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Correlation between the antisite pair and theD I center in SiC
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TheD I low temperature photoluminescence center is a well-known defect stable up to 1700 °C annealing in
SiC, still its structure is not yet known. Combining experimental and theoretical studies, in this paper we will
show that the properties of an antisite pair can reproduce the measured one-electron level position and local
vibration modes of theD I center, and are consistent with other experimental findings as well. We give
theoretical values of the hyperfine constants of the antisite pair in its paramagnetic state as a means to confirm
a model.
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The D I low temperature photoluminescence~LTPL! cen-
ter in SiC has been well known for decades.1 It has been
recently shown that room temperature electron irradiat
creates sharp PL lines~called alphabet lines! which anneal
out at about 750 °C. At a higher annealing temperature o
the spectrum of theD I center appears.2 The D I LTPL signal
is very efficient, and it can survive annealing above 1700
i.e., theD I defect is very stable. TheD I center was observe
in all polytypes after various kinds of irradiation,1,3–6 and
was also observed in as-grown material after quenching f
growth temperature and in epitaxial layers grown by che
cal vapor deposition7–10or molecular beam epitaxy~MBE!.11

The photon energy of the zero-phonon luminescence
0.35–0.45 eV below the excitonic gap independent of
polytype. It was shown12 that the transition of the zero
phonon line can be explained by exciton recombination a
isoelectronic center, which should have at least one dou
occupied defect level in the band gap. Binding of excitons
neutral isoelectronic centers is known from oth
semiconductors.13 Since the offset of the valence band ma
mum is small between polytypes,14 the transition energy o
the zero-phonon line might give the position of the on
electron level of the neutral defect with respect to the c
duction band edge (Ec) within 0.1 eV. It was also found by
PLE measurements that the hole binds strongly to theD I
defect while the electron only weakly making a hydroge
series in its excited states.12 The D I spectrum consists o
three zero-phonon lines atL152.625 eV, L252.600 eV,
and L352.570 eV in 6H-SiC.7 In 4H-SiC theL1 line ap-
pears at 2.901 eV,6,8 while the 3C-SiC layers show an emis
sion line atL151.972 eV.15 These experimental facts ind
cate that the one-electron level of the neutral defect is ab
0.3–0.4 eV above the valence band maximum independe
of the polytype. The tight binding of the hole indicates th
the defect is a hole trap; in other words, it can be positiv
ionized. TheD I center appears inn-type as well asp-type
SiC samples.1,12 Assuming that the exciton is bound to
neutral isoelectronic defect, theD I center should not give
rise to an empty defect level above the doubly occupied
fect level because it could then be negatively charged
invisible in n-type samples. Another consequence is that
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D I center could originate from an intrinsic defect. The a
pearance of theD I defect in irradiated as well as as-grow
materials also suggests its native nature. The MBE exp
ment showed no Si/C ratio dependency of the concentra
of the D I center.11 However, it was shown that the conce
tration of theD I center reduces with higher C/Si ratio durin
high speedCVD growth.16 It was not shown that this rela
tionship holds at a lower rate of growth.16 Besides the sharp
Li emission lines phonon assisted sidebands have also
detected7 and associated with local vibration modes of theD I

defect around 83 meV (669.4 cm21) in the phonon band
gap. Splitting of this vibration mode were reported in 4H
and 6H-SiC, resulting in at least two modes.7,12

Several models have been suggested for theD I center. It
was speculated that theLi lines were coming from the diva
cancy, or possibly from a carbon divacancy.17 This has been
not supported by a recent theoretical work.18 It was shown
that the divacancy is not stable in the neutral charged st
and the ionization energies of the divacancy is not in
region of the transition energy of theD I center.18 An electron
paramagnetic resonance~EPR! study assigned theD I defect
to a VSi-NC complex19; however, no correlation of the EPR
and theD I LTPL signal were shown, whatsoever. It has al
been suggested that a silicon vacancy might be involved
the D I defect, based on comparing the calculated~1/0! oc-
cupation level with the transition energy of theLi lines.11 In
a recent theoretical work the alphabet lines in 4H-SiC were
attributed to various configurations of nearby carbon and s
con antisites.20 It was speculated that a next neighbor p
~see Fig. 1! might give rise to theD I center. These calcula
tions ~in a 72-atom supercell! predicted a significant tota
energy difference between different orientations of the p
and a single Si-related local vibrational mode~LVM ! at
624.9 cm21 ~77.5 meV! in the phonon gap~which is at vari-
ance with our experimental finding!.20 The calculated~1/0!
occupation level atEc-2.66 eV for the close pair at theh site
was favorably compared to the transition energies of the
phabet lines. It should be noted that the duration of the p
ton emission due to an electron-hole recombination is m
shorter than the relaxation time of the atoms to reach
©2003 The American Physical Society03-1
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equilibrium configuration of the charged state; therefore,
the ~1/0! occupation level but the one-electron level of t
neutral defect, i.e., thevertical ionization energy should be
compared to the transition energy of the zero phonon-
~the occupation levels areadiabatic ionization energies!.

In this paper we will report experiments of theD I related
local vibrational modes, and we will show by carefulab
initio 3C and 4H-SiC supercell calculations that the neutr
antisite pair is indeed a good candidate for theD I defect: the
calculated local vibration modes can explain the experim
tal findings, and the calculated one-electron level of the n
tral antisite pair is very close to the measured transition
ergy of the zero-phonon line. We also calculate the hyper
constants for the antisite pair in the positively charged s
in order to facilitate the identification of theD I defect
by EPR.

PL measurements were performed in 3C-, 4H-, and
6H-SiC crystals at a temperature of;2 K, with the samples
immersed in the liquid helium, using excitation at 334 or 3
nm ~Ar-laser with ultraviolet lines! to investigate the phonon
replicas ofD I center. In the case of the hexagonal polytyp
(4H- and 6H-SiC), the usual near backscattering geome
along the crystalc axis was used; thus only light with pola
ization E'c was detected. For other details on the mate
preparation of hexagonal polytypes, see Ref. 12. The 3C-SiC
sample was a bulk SiC sample. We have found that there
two LVMs close to each other in the phonon gap~see Table
I!. In 4H-and 6H-SiC both modes are about equally stron
while for 3C-SiC the one at 661.3 cm21 ~82.0 meV! is weak
and the one at 668.7 cm21 ~82.9 meV! is strong. The broad-
ening of the lines may indicate that the lower mode is dou
degenerate or consists of more modes which could not h
been resolved experimentally in hexagonal polytypes.

It has been shown earlier that the anti-site pair is m
stable than isolated antisites.21,22 Here we have investigate

FIG. 1. The geometry of the antisite pair at thek site. In the case
of C1h symmetry in the single positively charged state Si~1! and
C~1! atoms are lying in the mirror plane making the Si~2!, Si~3! and
C~2!, C~3! atoms equivalent.
15520
t

e

l

-
u-
-
e
te

s
y

l

re

,

y
ve

e

the behavior of the antisite pair using three different a
proaches within the supercell formalism.

~1! Geometry and occupation levels. Ab initio DFT-LDA
~density functional theory in the local density approximatio!
calculations with the exchange correlation of Ceperley a
Alder23 were carried out in a supercell~SC! model, applying
Troullier-Martins pseudopotentials24 with a plane wave basis
using a 36-Ry kinetic energy cutoff in theFHI98MD code.25

Other details can be found in Ref. 26. For selecting the n
essary supercell size we made convergence tests on the
known VC

1 defect.27 We have found that the 72-atom supe
cell of 4H-SiC with the 23 K-point set does not yield
convergent results for the geometry and formation energy
the isolatedVC

1 but the results of a 96-atom supercell calc
lation agree with those of 4H-SiC 128-atom calculations
within 0.5%.28 Therefore, in the SC calculations 3C-SiC was
modeled by a 128 atom fcc, and 4H-SiC by a 96 atom hcp
unit cell. A major problem is that the width of the band ga
is always severely underestimated in the DFT-LDA. Th
influences the energy of the electrons on gap levels a
thereby, the total energy as well. For the single positiv
charged defect the error in the total energy due to the in
action of the charged supercells is partly compensated fo
the spin polarization error. We have already demonstra
that using a correction for the one-electron level position42

the occupation levels of known defects in silicon can be
produced within 0.1 eV.29

~2! Local vibration modes. There are four inequivalen
configurations for the anti-site pair in 4H-SiC. The corre-
sponding local vibration modes would be slightly differe
and difficult to determine whether they can be resolved
perimentally. Therefore, the local vibrational modes we
calculated only in 3C-SiC. Using a plane wave basis for th
purpose would be too time consuming; thus we have u
the same procedure as Ref. 20 utilizing Gaussian orbita30

This method already provided excellent results for local
bration modes in 3C-SiC compared to the experiments.26,31

Details about this method can be found in Ref. 26, and w
be not repeated here.

~3! Hyperfine constants and one-electron levels. The cal-
culation of accurate hyperfine constants requires an all e
tron treatment. We have used theCRYSTAL’98 code32 for this
purpose, on the supercell geometry obtained from the pl
wave supercell calculations~with the sameK-point set!. The
Kohn-Sham one-particle eigenvalues of the local density
proximation~LDA ! Hamiltonian are not the vertical ioniza
tion energies. As a consequence, the LDA underestimates

TABLE I. The measured phonon gap modes for theD I LTPL
center in 4H and 6H-SiC. The different gap modes correspondin
to the different zero-phonon lines are labeled in the first column

LTPL line phonon gap modes in meV (cm21)

3C-SiC: L1 82.0 ~661.3! 82.9 ~668.7!
4H-SiC: L1 82.7 ~667.0! 83.4 ~672.7!
6H-SiC: L1 82.8 ~667.8! 83.7 ~675.1!
L2 82.3 ~663.8! 83.2 ~671.1!
L3 82.1 ~662.2! 82.9 ~668.7!
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width of the band gap of semiconductors about 50%. In
case the calculated LDA band gaps were 0.5, 1.2, and 2.0
for silicon, 3C-SiC, and 4H-SiC, respectively, compared t
the experimental values of 1.1, 2,4 and 3.3 eV. The s
consistent solutions for this problem can be the Bara
Schlüter correction ~scissor-operator! in Green-function
techniques,33 the exact-exchange formalism within the de
sity functional theory,34 or the Hartree-Fock exchange fun
tional mixing in to a LDA correlation functional.35 We have
used the last method in theCRYSTAL’98 code: setting an em
pirical 20% mixing of the exact exchange into LDA, th
calculated band gaps are 1.0, 2.4, and 3.3 eV for Si, 3C-SiC,
and 4H-SiC, respectively, which are within 0.1 eV of th
experimental values. The defect levels in the band gap
represent a problem in LDA calculations: a defect level
the band gap is a mixture of valence band states and
~excited! conduction band states. The position of that def
level shifts nearly proportional to the overlap with the co
duction band states.33 If electrons occupied that defect leve
then this correction influences the formation energy of
corresponding defect as well. This effect is demonstra
here on the well-documented hydrogen interstitial (Hi) in
silicon36 ~using the sameK-point set in theCRYSTAL’98 cal-
culations for Si as for SiC, details below!.43 The calculated
one-electron level ofH i

0 is at Ev10.4 eV with pure LDA
Hamiltonian and atEv10.9 eV with a mixed Hamiltonian
compared to the experimental ionization energy ofEv
10.96 eV.36 It is apparent that using a fixed mix~20%! of
the exact exchange into the LDA, this method allows us
determine the position of the one-electron levels free of
gap error. We have found that the LDA gap correction for
total energy of the neutral state of the anti-site pair in SiC
0.4 eV. Using all electrons for all the atoms in the superc
would be computationally prohibitive; therefore, only the a
tisites and their first neighbor atoms were treated in this m
ner with an optimized 6-21G* Gaussian-type basis, while
the rest an isomorph ECP-21G* basis37 was used where the
effect of core electrons was treated by an effective core
tential. Tests of the hydrogen interstitial in silicon ha
shown that this method is able to reproduce the meas
hyperfine constants typically within 15–25 %.38 The method
has already proven very effective in calculating the hyperfi
constants of defects in other materials as well.39,40

First, the geometry and the formation energy of the n
tral antisite pair were determined in 3C and 4H-SiC. In
3C-SiC the antisite pair has aC3v symmetry and there is on
a1 and one doubly degeneratee level fully occupied above
the top of the valence band (Ev) at Ev10.19 eV and atEv
10.44 eV~these are corrected values!. The defect levels cor-
respond to the compressed Si-Si bonds of the SiC . The dis-
tance of the Si-Si bonds is about 2.2 Å. The situation is v
similar to that of the isolated SiC , where a triply degenerat
t2 level is lying close to the valence band top.41 The calcu-
lated and corrected formation energy is 6.1 eV, which is
tween that of the silicon vacancy~8.2 eV! and that of the
carbon vacancy~5.3 eV!.44 In 4H-SiC we have calculated
the neutral antisite pair parallel to thec axis at thek site and
at theh site, as well as the off-axis configurations. We ha
found that the formation energies of these configurations
15520
r
V

f-
-

so

he
t

-

e
d

o
e
e
s
ll
-
n-
r

o-

ed

e

-

y

-

re

within 0.08 eV of each other~the off-axis configuration is
slightly more stable than the other ones!, and the one-
electron defect levels are within 0.02 eV of each other,
they are practically the same within the error bar of our c
culational method. The significant energy difference found
Ref. 20 is probably a consequence of the smaller cell s
The corrected formation energy of the antisite pair at thk
site is 5.9 eV. In 4H-SiC the symmetry of the neutral antisit
pair is C3v , parallel to thec axis, andC1h in the off-axis
configuration. The one-electron levels have been determ
for the k site by theCRYSTAL’98 code: thea1 level and thee
level are lying atEv10.16 and10.38 eV, respectively. The
calculated and corrected~1/0! level of the k site is atEv
10.3 eV. In the case of the singly positive charge state
antisite pair undergoes Jahn-Teller distortion to aC1h sym-
metry at thek site. This is a paramagnetic state (S51/2) and
the hyperfine constants have been calculated for the ant
pair ~see Table II!. As can be seen the hyperfine interactio
on Si atoms are big enough to be measured by EPR.
localization on carbon atoms is very low. The calculated h
perfine data obviously do not fit those reported in Ref. 19

All the calculated LVMs of the antisite pair in 3C-SiC are
falling into the phonon continuum except four modes. Ana2
mode at 698 cm21 is due to the twist of the first neighbor C
atoms around CSi . The a2 mode is forbidden for any PL
transition, and not expected to appear in the LTPL spectr
A degeneratee mode at 627 cm21 and an a1 mode at
641 cm21 correspond to stretching modes of the compres
Si-Si bonds. These values compare to the experimental o
at 661 and 669 cm21 of D I in 3C-SiC. The intensity differ-
ence between the two observed modes can be explaine
the selection rules pertinent toC3v symmetry in 3C-SiC,
which will make thea1 mode appear much stronger. How
ever, in hexagonal SiC the off-axis configurations~which
may occur three times more frequently as the trigonal on!
posseses aC1h symmetry where thee mode is slightly split
and certainly no forbidden states occur. Thus at least
nearly equally strong modes are expected due to the anti
pair in 4H- and 6H-SiC where the first may consist of tw
modes very close to each other.45 The calculated LVMs of
the isolated CSi (Td symmetry! are falling into the phonon
continuum, while the isolated SiC (Td symmetry! has one
triply degeneratet2 ~at 671 cm21) and onea1 ~at 644 cm21)
LVM in the phonon band gap.~Similar results have been

TABLE II. The calculated principal values of the hyperfine te
sor of the antisite pair at thek site in 4H-SiC. The values are in
MHz. See Fig. 1 for atom labels.

atom principal values of hyperfine tensor in MHz
Ax Ay Az

SiC 249.6 21.0 217.4
CSi 25.0 4.6 24.0
Si1 225.7 9.0 9.0
C1 5.3 3.1 2.9
Si2,3 212.3 10.0 9.5
C2,3 3.7 2.0 2.1
3-3
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reported in 4H-SiC except that only three gap modes we
found for SiC .20!. This shows that the number of LVMs i
the phonon band gap depends on the number of compre
Si-Si bonds: in the case of isolated SiC four modes appear
due to four Si-Si bonds. For the antisite pair there are th
compressed Si-Si bonds resulting in three modes. The
tope shift of13C is also very minor (0.4 cm21 for a1 mode!
for the antisite pair which also shows that the local vibrat
modes are related to the compressed Si-Si bonds.

The calculated formation energy of the antisite pair
lower than for the Si-vacancy which indicates that this def
can be created during growth. The calculated highest o
electron defect level atEv10.38 eV5Ec22.88 eV in
4H-SiC is very close to the observed transition energy of
zero-phonon line~2.901 eV!. The corresponding calculate
and measured values are 1.97 and 1.972 eV in 3C-SiC, re-
spectively. The antisite pair is an isoelectronic defect:
highest defect level is a fully occupied double degenerae
level ~in 4H-SiC it is a bit split in the off-axis configuration!
from where one electron can be excited and then a positi
charged defect is left. This is consistent with the P
experiments.12 The ~1/0! occupation level is at aboutEv
es

.
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10.3 eV in 4H-SiC. This means that the antisite pair
neutral inn-type and moderatelyp-type materials. Assuming
that the exciton binds to a neutral defect this explains whyD I

spectra can be seen inn-type and as well asp-type samples.
The calculations hint that theD I defect can be positively
charged in heavily Al dopedp-type samples where theD I

spectra should disappear. Hyperfine interaction with four s
con atoms should be seen in this case for the positiv
charged state. The phonon sidebands of theD I spectra in the
phonon gap can appear because of the compressed
bonds of the antisite pair. The calculated degenerate
single local vibrational modes are in good agreement w
the measured PL peaks ofD I in 3C-SiC. Based on these
facts we propose the isolated antisite pair as a promis
microscopic model for theD I center. The experimental jus
tification could be made by EPR in heavily Al dope
samples.

The authors wish to thank the OTKA T-032174 an
F-038357 for supporting this work. This research was a
supported by Grant No. 2002002 from the Swedish Natio
Supercomputing Center.
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