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Antisites in silicon carbide
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Ten years ago, deep-level-transient-spectroscopy~DLTS! signals, assigned to centers labeled asH1, H2,
H3, andE2, have been detected in neutron-irradiated 3C SiC. TheH centers were believed to be the primary
point defects and theE2 center a secondary defect, which forms after theH centers start to migrate. A
conclusive identification of these signals has not been presented so far. We present computational evidence that
the H centers are due to silicon antisite defects (SiC). In both cubic~3C! and hexagonal~2H! polytypes, the
silicon antisite has several ionization levels in the band gap. The positions of these ionization levels in 3C SiC
have been calculated accurately with the plane wave pseudopotential method using a large 128-atom site
supercell, and compared with the DLTS spectrum. A very good agreement with experimental data indicates
that H centers are due to the formation of SiC during neutron irradiation. The formation energies and local
geometries of the antisite defects in SiC are also reported.@S0163-1829~98!06708-3#
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The development of silicon-carbide-based semicondu
devices has recently become a subject of intense rese
motivated by several superior characteristics of silicon c
bide ~SiC!.1,2 Yet, the applications of SiC have been ham
pered because of the difficulties confronted in the grow
process of high-quality large-area crystals. For the charac
ization and identification of defects in SiC, several photo
minescence~PL!,3,4 electron spin resonance~ESR!,5,6 opti-
cally detected magnetic resonance~ODMR!,7,8 deep-level-
transient-spectroscopy~DLTS!, ~Ref. 9! and positron
annihilation spectroscopy~PAS! ~Refs. 10,11! measurements
have been performed. Native defects in SiC have been s
ied theoretically with both tight-binding12,13andab initio14,15

methods without, however, full three-dimensional~3D! re-
laxations. Recently, a pseudopotential study16 has reported
the formation energies and ionic relaxations for the neut
singly positive, and negative vacancies in SiC. In the ear
theoretical studies, it was concluded that while antisites h
low formation energies,14 neither SiC nor CSi antisites have
ionization levels in the band gap.12–14 Since it is very diffi-
cult to detect electrically inactive defects experimenta
most of the observed spectra are explained in terms of
cancies, divacancies, di-interstitials, or other defect co
plexes. Only few native defects, namely, the carbon and
con vacancy, are recognized from experiments.5,6,17 So far,
antisites have not been identified from the experimental d
whereas they are expected to be produced by irradiatio
upon annealing after irradiation.6 In this report, we presen
computational results for antisites in SiC, and argue that t
indeed are responsible for several experimental observat

The concentrations of defects in thermodynamical eq
librium are largely determined by their formation energie
with minor contributions from the phonon entropy. In ord
to gain information about the equilibrium concentrations a
ionization levels of native defects, we have calculated
formation energies of and atomic relaxations around vac
cies, antisites, and interstitials. The antisites CSi and SiC were
studied in cubic and hexagonal SiC in all of their possi
charge states. More complex polytypes~4H, 6H! can be con-
sidered as combinations of cubic and hexagonal lattices
570163-1829/98/57~11!/6243~4!/$15.00
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Our calculations are based on the density-functio
theory ~DFT! with the electron exchange correlation treat
in the local density approximation~LDA !.18 We have used a
Car-Parrinello–like pseudopotential approach.19 For the C
ion, the Vanderbilt-type ultrasoft pseudopotential20 has been
employed in order to reduce the number of plane wa
needed to describe the electronic wave functions. Good c
vergence with respect to the basis set size was obtaine
ready at a 20 Ry kinetic energy cutoff, which has been u
in this work. A standard norm-conserving Bachelet-Hama
Schlüter pseudopotential21 has been used for the Si ion. Th
initial atomic configurations have been randomized sligh
from the ideal structure to remove any spurious symmetr
All the ions in the supercell have been allowed to relax wi
out any symmetry constraints. Most of the calculations
performed for a 128-atom-site supercell. In calculations
2H SiC and interstitials a 32-atom supercell has been
ployed. Even the smaller supercell size has been shown22 to
give well-converged results provided that a properk-point
set23,24is used and that the average potential correction25,26is
taken into account in the formation energy analysis. The
erage potential correction is also applied in the case of
128-atom-site supercell. For the smaller supercell a 25
kinetic energy cutoff is used. The formation energies ha
been calculated using the standard method.25,26 Our values
for the formation energies of neutral native defects are c
sistent with the recentab initio calculations.15,16 Further
computational details can be found in Ref. 22.

Ten years ago, Nageshet al.27,28reported DLTS measure
ments, where they observed defects in neutron-irradiated
SiC. They found point-defect related centers labeledH1,
H2, H3, andE2.28 The electronic levels of theH centers are
situated at 0.18 eV (H1), 0.24 eV (H2), and 0.514 eV (H3)
above the valence band maximum, whereas the electron
E2 is located 0.49 eV below the conduction band minimu
It was noticed that 90% of these defect centers produced
neutron irradiation were removed by annealing at 350 °C27

and a strong correlation between the progressive increas
the E2 defect concentration and the annealing ofH centers
was found.27 Apparently theH centers are primary poin
6243 © 1998 The American Physical Society
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6244 57BRIEF REPORTS
defects, which become mobile around;200 °C. According
to Nageshet al., the experiment clearly indicates that theE2
center is not a primary defect, but is formed by the migrat
of H centers. Up to now, the conclusive interpretation to
microscopic origin of theH or E2 centers has not bee
given.

Itoh et al.6 contemplated that theH3 center might be one
of the levels of thesilicon vacancy(VSi). Their argument
was based on the tight-binding calculations of Talw
et al.,13 where it was estimated that the silicon vacancy h
an ionization level located at 0.54 eV above the valence b
maximum. The lowest ionization levels of VSi is ~21/11!,
which we could also find after performing a calculation w
full ionic relaxations employing a 128 atom-site superce
We find that the lowest ionization level~21/11! of VSi is
located at 0.53 eV and the other level~11/0! at 0.95 eV;
both numbers are given with respect to the valence b
maximum.29 Our results for the ideal vacancy give simil
results with the linear muffin-tin orbital ~LMTO!
calculations,15 but the ionic relaxations pull the ionizatio
levels higher to the band gap. The formation energy of VSi is
relatively high:;8 eV for neutral vacancy. It is experimen
tally known that VSi is a thermally extremely stable defect
3C SiC, having a high annealing temperature;900 °C
~Refs. 4,6–8!, whereas theH centers are annealed com
pletely at 350 °C. The possibility that theH3 center could be
due to the silicon vacancy is firmly excluded. Since the io
ization levels of thecarbon vacancy13,14,22are situated in the
upper half of the band gap, there is no way that theH centers
could be due to them either.

According to our calculations neutralinterstitials in the
tetrahedral sites Sii(TC), Ci(TSi), and Sii(TSi) cannot occur,
because they would lead to the occupancy of conduc
band states. For the most relevant interstitial Ci(TC) the cal-
culated formation energy is;7 eV. For Ci(TC) we also
studied other charge states. The ionization level (21/0) is
;0.65 eV above the valence band maximum. Since this d

FIG. 1. Formation energy of the fully relaxed silicon antisite
Si-rich 3C SiC. In the inset, two crossing points near the vale
band are shown in the range of 0.20–0.45 eV of the electron ch
cal potential.
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not correspond to the measured values of theH centers28 and
because the formation energies for interstitials are very h
the H centers cannot be explained by the interstitials.

It turns out that thecarbon antisite(CSi) has the lowest
formation energy of all studied native defects in C-rich Si
but in agreement with other published theoretic
studies,12–14 we ascertain that CSi does not introduce any
states to the band gap. Thus, CSi is probably the most com
mon native defect in as-grown SiC, but the detected sig
from theH centers does not originate from it. The formatio
energy for CSi reaches its minimum value~3.1 eV! in C-rich
material, and maximum~4.3 eV! in Si-rich material. The
results for 2H SiC are qualitatively similar. The formatio
energy of neutral CSi in hexagonal sites is somewhat high
than in cubic sites, 3.4 eV in a material grown under a C-r
atmosphere.

In Si-rich material, among all point defects thesilicon
antisitehas the second lowest formation energy of 4.0 eV
3C SiC and 4.5 eV in 2H SiC. For the Si antisite, in contra
to earlier studies,12–14we find that the charge states from 41
to 0 are possible to occur both in 3C and 2H SiC. The f
mation energy as a function of the electron chemical pot
tial for SiC is shown for 3C SiC in Fig 1. Every crossing o
the formation energy lines stands for an ionization lev
which can be observed experimentally. As can be seen f
the figure, SiC has ionization levels in the band gap in th
vicinity of the valence band. For 3C SiC, we determined t
principal crossover points: the first is located at 0.2 eV abo
the valence band maximum and the second 0.2 eV highe
the first point, the formation energy lines of states SiC

41, SiC
31,

and SiC
21 cross each other almost in the same point. In

second crossing-point area, SiC
21, SiC

11, and SiC
0 cross each

other in a similar manner.

TABLE I. Calculated nearest-neighbor distances for the antis
CSi and SiC. The numbers indicate the changes in percent of
ideal bond length~1.865 Å! in 3C SiC. The symmetries of the
defects are also given.

CSi
0 -11% -11% -11% -11% Td

SiC
0 114% 114% 114% 114% Td

SiC
11 114% 114% 114% 117% ;C3v

SiC
21 114% 115% 114% 122% C3v

SiC
31 115% 115% 117% 121% C3v

SiC
41 115% 117% 120% 120% ;D2v

e
i-

FIG. 2. Calculated ionization levels of SiC in 3C SiC and the
experimental DLTS data from Ref. 28.
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Even though in both crossing areas negative-U behavior
might take place, it seems that the charge states 31 and 11
become occupied for a very limited range of the elect
chemical potential. Due to the restricted accuracy of
DFT-LDA method, we cannot rule out either the possibil
that these charge states are the most stable for a wider r
of the electron chemical potential. A spin-polarized calcu
tion is likely to change the position of spin-unpaired char
states (SiC

11 and SiC
31) by some tens of meV. Hence, sp

polarization is not believed to alter our result in a significa
way, but it can make the splitting of SiC levels ~in Fig 2!
more pronounced. For 3C SiC the values for the ionizat
levels are 0.23, 0.24, 0.37, and 0.42 eV above the vale
band maximum. For 2H SiC, the ionization levels are cal
lated to be higher in the band gap. The charge state 31 is not
the stablest for any electron chemical potential value in
band gap. The calculated three ionization levels in 2H S
are 0.68, 0.81, and 1.0 eV above the valence band maxim

In 3C SiC, the calculated ionization levels of SiC corre-
spond well to the experimental levels ofH centers~see Fig.
2!. They reproduce the two main lines around 0.2 (H1 and
H2) and 0.4 (H3) above the valence band maximum. T
predicted energy difference between the crossing point a
is around 0.2 eV as the measured energy difference betw
H3 andH2 centers is 0.27 eV. Our calculations predict
small splitting for both principal lines; 0.05 eV for the high
one and 0.01 eV for the lower. Experimentally no splitting
the higher level (H3) has been observed, whereas in t
lower case two lines (H1 and H2) are separated by 0.0
eV.28 Even so, the similarity between the calculated ioniz
tion levels and experimentally detected levels is strik
enough to indicate thatH centers in neutron irradiated 3
SiC apparently arise from the presence of silicon antisi
However, it is still possible that theH centers arise from
more complex defects, which have not been studied h
Therefore further experimental work is needed to confi
our prediction.

The distances between the antisite atoms and their ne
boring atoms are listed for the 3C and 2H structures

TABLE II. The distances of neighboring atoms from the an
sites CSi and SiC in 2H SiC. The numbers indicate the changes
percent of the corresponding ideal distance~see Fig 3 for the bond
numeration!. There are three nearest neighbors at 1.865 Å in
plane above~in Fig 3. only two of them are drawn! and one neigh-
bor at 1.88 Å in the plane below. In addition, we examine
distance of a more distant neighbor~3!.

Ideal distance ~1! 1.863 Å ~1! 1.863 Å ~2! 1.88 Å ~3! 3.57 Å

CSi
0 -9% -9% -12% 10.1%

SiC
0 111% 111% 113% 10.3%

SiC
11 114% 114% 113% 10.8%

SiC
21 117% 121% 113% 10.1%

SiC
31 119% 122% 117% 11.3%

SiC
41 127% 128% 120% 15.1%
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Tables I and II, respectively. We give a relative numb
measuring the difference between the ideal length and
length in the relaxed structure. For CSi ;11% inwards relax-
ation takes place, whereas atoms surrounding SiC move away
from it by ;14% of the bond length. For SiC, the relaxation
varies in the range~14–22!% depending on the charge sta
~see Table I!. The relaxations in 2H SiC have common cha
acteristics with 3C SiC~see Table II, Fig. 3!. Exceptionally,
the relaxations around the hexagonal-site SiC

41 are distinctly
larger. The outward relaxation in the nearest-neighbor s
of the antisite atom is;27% and;5% for more distant
neighbors at 3.57 Å. In 3C SiC, the relaxation reduces
formation energy of CSi by ;1.4 eV. In the case of SiC, the
energy gain in relaxation is;5 –6 eV, depending on the
charge state so that the value increases as the electron
transferred from the antisite. The corresponding values
2H SiC are slightly larger.

In summary, our results provide strong evidence that
defect behind theH centers is the silicon antisite, formed i
neutron irradiation. Our prediction is based on accur
plane-wave pseudopotential calculations for formation en
gies and ionization levels of various point defects in 2H a
3C SiC. We find several ionization levels for SiC in the low-
est third of the band gap. Moreover, we obtain a low form
tion energy for both antisites. Our results give a simp
model for H centers, detected in neutron irradiated 3C S
by Nageshet al.27 These results support earlier stateme
that antisites are produced by neutron irradiation and that
signals ofH centers are due to point defects. It is also fou
that carbon antisite has an even lower formation energy t
SiC both in 3C and 2H SiC. This indicates that the elect
cally and optically inactive CSi is a common defect in silicon
carbide.

The authors wish to thank the generous computing
sources of the Center for Scientific Computing~CSC!, Es-
poo, Finland. One of us~L.T.! wishes to thank Dr. Erik So¨r-
man for motivating discussions. This work has be
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e

FIG. 3. The local atomic structures for 3C and 2H polytypes
SiC. The bond numeration in 2H SiC is used in Table II.
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7E. Sörman, Ph.D. thesis, Linko¨ping University, Sweden, 1997.
8N. T. Son, E. So¨rman, W. M. Chen, C. Hallin, O. Kordina, B

Monemar, E. Janzen, and J. L. Lindstro¨m, Phys. Rev. B55,
2863 ~1997!.

9T. Dalibor, G. Pensl, H. Matsunami, T. Kimoto, W. J. Choyke,
Schöner, and N. Nordell, Phys. Status Solidi A162, 199~1997!,
and references therein.

10G. Brauer, W. Anwand, P. G. Coleman, A. P. Knights, F. Pla
ola, Y. Pacaud, W. Skorupa, J. Sto¨rmer, and P. Willutzki, Phys.
Rev. B54, 3084~1996!.

11S. Dannefaer, D. Craigen, and D. Kerr, Phys. Rev. B51, 1928
~1995!.

12Y. Li and P. J. Lin-Chung, Phys. Rev. B36, 1130~1987!.
13D. N. Talwar and Z. C. Feng, Phys. Rev. B44, 3191~1991!.
l.

,
s.

-

14C. Wang, J. Bernholc, and R. F. Davis, Phys. Rev. B38, 12 752
~1988!.

15T. Wimbauer, B. Meyer, A. Hofstaetter, A. Scharmann, and
Overhof, Phys. Rev. B56, 7384~1997!.

16A. Zywietz, J. Furthmu¨ller, and F. Bechstedt~unpublished!.
17J. Schneider and K. Maier, Physica B185, 199 ~1993!.
18D. M. Ceperley and B. J. Alder, Phys. Rev. Lett.45, 566 ~1980!;

J. Perdew and A. Zunger, Phys. Rev. B23, 5048~1981!.
19R. Car and M. Parrinello, Phys. Rev. Lett.55, 2471~1985!.
20D. Vanderbilt, Phys. Rev. B41, 7892 ~1990!; K. Laasonen, A.

Pasquarello, R. Car, C. Lee, and D. Vanderbilt,ibid. 47, 10 142
~1993!.

21G. B. Bachelet, D. R. Hamann, and M. Schlu¨ter, Phys. Rev. B26,
4199 ~1982!.

22L. Torpo, K. Laasonen, S. Po¨ykkö, and R. M. Nieminen~unpub-
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