about 2.2 A near the saddle-point configuration,
of carbon vacancies are available, they can, in principlebefore the carbon atom takes the position of the neighboring
form larger complexes with MCg; pairs, ending up in carbon vacancy. During this last part of the migration a mul-
VCsV . However, as can be taken from the calculated fortiple recharging process from to the neutral state, and back
mation energies of ¥Cg+V and possible follow-up prod- again, takes place before finally a divacancy in its negative
ucts in Fig. 1, the energy gain and, thus, the appearance gharge state within §; symmetry is reached. In other words,
these complexes, strongly depends on the position of théor Fermi levels lying in the upper half of the band gap, both
Fermi level with respect to the valence bands. For a Fermalternatives, the V), aggregate defect in th€,, con-
level below midgap, thé6-like centers are expected to ap- figuration as well as witlC,, symmetry, are metastable con-
pear in its isolated form as observed for S| substrates growfigurations of the divacancy.
by PVT. For Fermi levels abov,g +1.4 eV, in contrast, the The VcVg; divacancy comes out to be a very stable defect
additional carbon vacancies tend to form complexes with theair in SI-SiC. A dissociation into isolated vacancies requires
P6-like centers. Also in the case of tiR6’ andP6” centers to pass a barrier of at least 5 eV, whereby the formation
(VcCsiSicCsi complexes, recently identified in electron irra- energy of the dissociated parts is several eV higher than that
diated 6H—SiG,10 this scenario ends withinMCsV¢ aggre-  of the defect pair. Thus, from the energetical point of view
gates. Apparently no activation energy is required and theghe divacancy provides a perfect candidate for the SI-5 cen-
gain by this(multi-atom) jump process amounts to 1-3 eV. ter, which is known to remain stable after annealing above
However, from this G(V¢), complex the formation ofliva- 1600 °C. In addition, a formation of the SI-5 center from
cancies(V¢Vsg) is possible. The concentrations and relativeP6/P7 and a nearby ¥ explains that the SI-5 spectrum
stability of these defects depends crucially on the position oflominates in some HTCVD samples, whereas simulta-
the Fermi level, and moreover, on the energy barriers sepaeously the . signal is essentially reduced. The require-
rating the different atomic configurations. In Fig. 2, this is ment of illumination to observe the SI-5 line in PVT-grown
shown forEg=1.68 eV as an example. Fortunately, and insamples indicates that this material provides a lower Fermi
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TABLE I. Calculated hf paramete®1Hz) for the divacancy in  Teller distortion leading to a slightly distorted atomic con-
SiC in comparison with the experimentally observed hf splittingsfiguration with C;,, symmetry, 0.05 eV lower in energy.

for the SI-5 centetvalues deduced from Ref).4 Since the EPR spectra were measured at 77 K, a dynamic
Jahn-Teller effect could give rise to motional averaged spec-

A Al a b tra with effectiveCy, symmetry. Then, as can be taken from
Center Symmetry Nuclei (MHz) (MHz) (MHz) (MHz)  Taple |, the divacancy in its negative charge state gives rise

290 B to a hf splitting A, =29.91 MHz withthree equivalent'3C
SI-5 3x 138' 118 121 124 0.30 nuclei—a value which corresponds very well with the
3x™C 407 318 348 297 318 MHz experimentally observed f@ perpendicular to
VeV Cs, 3% 29 016 979 958 -021 thec 4_’:1XiS. However, the valuéd,=82.44 MHz exceeds the
3% 7444 2101 3882 17.81 experimental valu_e foBllc by more than a fa_c_tor of ¥
About the same discrepancy is found for a positively charged
VeV Ca, 3% 29%g;j 994 1051 1032 -0.19 divacancy(which also provides a spiS=1/2 system.
3x13c 8244 2991 47.43 1751 From the hf interactions calculated for the-Wg; diva-
cancy in itsCyy, configuration we propose alternatively to
VsVe Cin 2x®si 1432 1589 1549 -0.41 assign the outer carbon splittings to tiveo equivalent car-
1x%%si  16.80 17.72 17.42 -0.31 bon neighbors of the distorted divacancy. A value Af
2x%C, 46.45 1230 23.70 1138 =46.45MHz is in good agreement \_Nit_h the experimentally
1x%Cc, 15514 6274 93.87 3113 pbservgd vallue of 40.7 MHz In thl|35 interpretation the hf
interaction with the remainingingle ~°C nucleus(see also
Fig. 3) would not have been resolved in the experiments. The
level (see also Fig. )L It is important to note here, that our small natural abundance of the carbon atoms with nuclear
results calculated for the divacancy in 3C-SiC can be transspin(1.1%) leads to less intense satellite lines with respect to
fered to the hexagonal polytypes obviously: e.g., the chargehe central line. In addition, the estimated splitting Af
transition level(-/2-)=1.91 eV is in good agreement with =155.14 MHz would overlap with several other signals ob-
previously reported values for 4H-SIiC in the range ofserved in the HPSI material. Further EPR measurements
1.76-1.84 eV, depending on the lattice sités. should aim at a confirmation of this model of a divacancy in
In principle, our total-energy calculations confirm the de-C,, symmetry via a resolved hf splitting due tosmgle °C
fect model of Soret al* However, in HTCVD-grown sub- nucleus above 100 MHz. A first hint of @;,, symmetry is
strates these authors report hf splittings that belonthiiee  already visible in the EPR measurement at 77 K: the inner
29Si nuclei and tothree 3C nuclei, as appropriate for a lines, assigned tdhree silicon neighbors, do not split but
divacancy (S=1/2) in C;, symmetry. According to our broaden forB perpendicular to the axis. The calculated
total-energy calculations, in contrast, the resultfigstate  nearly isotropic hf splittings due to the silicon neighbors of
with its a%e® electronic configuration is subject to a Jahn-the divacancy in Cy, symmetry (1xX15.49 and 2

Si (220)

Si
€5)

FIG. 3. (Color onling Spin density ofS=1/2) configurations of the divacancy in 3C—SiC: the metastable configurai@V ¢ in Cy,
symmetry(left) and inC,, symmetry(middle), as well as the nearest-neighbor configuratiof/¥; in the Cy,, ground-state configuration.

The lower parts describe tH&10) mirror planes, the upper parts are perpendicular to these planes.
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X 17.42 MH2), fit very well with this experimental finding of TABLE II. hf parametergMHz) of the V-CgVc complex cal-
three almost equivalertSi nuclei. culated for itsA” ground state irC;,, symmetry and for the sym-
The metastable configurations:8s\V ¢ of the divacancy —metric metastabléB, state(C,, symmetry.

provide S=1/2 spin systems and, thus, are likely candidates
to explain the isotropic SI-1 and the strongly anisotropic SI-2 3B, (C,, symmetry A’ (Cy, symmetry
signals. TheC,;, configuration(lower structure in Fig. Rcan
explain a slight deviation of the principal axis of thdactor | Atoms a b a b
from thec axis by 3° in case of the SI-2 center. Alternatively, VcCsVc per shell (MHz) — (MHz) ~ (MHz)  (MH2)
this structure can contribute to the broad signal of the SI-1 13

center. The metastable character and the rather small energy =~ - = 13.97 23.08 11.26 23.85
differences between the various atomic configurations with 3C(}'E’}) —8.74 1.69 =529 248
different orientations would lead to an inhomogeneous super-"C(3,1,1) -0.79 0.59 4.92 141
position of several similar signals. A broad, rather isotropic,?°Si(2,2,0) -20.16 -2.63 68,51 -5.94

signal is the consequence. In the hexagonal polytypes the&dsj2 2 o -20.16 -2.63 8.30 1.06

number of different configurations which might contribute to 2%5i(0,2,2)
the broad SI-1 signal is increased by inequivalent lattice,, —
sites. In Table Il the calculated hf parameters for the two29$!(0,2,2)
configurations possible in 3C—SiC are given. In both cases, Si(0,2,2)
the estimated spectrum is dominated by a strongly aniso2%sj(o,2,2)
tropic splitting due to the carbon antisifécSi nucleus ac-
companied by up to 10 silicon-related rather isotropic split-
tings in the range between 20 and 70 MHz. As can be takepain the large number of different EPR signals observed in
from Fig. 3, the relaxation of the £to one of its silicon  Hps)-siC. Unfortunately, no further hf splittings have been
next-nearest neighborghe Si2,2,0) nucleus in the left- resolved experimentally and, thus, an unambiguous assign-
hand side of the lower density pldteeads to a transfer of ment of the SI-1, SI-2 centers to these metastable states is not
spin density to this site at the expense of the previo(isly yet possible. However, from our calculations we propose the
C,, symmetry equivalent silicon nuclei around the(8j2,0  following procedure for future EPR measurements: Using a
site. second microwave frequency, part of the occupation of the
In summary, total-energy calculations confirm the diva-broad inhomogeneous SI-1 line can be invefte8y this
cancy to be one of the most stable defects in SI-SiC. Calcuspectral hole burning, it should be possible to discriminate
lated hf parameters suggest an assignment dfitsstate in  the different atomic configurations. If the hf interactions thus
C;, symmetry to the thermally stable SI-5 center importantobtained happen to agree with the calculated hf parameters
for the Sl properties of the HTCVD-grown substrates. More-listed in Table Il, we could make a major step towards an
over, the existence of several metastable configurations afnambiguous assignment of one or even several configura-
the divacancy in the form of MCsVc complex could ex- tions of the \.CgV¢ aggregate defect.

-41.34 -3.10 -46.56 -3.25
-41.34 -3.10 20.98 -2.49
-56.41 -5.71 28.23 -2.85
-56.41 -5.71 -53.96 -6.91
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