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Identification of the carbon antisite in SiC: EPR of *C enriched crystals
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An electron paramagnetic resonance spectrum with axial symmetry along ¢ axis, spin S=1/2 and strong
hyperfine interaction with one carbon atom has been observed in neutron-irradiated and annealed 6H-SiC, Bc
isotope enriched. The 13C concentration was defined from hyperfine structure for the negatively charged silicon
vacancy. The spectrum is identified as arising from an isolated carbon atom presumably in Si position
Cgj—carbon antisite. The unpaired spin is up to 43% localized in one pure p orbital that is directed along the
¢ axis and 10% localized in three sp> hybrid orbitals, and this means that the C atom is relaxed away from Si

position.
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I. INTRODUCTION

Silicon carbide (SiC) is a promising wide-band-gap semi-
conductor for applications in high-frequency, high-
temperature, high-power, and radiation-resistant electronic
devices.! The investigation of radiation defects in SiC is of
great importance in view of using ion implantation and neu-
tron transmutation for crystal doping and also of the potential
application of SiC-based devices for operation in radiation
surroundings.

The primary defects, which can be produced in binary
compound SiC, are vacancies, interstitials, and antisites.
Electron paramagnetic resonance (EPR) is one of the most
informative methods for detecting of defect unpaired spins in
semiconductors and for determining the electronic structure
of these defects.> Only few primary defects, namely, the Si
and C vacancies, were studied in SiC by EPR and identified
due to observation of the hyperfine (HF) interaction with *Si
(nuclear spin I/=1/2, natural abundance of 4.7%) and Bc
(I=1/2,1.1%) nuclei,>® but up to now, there is no reliable
experimental information about interstitials and antisites. It
should be emphasized that unique properties of the isotopes
in SiC together with a possibility to control the isotope com-
position or even making spin-free host crystal may offer ad-
vantages in future quantum computing and information pro-
cessing applications.

Antisites take place when atoms of one element occupy
sublattice sites of the other element in the compound. In
II-V compounds, anion antisite defects, such as Asg,
(GaAs) or Pg, (GaP), have been identified by EPR.>'? Anti-
site defects have technological interest; for instance, the As
antisite-related EL2 defect is used to produce semi-insulating
GaAs.''2 In SiC, both Si and C belong to the same column
of the Periodic table, but the electronegativity of C is much
larger than that of Si. Therefore, one would expect that the
electronic structure of defects in SiC to be similar to that in
the group III-V compounds and “anion-like” carbon antisite
(Cg;) might have electronic states in the band gap.

A low formation energy was obtained for both antisites in
SiC.!* Carbon antisite Cg; was found to have lower formation
energy than silicon antisite Sic. That indicates that the Cg; is
a common defect in SiC. The theoretical predictions for en-
ergy level positions of antisites are contradictory. While the
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authors of Refs. 14—-16 have predicted that neither Sic nor
Cg; has energy levels in the band gap, recent calculations
have found, on the contrary, that Sic has several levels in the
band gap, whereas the levels of the Cg; are in the conduction
band.'?

In Ref. 17, based on the observed 2si HF structure, it was
suggested that the defect EI6 (Ky3 according to Ref. 18)
observed by EPR was Sic in 4H-SiC. Recent EPR measure-
ments and calculations'®1? have shown, however, that these
centers originate from C vacancy in hexagonal position and
that is not consistent with the assignment of this center to a
Si antisite.

To the best of our knowledge, no experimental evidence
unambiguously shows the existence of C antisite in SiC.
There have been a number of experimental and theoretical
studies of antisite-related complex defects in SiC,?*2! which
show the importance of the problem. However, there was no
unambiguous observation of the HF structure from antisite
atom itself. The small natural abundance of '*C isotope
makes the observation of the HF lines for Cg; antisite and, in
particular, a quantitative fit of the observed line intensity
extremely difficult task. Therefore, a 6H-SiC sample, grown
with a °C enriched precursor material, was used in this
study. In order to identify the HF structure of Cg; antisite, we
need an independent estimate of the '*C concentration in the
6H-SiC sample. The BC concentration of 12% was defined
from the HF structure for the negatively charged silicon va-
cancy Vg .

In this paper, we present results from EPR study of a new
paramagnetic center in '>C enriched 6H-SiC, which is char-
acterized by strong HF interaction with one C atom and iden-
tified as a C antisite Cg;. Preliminary results on the observa-
tion of the strong HF interaction and high spin density at one
C atom up to 50% were published in Ref. 22.

II. EXPERIMENT

The samples used in this study were nominally undoped
n-type 6H-SiC crystals: '°C enriched and with natural iso-
tope abundance. 6H-SiC crystals, Bc isotope enriched, were
grown by the sublimation sandwich technique;>* 6H-SiC
crystals with natural isotope abundance were grown by the
sublimation sandwich technique or Lely grown. The thick-
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FIG. 1. EPR spectra observed in 13C enriched 6H-SiC crystal
(upper part) and 6H-SiC crystal with natural abundance of isotopes
(lower part) for Vg,

nesses of the isotope enriched crystals ranged from
0.5 to 1.0 mm. The samples were subjected to fast neutron
irradiation with average energy of 1 MeV at room tempera-
ture; the neutron dose was 10'8 cm™2. After the irradiation,
the isochronal annealing of the samples has been carried out.
The samples have been hold at the fixed temperatures of
300°-900° with the step of 50 °C during 30 min. Then, the
EPR signals have been registered at fixed low temperature.
The SiC crystals investigated were cleaved in the form of a
plate with known crystallographic orientation. A sample
mounted in the cavity of the EPR spectrometer could be
rotated in certain planes. The EPR measurements were per-
formed using a commercial Jeol EPR spectrometer operating
at a frequency of 9.3 GHz (X band) with a custom-made
helium gas flow cryostat, which enabled the temperature to
be varied within the range of 4-300 K. All EPR spectra
presented in this paper are single scans (i.e., they were re-
corded without accumulation). Calculations of angular de-
pendencies and a simulation of EPR spectra have been car-
ried out using the software packages “VISUAL EPR” (written
by V. Grachev) and Bruker SIMFONIA.

III. RESULTS AND DISCUSSION

Figure 1 shows X-band EPR spectrum observed at 300 K
in n-irradiated '*C enriched 6H-SiC crystal (upper part)
when the magnetic field is oriented parallel to the ¢ axis of
the crystal (Bllc). A similar center was observed in 6H-SiC
crystal with natural isotope abundance (the lower part of Fig.
1) and was attributed to Vg;,".*78 The central line and two
sets of HF lines were suggested to correspond to the isotro-
pic HF interaction of 0.294 mT with the second-nearest-
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FIG. 2. Angular dependence of EPR spectra observed in
n-irradiated and annealed '’C enriched 6H-SiC crystal, with
P=10 mW and modulation amplitude of 0.1 mT.

neighbor shell of the Si sites, which is composed of 12 Si
atoms, and to the HF interaction with 1 and 3 C of the first
shell. The set of C HF lines is anisotropic, and for the
magnetic-field orientation, Bllc is characterized by two dou-
blets with splittings of 1.40 and 2.85 mT; their total intensity
ratio relative to the central line is about 0.04. The two HF
doublet systems correspond to the interaction with the four
nearest-neighbor C atoms. There are two inequivalent sites at
magnetic-field orientation Bllc: one site with a C atom along
the ¢ axis from the vacancy and the other with three C atoms
at an angle of 71° of the ¢ axis. The bars in Fig. 1 indicate
the HF structure with 1 and 3 C of the first shell and 12 Si of
the second shell for the V¢~ vacancy in 6H-SiC.

It should be noted that in Ref. 6, the additional HF struc-
ture has been observed due to the interaction with *’Si and
13C atoms in the third- and fourth-nearest-neighbor shells of
the Si sites, which are composed of 12 C with a splitting of
0.172 mT and 6 Si atoms with a splitting of 0.065 mT, re-
spectively.

The apparent overall linewidth has dramatically increased
from typically 0.07 in nonenriched sample to 0.5 mT in '*C
enriched 6H-SiC (Fig. 1, upper line). The dashed line in Fig.
1 (upper part) represents a simulation of the V™ in B¢ en-
riched 6H-SiC, assuming the HF interaction with the first
and the second shells as well as the interaction with 12 C
atoms in the third and 6 Si atoms in the fourth shell. Taking
the '*C concentration as a fitting parameter, satisfactory
agreement between simulation and experimental data could
be achieved for a '*C concentration of 12% + 1%.

Figure 2 shows angular dependence of X-band EPR spec-
tra observed at 20 K in n-irradiated '*C enriched 6H-SiC
crystal after 700 °C annealing. There is a strong central line
and two weaker HF structure satellites symmetrically dis-
posed on each side. The angular dependence of the HF lines
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FIG. 3. The normalized intensities of the Cg; center and diva-
cancy EPR signals as a function of annealing temperature for Bc
enriched 6H-SiC crystal.

measured with the magnetic field rotating in the (11-20)
plane (the angle is between the direction of the magnetic
field B and the c axis) is plotted as open circles. The experi-
mental spectra are shown for Bllc and for B L c. The total
intensity of these two HF lines (Fig. 2) is about 12% as
compared to that of the main line. This intensity ratio is
approximately equal to the abundance of the *C isotope in
isotope enriched 6H-SiC. HF satellites, reflecting the '*C
isotopic abundance, reveal the unambiguously incorporation
of a single C atom in the defect.

The EPR spectra of the new center are described by the
standard spin Hamiltonian. The angular dependence study
has shown, which the HF and g tensors have axial symmetry
along c axis with the HF structure constant for the interaction
with one C atom A;=8.11 mT and A, =3.0 mT; g,=2.0045
and g, =2.0055. The theoretical angular dependence of the
HF structure is shown in Fig. 2 as dashed lines.

As far as we know, these values of HF interaction are the
largest interactions with one carbon atom in SiC and could
be typical for antisite Cg; or interstitial C; carbon atom. The
observed signal is labeled as Cg;; the reason for this desig-
nation will be given later.

The EPR spectrum of Cg; center is observed in the
5-50 K temperature range. We observe a slight reduction in
the HF splitting of the center in the 40—50 K range and its
disappearance above 50 K. For lower temperatures, the spec-
trum decreases in intensity, and at 4.2 K, is no longer observ-
able.

Figure 3 shows the normalized intensities of the Cg; center
EPR signals as functions of annealing temperature (at each
temperature, the annealing time was 30 min) for BC en-
riched 6H-SiC crystal. In addition for comparison, the data
for Si-C divacancy®?>>*2> for the same crystal are presented.
The Cg; center and divacancy signals are normalized to their
values at annealing temperatures of 700 and 650 °C, respec-
tively. The divacancy spectrum was detected under the illu-
mination in order to enhance the signal due the optical align-
ment of the triplet spin levels in the ground state.?> Cg; and
divacancies demonstrate similar thermal annealing behavior.

The “fingerprint” of the new defect Cg; is a strong HF
structure, since the central part of the EPR spectrum is su-
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FIG. 4. The central part of EPR spectra observed in BC en-
riched 6H-SiC crystal (solid line) and 6H-SiC crystal with natural
abundance of isotopes (dashed line) after n irradiation and anneal-
ing. The asterisk marks a reference signal of quartz.

perimposed with strong signals from other defects. Figure 4
shows the central part of the X-band EPR spectra observed at
20 K in *C enriched 6H-SiC crystal (solid line) and 6H-SiC
crystal with natural abundance of isotopes (dashed line). In
Bllc orientation, the signal of the Cg; center is dominant for
13C enriched and nonenriched 6H-SiC crystal. For other ori-
entations, this signal is more overlaped with the signal of
other radiation defects. This central signal belongs to the
more common isotope I2c (98.9%) which has nuclear spin
I=0; thus, no HF splitting can be observed for this isotope.
The positions of the central line are marked by filled and
open circles for '*C enriched and nonenriched crystals, re-
spectively. The linewidth has essentially increased in BC en-
riched 6H-SiC from 0.07 to 0.2 mT due to inhomogeneous
broadening by 12% 13C atoms. Since the effective g factors
are the same as those observed in nonenriched case and they
have similar annealing behavior, we believe that we observe
the same defect in both samples. The intensity of the HF
lines due to interaction with one C atom was too low to be
surely detected in nonenriched 6H-SiC.

Based on the observed strong '*C HF interaction with one
C atom, it is suggested that the defect can be either carbon
antisite Cg; or carbon interstitial C;. The HF interaction ten-
sor components can be expressed in terms of the isotropic a
and anisotropic b components as Aj=a+2b and A =a-b
with axial symmetry around the p function axis. Here, a
=(8W/3)geﬂegnﬁn|q,2s(0)|2 and b= (Z/S)geﬂegnﬁnogf)v
where g, is the electronic g factor, S, is the electronic Bohr
magneton, g, is the nuclear g factor, 8, is the nuclear mag-
neton, and W is unpaired-electron wave function.

Using the linear combination of atomic orbital analysis,?®
and by assuming that the atomic orbital of C in SiC does not
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FIG. 5. The model showing a possible configuration of the car-
bon antisite.

differ from that of a free C atom,?’ the spin densities on C
atom are determined as 3.4% on the s orbital and 42.8% on
the p orbital; therefore, one has 92% of 2p character and 8%
of 2s character. Thus, the fraction of p character is much
larger than 75% as expected for a sp> hybrid orbital. It is
useful to compare this result with a similar '>C HF structure
observed for the isolated interstitial carbon atom in silicon
which was specially doped with carbon enriched "*C
isotope.?® For this defect, 36% of the unpaired spin wave
function was located on the carbon atom, which had 97% 2p
and 3% 2s character.

Different inequivalent interstitial sites in 6H-SiC are sur-
rounded by four or six Si atoms. Thus, the HF structure for
2Si atom at four or six nearest Si neighboring sites should be
observed at least in 6H-SiC with the natural isotope abun-
dance similar to the case for the isolated interstitial C atom in
silicon.?® This is not observed in our case (Fig. 4). In oppo-
site, the linewidth has increased essentially in 13C enriched
6H-SiC compared with nonenriched cyrstal. This line broad-
ening due to HF interaction with the nearest-neighbor '*C
ligands together with the central HF interaction with one '°C
atom strongly suggest that this center involves a C atom
occupying a Si site, i.e., a C antisite Cg;.

The spin density is mainly localized in the p, orbital of a
carbon, which is directed along the Si-C connection line and
parallel to the ¢ axis. The four orbitals of carbon are sug-
gested to be shifted from sp? hybrid orbitals to three sp”
hybrid orbitals and one pure p orbital, in which the unpaired
spin is mainly localized. It is known that threefold-
coordinated atom in covalent molecules tends to go planar
with sp? bonding.?’ The deviation of the carbon orbitals from
a sp> hybrid configuration to a sp? configuration indicates the
presence of a shift of the carbon atom from its central posi-
tion away from Si position along the Si-C connection line.
The model showing a possible configuration of the carbon
antisite is illustrated in Fig. 5; the double arrow shows a shift
of the C atom from its central Si position. If we assume the
carbon to be in a sp’>+p configuration, the 3.4% of spin
density in the s orbital should be shared between three sp?
orbitals. This results in three sp2 orbitals, with 3.4/3
=1.13% density in the s orbital and 2.26% in the p orbital. In
total, without taking into account polarization effects, the
spin density at one carbon is estimated to be 3(1.13+2.26)
+42.8=53%.
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Other possibility to explain the strong HF interaction is a
broken carbon dangling bond. The broken C bond could be
caused by an impurity or Si-vacancy related defect. For ex-
ample, for the shallow B acceptor in SiC, about 35% of
unpaired spin density is located on the dangling bond of a
carbon atom along the C-B connection line.’*3! We assume
that the new center is intrinsic defect, since it could be de-
tected in SiC crystals from different sources and no addi-
tional HF interactions with impurities were observed. We can
also rule out a Si-vacancy related defect, since the EPR spec-
tra of Si vacancy in different charge states were well studied.

We can estimate the spin density on the three C nearest
neighbors of the carbon antisite (the model in Fig. 5) by
considering the HF interaction, which could be estimated
from the line broadening (Fig. 4). The observed isotropic a
parameter of about 0.3 mT corresponds to a spin density of
about 0.3% on the s orbital of carbon. If we assume sp>
hybrid orbitals for each of the three nearest-neighbor car-
bons, the total spin density on carbon is supposed to be four
times larger, i.e., 1.2% and totally 3.6%. Due to off-center
position of C atom, an HF interaction with the fourth C near-
est neighbor along the ¢ axis is estimated to be negligible to
contribute to the linewidth.

Concerning the g tensor, the finding, that the deviation of
g, from g, is smaller as compared to that of g, , supports our
model, in which the unpaired electron is localized in the p,
orbital, because the expectation value of the orbital angular
momentum along this direction is zero.

We consider S=1/2 for Cg;. Sometimes, it is difficult to
make spin assignment for a system with lack of zero-field
splitting (like it was for the negatively charged Si vacancy
with §=3/2), but it seems to be not a case for our model
with the strong HF interaction. The HF splitting is equal to
A/2S; therefore, for S larger than 1/2, the spin density at C
nucleus should be about or larger than 100%. The spin
S=1/2 indicates that the charge state of the Cg; could be +1
or —1. Since the crystal was heavily n irradiated, the charge
state of this defect is suggested to be positive, i.e., Cg;". In
addition, the constant of the HF structure for Cg; antisite is
about two times larger compared with that of the HF struc-
ture constant of d2 center in SiC, which was suggested®” to
be (Cy)s;.

During preparation and reviewing of the paper, new re-
sults on C-antisite-related defects were published by Umeda
et al.>® The strong HF interaction with one C atom, compa-
rable with that of this paper as well as with our preliminary
results,””> was observed in 4H-SiC crystal, electron irradiated
at extremely high temperatures of 850 °C in conditions of a
high mobility of the C and Si vacancies. These spectra were
assigned to another state of Si vacancy (Cg;-Vc pair). We do
not support similar model for the center observed in our
papers since the decisive proof of the existence of such de-
fect, to our mind, will be the possibility to convert (e.g.,
optically, by temperature or others physical influence) this
defect from one state to another, like it was observed for
other semiconductors. What is more, both states of Si va-
cancy should be detected in the crystal. To our mind, a more
reasonable interpretation of the defects observed by Umeda
et al. could be C-Si antisites pair. In spite of the difference in
the properties of the centers observed by our group and by
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Umeda et al. (different observation temperatures, different
irradiation conditions, different polytypes, and different HF
interactions with Si), the important result is the observation
of a new type of defects with a strongly localized spin den-
sity on one C atom.

IV. SUMMARY

The EPR spectrum with axial symmetry along ¢ axis, spin
S=1/2 and strong HF interaction with one C atom, has been
observed in neutron-irradiated and annealed 6H-SiC, B¢
isotope enriched. The '*C concentration of 12% was defined
taking the '*C concentration as a fitting parameter for the
simulation of HF structure for the V. Based on the ob-
served '*C HF structures and high spin density at one C atom
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up to 50%, it was suggested that the defect is the isolated C,
presumably in Si position—C antisite (Cg;). The spin density
is mainly localized in the p, orbital of a C, which is directed
along the Si-C connection line and parallel to the ¢ axis. The
four orbitals of C are suggested to be shifted from sp* hybrid
orbitals to three sp® hybrid orbitals and one pure p orbital, in
which the unpaired spin is mainly localized. This means that
the C atom is relaxed away from Si position. The spin S
=1/2 suggests that the C is in the positive-charge state Cg;".
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