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Correlation between the antisite pair and theD, center in SiC
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The D, 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, 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, low temperature photoluminescenddPL) cen- D, center could originate from an intrinsic defect. The ap-
ter in SiC has been well known for decadet.has been pearance of th®, defect in irradiated as well as as-grown
recently shown that room temperature electron irradiatiormaterials also suggests its native nature. The MBE experi-
creates sharp PL line@alled alphabet lingswhich anneal  ment showed no Si/C ratio dependency of the concentration
out at about 750 °C. At a higher annealing temperature oNnlys the D, centert! However, it was shown that the concen-
fche spectr_um of thﬁ)! center appeal%The_D, LTPL signal  yation of theD, center reduces with higher C/Si ratio during
is very efficient, and it can survive annealing above 1700°Chigh speedCVD growth?® It was not shown that this rela-

:.ne.élltlheg)ll t(jefsgt;t;’fr\yafﬁ?slek; rd@sl gferi’rtrzrd‘_’;?zg_bfgmed tionship holds at a lower rate of growthBesides the sharp
polytyp lation, L; emission lines phonon assisted sidebands have also been

was also observed in as-grown material after quenching fro . . o
growth temperature and in epitaxial layers grown by Chemﬂaetectea and associated with local vibration modes of Ehe

cal vapor depositiofT%or molecular beam epitaMBE). ™t defect around 83 meV (669.4 ¢ in the phonon band

The photon energy of the zero-phonon luminescence i§aP- Splitting of this vibration mode were rzeported LA
0.35-0.45 eV below the excitonic gap independent of théind 1-SIiC, resulting in at least two modés?

polytype. It was showi that the transition of the zero-  Several models have been suggested fortheenter. It
phonon line can be explained by exciton recombination at aM/as speculated that thg lines were coming from the diva-
isoelectronic center, which should have at least one doublgancy, or possibly from a carbon divacariésthis has been
occupied defect level in the band gap. Binding of excitons bynot supported by a recent theoretical wotkt was shown
neutral isoelectronic centers is known from otherthat the divacancy is not stable in the neutral charged state,
semiconductord® Since the offset of the valence band maxi- and the ionization energies of the divacancy is not in the
mum is small between polytypé$the transition energy of region of the transition energy of iz center!® An electron

the zero-phonon line might give the position of the one-paramagnetic resonan¢EPR study assigned thB, defect
electron level of the neutral defect with respect to the conto aVs-Nc complex®; however, no correlation of the EPR
duction band edgeH.) within 0.1 eV. It was also found by and theD, LTPL signal were shown, whatsoever. It has also
PLE measurements that the hole binds strongly tolhe been suggested that a silicon vacancy might be involved in
defect while the electron only weakly making a hydrogenicthe D, defect, based on comparing the calculated0) oc-
series in its excited staté$.The D, spectrum consists of cupation level with the transition energy of thelines!* In
three zero-phonon lines dt;=2.625 eV, L,=2.600 eV, a recent theoretical work the alphabet lines H-&iC were
and L;=2.570 eV in @4-SiC.” In 4H-SiC thel, line ap- attributed to various configurations of nearby carbon and sili-
pears at 2.901 e¥2 while the 3C-SiC layers show an emis- con antisiteg? It was speculated that a next neighbor pair
sion line atL;=1.972 eV These experimental facts indi- (see Fig. 1 might give rise to theD, center. These calcula-
cate that the one-electron level of the neutral defect is aboutons (in a 72-atom supercgllpredicted a significant total
0.3-0.4 eV above the valence band maximum independentlgnergy difference between different orientations of the pair,
of the polytype. The tight binding of the hole indicates thatand a single Si-related local vibrational mode/M) at

the defect is a hole trap; in other words, it can be positively624.9 cm * (77.5 meV in the phonon gagwhich is at vari-
ionized. TheD, center appears in-type as well agp-type  ance with our experimental finding® The calculated +/0)

SiC samples:*?2 Assuming that the exciton is bound to a occupation level aE.-2.66 eV for the close pair at tHesite
neutral isoelectronic defect, tHe, center should not give was favorably compared to the transition energies of the al-
rise to an empty defect level above the doubly occupied dephabet lines. It should be noted that the duration of the pho-
fect level because it could then be negatively charged antbn emission due to an electron-hole recombination is much
invisible in n-type samples. Another consequence is that theshorter than the relaxation time of the atoms to reach the
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TABLE |. The measured phonon gap modes for theLTPL
center in 4 and 6H-SiC. The different gap modes corresponding
to the different zero-phonon lines are labeled in the first column.

LTPL line phonon gap modes in meV (crh
3C-SiC: Lq 82.0(661.3 82.9(668.7
4H-SiC: L, 82.7(667.0 83.4(672.7)
6H-SIiC: L, 82.8(667.9 83.7(675.1)
L, 82.3(663.9 83.2(671.0)
Ls 82.1(662.2 82.9(668.7

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

(1) Geometry and occupation levelsb initio DFT-LDA
(density functional theory in the local density approximation
calculations with the exchange correlation of Ceperley and
Alder”® were carried out in a supercéBC) model, applying
Troullier-Martins pseudopotenti&fswith a plane wave basis
using a 36-Ry kinetic energy cutoff in thr4i9sMD code?®
Other details can be found in Ref. 26. For selecting the nec-
essary supercell size we made convergence tests on the well-
known V¢ defect?” We have found that the 72-atom super-
cell of 4H-SiC with the 2 K-point set does not vyield
equilibrium configuration of the charged state; therefore, notonvergent results for the geometry and formation energy of
the (+/0) occupation level but the one-electron level of thethe isolatedv but the results of a 96-atom supercell calcu-
neutral defect, i.e., theertical ionization energy should be |ation agree with those of M-SiC 128-atom calculations
compared to the transition energy of the zero phonon-lingvithin 0.5%22 Therefore, in the SC calculation<3SiC was
(the occupation levels amdiabaticionization energies modeled by a 128 atom fcc, andH4SiC by a 96 atom hcp

In this paper we will report experiments of thg related  unit cell. A major problem is that the width of the band gap
local vibrational modes, and we will show by carefafh  is always severely underestimated in the DFT-LDA. That
initio 3C and 4H-SiC supercell calculations that the neutral influences the energy of the electrons on gap levels and,
antisite pair is indeed a good candidate for lhedefect: the  thereby, the total energy as well. For the single positively
calculated local vibration modes can explain the experimeneharged defect the error in the total energy due to the inter-
tal findings, and the calculated one-electron level of the neuaction of the charged supercells is partly compensated for by
tral antisite pair is very close to the measured transition enthe spin polarization error. We have already demonstrated
ergy of the zero-phonon line. We also calculate the hyperfinghat using a correction for the one-electron level positftns,
constants for the antisite pair in the positively charged statéhe occupation levels of known defects in silicon can be re-
in order to facilitate the identification of th®, defect produced within 0.1 et
by EPR. (2) Local vibration modesThere are four inequivalent

PL measurements were performed it€-3 4H-, and  configurations for the anti-site pair inH+SiC. The corre-
6H-SIC crystals at a temperature of2 K, with the samples  sponding local vibration modes would be slightly different
immersed in the liquid helium, using excitation at 334 or 351and difficult to determine whether they can be resolved ex-
nm (Ar-laser with ultraviolet linesto investigate the phonon perimentally. Therefore, the local vibrational modes were
replicas ofD, center. In the case of the hexagonal polytypescalculated only in -SiC. Using a plane wave basis for this
(4H- and &H-SiC), the usual near backscattering geometrypurpose would be too time consuming; thus we have used
along the crystat axis was used; thus only light with polar- the same procedure as Ref. 20 utilizing Gaussian orbitals.
ization EL c was detected. For other details on the materialThis method already provided excellent results for local vi-
preparation of hexagonal polytypes, see Ref. 12. TReSBC  bration modes in 8-SiC compared to the experimerifs:t
sample was a bulk SiC sample. We have found that there af@etails about this method can be found in Ref. 26, and will
two LVMs close to each other in the phonon gape Table be not repeated here.

). In 4H-and 6H-SiC both modes are about equally strong, (3) Hyperfine constants and one-electron levélse cal-
while for 3C-SiC the one at 661.3 cnt (82.0 meVj is weak  culation of accurate hyperfine constants requires an all elec-
and the one at 668.7 cm (82.9 meV} is strong. The broad- tron treatment. We have used thrYSTAL98 cod€? for this
ening of the lines may indicate that the lower mode is doublypurpose, on the supercell geometry obtained from the plane
degenerate or consists of more modes which could not hawsave supercell calculatior{svith the sameK-point sej. The
been resolved experimentally in hexagonal polytypes. Kohn-Sham one-particle eigenvalues of the local density ap-

It has been shown earlier that the anti-site pair is morgroximation(LDA) Hamiltonian are not the vertical ioniza-

stable than isolated antisités?? Here we have investigated tion energies. As a consequence, the LDA underestimates the

FIG. 1. The geometry of the antisite pair at thsite. In the case
of Cy, symmetry in the single positively charged statélsand
C(1) atoms are lying in the mirror plane making th€23j Si(3) and
C(2), C(3) atoms equivalent.
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width of the band gap of semiconductors about 50%. In our TABLE II. The calculated principal values of the hyperfine ten-
case the calculated LDA band gaps were 0.5, 1.2, and 2.0 e%or of the antisite pair at thle site in 4H-SiC. The values are in
for silicon, 3C-SiC, and 4-SiC, respectively, compared to MHz. See Fig. 1 for atom labels.

the experimental values of 1.1, 2,4 and 3.3 eV. The self=

consistent solutions for this problem can be the Baraff-atom principal values of hyperfine tensor in MHz
Schiiter correction (scissor-operatgr in  Green-function Ax Ay A
techniques’ the exact-exchange formalism within the den- g 496 210 _174

sity functional theory” or the Hartree-Fock exchange func-

. T . . Csi —-5.0 4.6 —4.0
tional mixing in to a LDA correlation functionaf, We have S

, e Si -25.7 9.0 9.0
used the last method in tlerYSTAL98 code: setting an em- c 53 31 29

pirical 20% mixing of the exact exchange into LDA, the ~
calculated band gaps are 1.0, 2.4, and 3.3 eV for GSiC, Sk —123 10.0 9:5
and 4H-SIiC, respectively, which are within 0.1 eV of the Cas 37 2.0 2.1
experimental values. The defect levels in the band gap also
represent a problem in LDA calculations: a defect level in
the band gap is a mixture of valence band states and th&ithin 0.08 eV of each othefthe off-axis configuration is
(excited conduction band states. The position of that defecslightly more stable than the other omesnd the one-
level shifts nearly proportional to the overlap with the con-electron defect levels are within 0.02 eV of each other, so
duction band state$.If electrons occupied that defect level, they are practically the same within the error bar of our cal-
then this correction influences the formation energy of theculational method. The significant energy difference found in
corresponding defect as well. This effect is demonstrated®ef. 20 is probably a consequence of the smaller cell size.
here on the well-documented hydrogen interstitial)(kh ~ The corrected formation energy of the antisite pair atkhe
silicon®® (using the sam&-point set in thecRysTAL98 cal-  site is 5.9 eV. In #-SiC the symmetry of the neutral antisite
culations for Si as for SiC, details belp#? The calculated pair is C5,, parallel to thec axis, andCy, in the off-axis
one-electron level of—|io is at E,+0.4 eV with pure LDA configuration. The one-electron levels have been determined
Hamiltonian and aE,+0.9 eV with a mixed Hamiltonian for the k site by thecRysTAL'98 code: thea, level and thee
compared to the experimental ionization energy Bf level are lying atE,+0.16 and+0.38 eV, respectively. The
+0.96 eV It is apparent that using a fixed m{20%) of  calculated and correcte@+/0) level of thek site is atE,
the exact exchange into the LDA, this method allows us tot 0.3 eV. In the case of the singly positive charge state the
determine the position of the one-electron levels free of thentisite pair undergoes Jahn-Teller distortion t€g sym-
gap error. We have found that the LDA gap correction for themetry at thek site. This is a paramagnetic state<{1/2) and
total energy of the neutral state of the anti-site pair in SiC ighe hyperfine constants have been calculated for the antisite
0.4 eV. Using all electrons for all the atoms in the supercellpair (see Table I. As can be seen the hyperfine interactions
would be computationally prohibitive; therefore, only the an-on Si atoms are big enough to be measured by EPR. The
tisites and their first neighbor atoms were treated in this manlocalization on carbon atoms is very low. The calculated hy-
ner with an optimized 6-21G* Gaussian-type basis, while forperfine data obviously do not fit those reported in Ref. 19.
the rest an isomorph ECP-21G* badiwas used where the All the calculated LVMs of the antisite pair inG3-SiC are
effect of core electrons was treated by an effective core pofalling into the phonon continuum except four modes.ahn
tential. Tests of the hydrogen interstitial in silicon have mode at 698 cm? is due to the twist of the first neighbor C
shown that this method is able to reproduce the measureatoms around §. The a, mode is forbidden for any PL
hyperfine constants typically within 15-25%:The method transition, and not expected to appear in the LTPL spectrum.
has already proven very effective in calculating the hyperfined degeneratee mode at 627 cm! and ana; mode at
constants of defects in other materials as W&t 641 cm ! correspond to stretching modes of the compressed
First, the geometry and the formation energy of the neuSi-Si bonds. These values compare to the experimental ones
tral antisite pair were determined inC3and 4H-SiC. In  at 661 and 669 cm® of D, in 3C-SiC. The intensity differ-
3C-SiC the antisite pair has@;, symmetry and there is one ence between the two observed modes can be explained by
a; and one doubly degeneratdevel fully occupied above the selection rules pertinent G5, symmetry in X-SiC,
the top of the valence band() at E,+0.19 eV and aE,  which will make thea; mode appear much stronger. How-
+0.44 eV(these are corrected valye$he defect levels cor- ever, in hexagonal SiC the off-axis configuratiofvghich
respond to the compressed Si-Si bonds of the $he dis- may occur three times more frequently as the trigonal pnes
tance of the Si-Si bonds is about 2.2 A. The situation is veryposseses &, symmetry where the mode is slightly split
similar to that of the isolated §j where a triply degenerate and certainly no forbidden states occur. Thus at least two
t, level is lying close to the valence band tUpThe calcu- nearly equally strong modes are expected due to the anti-site
lated and corrected formation energy is 6.1 eV, which is bepair in 4H- and 6H-SiC where the first may consist of two
tween that of the silicon vacand.2 e\V) and that of the modes very close to each otlférThe calculated LVMs of
carbon vacancy5.3 e\).** In 4H-SiC we have calculated the isolated G (T4 symmetry are falling into the phonon
the neutral antisite pair parallel to tleeaxis at thek site and  continuum, while the isolated Si(T4 symmetry has one
at theh site, as well as the off-axis configurations. We havetriply degeneraté, (at 671 cmi ') and onea, (at 644 cm' 1)
found that the formation energies of these configurations areVM in the phonon band gapSimilar results have been

155203-3



A. GALI et al. PHYSICAL REVIEW B 67, 155203 (2003

reported in H-SiC except that only three gap modes were+0.3 eV in 4H-SiC. This means that the antisite pair is
found for Sg.29. This shows that the number of LVMs in neutral inn-type and moderatelg-type materials. Assuming
the phonon band gap depends on the number of compressgtht the exciton binds to a neutral defect this explains @hy
Si-Si bonds: in the case of isolated-Sour modes appears spectra can be seen imtype and as well ap-type samples.
due to four Si-Si bonds. For the antisite pair there are threghe calculations hint that th®, defect can be positively
compressed Si-Si bonds resulting in three modes. The isqharged in heavily Al dopeg-type samples where thB,
tope shift of*C is also very minor (0.4 cm' for a; mode®  spectra should disappear. Hyperfine interaction with four sili-
for the antisite pair which also shows that the local vibrationcon atoms should be seen in this case for the positively
modes are related to the compressed Si-Si bonds. charged state. The phonon sidebands oflhepectra in the

The calculated formation energy of the antisite pair iSpnonon gap can appear because of the compressed Si-Si
lower than for the Si-vacancy which indicates that this defecynds of the antisite pair. The calculated degenerate and
can be created during growth. The calculated highest ongsingie |ocal vibrational modes are in good agreement with
electron ~defect level atE,+0.38 eV=E.~2.88eV in 1o measured PL peaks f, in 3C-SiC. Based on these
4H-SiC is very close to the observed transmc_)n energy of thggcts we propose the isolated antisite pair as a promising
zero-phonon ling2.901 eV The corresponding calculated microscopic model for th®, center. The experimental jus-
and measured values are 1.97 and 1.972 eVGRSIC, re- fication could be made by EPR in heavily Al doped
spectively. The antisite pair is an isoelectronic defect: thesamples.
highest defect level is a fully occupied double degeneeate
level (in 4H-SIC it is a bit split in the off-axis configuration The authors wish to thank the OTKA T-032174 and
from where one electron can be excited and then a positiveli#-038357 for supporting this work. This research was also
charged defect is left. This is consistent with the PLEsupported by Grant No. 2002002 from the Swedish National
experiments? The (+/0) occupation level is at abouE,  Supercomputing Center.
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