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Structure and vibrational spectra of carbon clusters in SiC
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The electronic, structural, and vibrational properties of small carbon interstitial and antisite clusters are
investigated byab initio methods in - and 41-SiC. The defects possess sizable dissociation energies and
may be formed via condensation of carbon interstitials, e.g., generated in the course of ion implantation. All
considered defect complexes possess localized vibrational ngbdigs ) well above the SiC bulk phonon
spectrum. In particular, the compact antisite clusters exhibit high-frequency LVM’'s up to 250 meV. The
isotope shifts resulting from ¥C enrichment are analyzed. In the light of these results, the photoluminescence
centersD; andP-U are discussed. The dicarbon antisite is identified as a plausible key ingredientf the
center, whereas the carbon split interstitial is a likely origin of BheT centers. The comparison of the
calculated and observed high-frequency modes suggests tHatcieter is also a carbon-antisite-based defect.
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[. INTRODUCTION stability of theP-T centers’. Due to high mobility, the car-
bon interstitials, which are a key ingredient of these
Silicon carbide is a wide-band-gap semiconductor matecenters:>® should have vanished at elevated temperatures.
rial especially suitable for high-power, high-frequency, andNevertheless, both features are observed experimentally. On
high-temperature applications. A common technique for théhe other hand, the recent tentative assignfnént’of the
incorporation of dopant atoms into SiC is ion implantation. €léctron paramagnetic resonan&PR) centersT5 in 3C-
The post-implantation annealing is needed to reduce the!C (Ref. 19, and EI1 and EI3(Ref. 1§ in 4H-SiC to
damage. At the same time, the thermal treatment creates nei@'POn SPlit interstitials, which is based on the comparison
stable defect centers that influence the material propertieQ! calculated and measured hyperfine parameters, supports
The persistent centers that tend to grow even at anneali e prediction of high mobility. These centers anneal be-

. een 150 and 240 °C. A low-temperature annealing of
temperatures above 1000 °C are, e.g., the photolumines: = .. : oy
cence(PL) centersD, (Ref. 1) andD,, (Ref. 2. he silicon and carbon interstitials was also suggested for

irradiated or implanted material by our theoretical analy-

Most likely, the formation of these centers is related to theg;s ¢ competing annealing mechanistis? The intersti-

aggregation of the intrinsic defects. For example, vacancy ofi| migration and the vacancy-interstitial recombination
antisite clusters have been discuss&tin conjunction with are activated at much lower temperatures than other
the D, center. TheD;, center, with its rich vibrational spec- mechanisms. We recently proposédhat small carbon
trum located above the SiC phonon SpeCtrum, is Consideregggregates may provide the missing link between the car-
as a carbon-related deféct> Until now, the complexity of  pon interstitials and the persistent carbon-related defects.
the vibrational spectrum prevents an unambiguous identifiSuch aggregates may trap interstitials at lower tempera-
cation of the microscopic structure. However, the theoreticatures and reemit them again at higher temperatures, or
investigations of the vibrational spectrum of small carboneven represent persistent photoluminescence centers
clusters indicates that the dicarbon antigdecarbon pair at themselves. Also in transient-enhanced dopant diffusion
the silicon sit¢ is an important structural element of this (TED) the carbon aggregates may serve as a source of
defect® Besides théd,, center, further carbon-related defects carbon interstitials similarly to the so-call¢d@11} defects
have been identified recenfly. The photoluminescence cen- in silicon® which emit silicon interstitials and thereby
ters P-U appear in irradiated material and vanish betweerfacilitate the TED.
1000-1300 °.Based on the analysis 6fC isotope shifts A thorough investigation of small and larger carbon ag-
of the localized vibrational modé VM) frequencies, a car- gregates should provide important information concerning
bon split-interstitial model was suggested for tRe-T  their role in the annealing of implantation damage. The the-
centers This proposal was recently questiofiethd an al-  oretical prediction of their vibrational spectra could also help
ternative model was proposed. Generally, although the exatd identify the microscopic structure of the PL centers. Yet,
microscopic models for these defects remain to be estalithe assignment of a particular defect structure to PL centers
lished, it is clear that they are all due to the aggregation ofrom the phonon replicas alone is difficult. As additional in-
carbon interstitials in smaller or larger clusters, which con-formation, the thermal stability and growth/annealing mecha-
stitute a fundamentally important class of defects in SiC. nisms of the clusters may be investigated by analyzing the
The finding that the carbon interstitials aggregate can helglissociation energy of the defect complex and its preceding
resolve a controversy regarding the formation of the persiseonfigurations. So far, theoretical investigations focused on
tent defect centers. Namely, the predicted high mobility ofdi-interstitials and small interstitial clusters at antisft@sA
the carbon split interstitials°should hinder the formation of detailed discussion of the vibrational signature of larger clus-
D, centers at high temperatufé$ and opposes the thermal ters is still missing.
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In the present article we investigate the structure, dissoatom from the defect. This quantity describes the thermal
ciation energies, and vibrational properties of carbon interstistability of a defect. In practice, for the carbon clusters, the
tial and antisite aggregates and of larger clusters involvinglissociation energy is the energy difference between the total
up to four carbon interstitials. We employ ab initio  energy of the cluster and the total energy of the cluster with
method within the framework of density functional theory. one carbon atom less plus the energy of an infinitely remote
The isotope shifts of defects with a distinct and clear split-carbon interstitial:
ting pattern are presented. Although theoretically all these
defects can acquire different charge states, we focus on the Ep = B0l Cn-1) + Eiot( Csp) ~ Etot(Cr) (1)

neutral state as the most relevant for PL experiments. The PL Here G, denotes thé100) carbon split-interstitial, which

due to bound excitons at a charged defect is unlikely to bes the energetically lowest carbon interstitial. Since the most
seen as more nonradiative recombination channels are op@gable configuration of the isolated carbon defect is used as
in this case"? We have found high-frequency LVM’s with up  the reference energy, E¢L) gives the lower bound of the

to 250 meV for small and compact defect clusters at antisitegissociation barrier. We note that the tiltdd00) split-

and LVM's up to 200 meV for interstitial clusters. As the interstitial configuration has been chosen, which is about
cluster size increases, the frequency of the highest modg5 eV lower in energy than the symmettito0) geometry?
drops. In general, we find that the bond length between thghe corresponding values of the formation energies are
involved carbon atoms, which is a measure of the bong.7 eV in 3-SiC and 7.3 eV in ¥W-SiC. For all dissocia-
strength, plays a crucial role. The analysis of further antisitetion energies the neutral charge state has been assumed, as
based clusters provides additional support for the previouslyhe carbon clusters are typically neutral in a typical range of
suggested model of the dicarbon antisite as a core structugie Fermi levekcf. Secs. Il and IV.

of the D, center® The vibrational signature and the isotope  The calculation of the vibrational modes has been per-
shifts of the Spllt interstitial in the tilted Configuration favor formed in |arge Superce”s emp|oying the defect molecule
this defect as a candidate for tie-T centers, although an approximation. In this approximation the atoms belonging to
assignment to the dicarbon antisite cannot be completely rene defect as well as the nearest neighbors are systematically
jected. The existence of LVMs up to 250 meV for compactgisplaced by about 0.15-0.7 % of the bond length and the
antisite clusters shows that the original suggestion of a comgynamical matrix is calculated from the energy variation.

pletely carbon-based center is possible. A comparison with The forces have been converged to a relative accuracy of 5
theoretical results for diamofftireveals that interstitial de- x 1075, A detailed outline of the technique is given in Ref. 5.

fects with similar behavior as in SiC are also found in thisFor the calculation of the dynamical matrix itH4SiC the

structurally very similar material. Brillouin zone has been sampled by thepoint. It has been
The article is organized as follows: Sec. Il is denoted to ayerified that the accuracy of the LVM calculation is not af-
description of the method. In Secs. Il and IV we present oUfected by this change. As we have shown eafligtve main
results for interstitial and antisite clusters in detail and illus-effect on the accuracy results from the uncertainty in the
trate the rich variety of possible defect structures. In Sec. Vattice constangthe lattice constant of the supercell including
the results will be discussed in the light of experimental andhe defect differs slightly from that of the ideal latticand
theoretical data. A summary concludes the article. from the defect molecule approximatigwhich affects the
energetically lowest LVM's close to the bulk spectrubue
to the former the LVM’s may change up to 10 meV when
varying the lattice constant from the experimental value to
Ouir first principles calculations have been carried out usthe (smallep theoretical LDA value. The latter results in a
ing the plane wave pseudopotential packagessspiNt  lowering of the energetically lowest LVM's. In some cases,
within the density functional theoryDFT) formalism?223  referred to in the text, a 64-site cell has been used to calcu-
The details of the method can be found in Ref. 9. For thdate the LVM's. In these cases all atoms of the cell were
expansion of the Kohn-Sham wave functions a basis set dhcluded into the dynamical matrix.
30 Ry cutoff energy is used. The exchange-correlation poten- The most important feature of PL centers is the zero pho-
tial is taken in the local spin density approximation non line(ZPL) that originates from a direct recombination of
(LSDA).2* For the calculation of the defect energetics largethe bound exciton without involving the LVM's. Unfortu-
supercells with 216 lattice sites have been employed fonately, an analysis of the recombination process is beyond
3C-SiC and with 128 lattice sites foH#+SiC. The Brillouin  the capabilities of the static DFT-based methods. We there-
zone has been sampled at thepoint in 3C-SiC, and in  fore do not consider the recombination by itself, but focus on
4H-SiC a 2x 2 X 2 Monkhorst-Pack meshhas been used. the vibrational modes as fingerprints of the particular carbon
All atoms in the cell have been allowed to relax. aggregates.
The abundance of a defect under equilibrium conditions is
given by its formation energy. However, as the radiative pro- Il INTERSTITIAL CLUSTERS
duction of the defects is not an equilibrium process, the rel-
evance of the formation energy is rather limited. For the Interstitial clusters are the simplest carbon aggregates.
formation and the stability of the carbon clusters in damaged he original lattice structure is not altered, and no antisites or
material the dissociation energy is the more important quanvacancies are needed for the cluster formation. The only pre-
tity. It is defined as an energy needed to remove a singleequisite is an availability of carbon interstitials. Due to a

IIl. METHOD
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TABLE I. LVM's (in meV) and isotope shifts of the carbon split-interstitial dumbbej} {g in the tilted configuration in G- and
4H-SiC. The values for @-SiC in parentheses are obtained using the defect-molecule approximation. As the tilted configuratjpigf C
is asymmetric, the frequencies with only one substituted dumbbell atom depend on the orientation. The Hatatfith denotes the
dumbbell configuration where tHéC atom issp? hybridized(cf. text).

3C 4H, cubic 4H, hexagonal
Isotopes LVM Ratio LVM Ratio LVM Ratio LVM Ratio LVM Ratio LVM Ratio LVM Ratio
2c-2c  188.7(187.9 120.4(110.9 186.6 111.3 192.9 124.1 122.5

1¥c.1?Cc 185.7(185.0 1.016 120.2109.7 1.002(1.011) 183.6 1.016 110.4 1.008 189.2 1.020 123.9 1.002 119.1 1.028
12c.13C  184.7(183.9 1.022 120.0109.2 1.003(1.016 182.6 1.022 109.0 1.021 189.3 1.019 1229 1.011 119.8 1.022
1¥c.13c  181.6(180.8 1.039 119.84108.0 1.005(1.027 179.5 1.039 108.1 1.029 1855 1.040 120.3 1.032 118.8 1.031

large formation energy of more than 6.5 eV the equilibriumfound two vibrational modes above the SiC bulk phonon
concentration of these defects is well below the detectablspectrum at 188.7 and 120.4 meV. A similar result is ob-
limit. Hence the formation of the carbon clusters in a note-tained for the split interstitial at the cubic sit€s,). In this
worthy concentration is possible only in irradiated or im- case we also find two LVM'’s at 186.6 and 111.3 meV. Since
planted material. in 3C-SiC the defect-molecule approximation underesti-
mates the frequency of the lower LVM by 10 meédf. Table
), we expect a similar shift of the modes it4SiC. The
higher LVM can be described as an isolated stretching vibra-

The carbon split interstitial & (two carbon atoms sharing tion of the dumbbell, whereas the lower LVM is a concerted
a single carbon lattice sités the energetically lowest of the motion of the complete dumbbell against the elongated edge
carbon interstitials. It possesses the charge stdtes 2. As  of the distorted tetrahedron. At the hexagonal &lg,,), the
discussed in Ref. 9, the carbon split interstitial can be foundiibrational pattern is slightly different. We obtain a stretch-
in two different configurations. In positive charge states, theng vibration with an energy of 192.9 meV, whereas there
dumbbell is oriented in th€100) direction and the defect has are two modes with energies 124.1 and 122.9 meV. They are
the D,y symmetry, which may be lowered @, due to the also affected by the defect-molecule approximation; thus
Jahn-Teller effect. In the symmetric configuration, two dan-they are likely to rise in energy with the inclusion of addi-
gling p orbitals are oriented iG100) direction. In the neutral tional surrounding shells in the calculati®he nearly de-
and negative charge states, the defect gains about 0.5 eV lggnerate modes describe vibrations of one of the carbon at-
adopting a tilted structure compared to the metastable synems against its two silicon neighbors. The lifting of the
metric configuration. Th€100 dumbbell tilts by about 30°, degeneracy of these modes reflects the structural distortion,
so that one of the two carbon atoms acquiregghbonding  which is less pronounced at the hexagonal site than at the
configuration with the three silicon neighbors. 1M 4SiC  cubic site. These results may as well be transferredHe 6
two different configurations of the split interstitial should be SiC, which crystallizes with a hexagonal-cubic-cubic
considered. The alternating cubic and hexagonal planes istacking. The cubic plane’s environment isC-8ke,
the 4 stacking sequence allows for two inequivalent sites—whereas for the hexagonal plane the sarhkliRe struc-
cubic and hexagonal—available to the defect. At a cubic siteture as that for the hexagonal plane iH-4SIC is present.
the next-nearest-neighbor configuration is the same as in tHdsing the symmetric configuration of the split-interstitial,
zinc-blende structure, whereas at a hexagonal site it is of &ali et al® obtained only a single LVM at 197 meV in
wurtzite type. The tilt angles of the split-interstitial dumbbell 3C-SiC and at 183 meV for the hexagonal interstitial in
in 3C-SiC and at the cubic site i+ SiC are similar. Atthe 4H-SiC.
hexagonal site the tilt is also visible, but less pronounced. At The calculated LVM's(including isotope shifts due to a
both sites in #-SiC, the energy gain due to the tilt is only substitution of one or both atoms witfiC) are summarized
about 0.2 eV, which is less than inC3SiC. The driving in Table I. It is seen that the high-frequency LVM splits into
force for the tilting is the stretching of the tetrahedron alongfour lines, with the two medium lines separated by only
the c axis already in the undistorted crystal, so that i#h-4 1 meV. The frequency ratios for the shifted modes are close
SiC the undistorted configuration is closer to the tiltedto the square root of the reduced mass ratios, which is 1.020
configuration than in @-SiC. for the °C-1%C vibration and 1.041 for th&C-3C vibra-

The tilted configuration of the split interstitial should be tion. For the low-frequency LVM, the twd?C-*C modes
visible via the specific phonon replica in photoluminescenceshift asymmetrically with the substitution of one carbon
experiments. The calculated LVM’s and the isotope shifts aratom. The asymmetry is due to the tilted geometry of the
listed in Table I. The calculation has been performed usinglefect. We observe in our results fo€3SiC that the fre-
full 64-site supercells with a specialX22 x 2 k-point sam-  quency ratio for this mode is affected by the defect-molecule
pling in 3C-SiC, whereas the defect-molecule approxima-approximation. When the full supercell is included into the
tion has been employed foi# SiC. For the & polytype we  calculation, the frequency shifts reduce to less than 1 meV,

A. Carbon split interstitial

235211-3



MATTAUSCH, BOCKSTEDTE, AND PANKRATOV PHYSICAL REVIEW B70, 235211(2004

FIG. 1. Carbon-interstitial
clusters in &-SiC. (a) Carbon di-
interstitials (Cgp)2,in, (Csp, and
(Cohex (b) Carbon tetra-
interstitials(Cgp) 4 and[(Cy)peylo-

resulting in a much lower frequency ratio. We expect a simi-dropped the earlier notatiofCs), iieq Of Ref. 17. With

lar effect for the cubic site inH4-SiC. 1.9 eV this defect possesses the lowest dissociation energy of
N N all the di-interstitials in €-SiC discussed hetef. Table II).
B. Carbon di-interstitials The di-interstitial (Cgp), [Fig. 1(@), centet, which is com-

The unsaturateg orbitals of the interstitials enable the prised of two neighboring carbon split interstitials that are
formation of stable di-interstitial complexes. As described ininclined towards each other, is more stable with a dissocia-
detail in Ref. 17, different forms of the di-interstitial are tion energy of 2.8 eV. The most stable reconstruction is
possible depending on the orientation of the neighboring in{C2)nex [Fig. 1(a), right] with a dissociation energy of 4.8 eV,
terstitial sites. If the two interstitials are not contained within where the di-interstitial is contained in a hexagonal ring. As
the {110} plane, a complex reconstruction occurs as depictethe lattice geometry is only slightly distorted by this di-
in Fig. 1(a), left. Since this defect consists of two tilted split- interstitial, the term(C,)pex denotes that the di-interstitial is
interstitials and a strongly displaced neighboring siliconenclosed by a hexagonal ring. For this defect Galial.
atom, which results in a nearly linear geometry of carbonobtained a higher dissociation energy of 5.3%Which,
interstitials, we have labeled this di-interstiti&s), i, [for ~ however, was calculated with a higher reference energy for
consistency with the di-interstitials inH+SiC, we have the carbon interstitial.

TABLE II. Dissociation energy of the neutral carbon clusters. The given value is the energy needed to
remove a single carbon atom. For the cluster tyfg)g;, the labelsll and 12 refer to the metastable
intermediate configurations, whereas the most stable triangular geometry is |6Bglgd;. The two values
for (Cspainnin 4H-SIiC denoted with from hex. and from cub. are the energies needed to remove an atom
from the hexagonal or cubic site, respectively.

Cluster type Dissociation energgV)
3C-SiC

(CI)Z (Csp)Z,Iin 1.9 (Csp)Z 2.8
(Cz)hex 4.8

(CI)S (cz)hex' Csp 0.4 (Csp)3 3.0

(C)s [(CInexl2 4.0 (Cspla 5.7
(Csi 4.1

(C3)si 11 1.4 12 3.6
(Csi)si 4.8
(Casi 238
[(Csil2 5.9

4H-SIiC

(C)2 (Cspakk 25 (Csp2hh 55

(Csp2 ki lin 4.6 (Csp2,hi,lin 4.6

(Csp2,nk.cub 5.4 (Csp2.khhex 4.2

(Conexk 51 (Cnexk 5.1

(C)s (Cspakkn 29 (Cspaknh 13

(C)a (Cspakknn 5.3 (from hex)
4.8 (from cub)

(Cosi (Csin 3.6 (Csik 3.5

(Ca)si 11 1.9 (Ca ti)sik 5.8
(Cysi 2.9
[(Csil2 [(Csil2kn 6.7
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FIG. 2. Carbon di-interstitials

cubic in 4H-SiC. (a) linear cubic-cubic
di-interstitial ~ (Cspaiciine  (b)
hexagonal hexagonal-cubic di-interstitial in
the cubic plane(Cspznkcub (€)
o cubic-hexagonal di-interstitial in
the hexagonal plan€Csy)s hhex
The stacking order of the crystal is
hexagonal

highlighted, the cubic and hexago-
nal planes are marked at the left.

The electronic structure of these defects has been digwo split interstitials at neighboring cubic sites, whose geom-
cussed in Ref. 17. For a Fermi-level position around theetry and dissociation energy of 2.5 eV are comparable to its
midgap all di-interstitials are neutral. The di-interstitial 3C-SiC counterpart. More stable are the cubic-hexagonal
(Cspla,in is neutral forus>0.8 eV, (Cg), for ug>1.0 eV,  di-interstitial (Csp)z knhex [Cf. Fig. Ac)] in the hexagonal bi-
and (Cy),ex for all Fermi levels. The upper bound of the layer with a dissociation energy of 4.2 eV, and the linear
neutrality range could not be obtained, since the defect level&Onfigurations(Cgpz in and (Csplzpnin With dissociation
are resonant with theartificially low) local density approxi- energies of 4.6 eV. As in@-SiC, the notation ¢, is used
mation(LDA) conduction band. where the original carbon lattice atoms are strongly dis-

In 4H-SiC a larger variety of di-interstitials is available. placed and share their site with a carbon interstitial. The
In addition to the various directions of the interstitial pair, the Most stable configurations of the di-interstitial are those that
inequivalency of cubic and hexagonal sites has to be considi'e contained within a hexagonal ring. This is not only the
ered. In the stacking sequence ®1-45iC, the cubic 8-like ~ case for both(Cpexx and (Conexn (the hexagonal di-
and the hexagonal Hlike planes alternatdcf. Fig. 2. interstitials located in cubic and hexagonal planésit also
Hence a di-interstitial can comprise two cubic or two hex-for (Cspzkncu [Fig. 20)] and (Cs)pn For the latter two
agonal sites in two different orientations. Figu@Xhows a  configurations the di-interstitial is rotated so that it enters the
di-interstitial on two cubic sites, which is comparable to neighboring hexagonal ring, which results in a structure
(Cspzin in 3C-SIC, except that the two split interstitials similar to (Cy)nex The term G, in these di-interstitials re-
show a much stronger relaxation towards each oiiiéote  flects more the starting geometry than the final configuration,
that thec axis in 3C-SiC is oriented along thél11) direc-  Which is depicted in Fig. @), since the two carbon intersti-
tion.) In this case the defect is totally contained within atials relax strongly into the nearby hexagonal ring. With dis-
cubic or hexagonal plane. Alternatively, the pair can residesociation energies of 5.1 eY(Cy)nex Within the cubic and
on one cubic and one hexagonal site. Again, two differenhexagonal plarfe 5.4 eV [(Cspopkcunl, and 5.5eV
configurations are possible: the center of the di-interstitia[(Csp),pnnl, these di-interstitials are the most stable di-
may be contained in aGlike cubic plangFig. 2b)] orina interstitial structures in B-SiC. All defects are electrically
2H-like hexagonal plangFig. 2(c)]. Including di-interstitials  neutral for the Fermi-level position betwega>0.5 eV and
within a hexagonal ring(C,)pneyx, Which may reside in A up<2.5eV.

-SiC within a cubic or a hexagonal plane, eight different The LVM’'s of the investigated interstitial clusters are
di-interstitial configurations can be counted in total, insteadisted in Table Ill. The di-interstitial's LVM’s lie well above
of only three in £-SiC. They possess different dissociation the SiC bulk phonon spectrum. With three high-frequency
energieg(cf. Table I)). The least stable structure (€5, k. LVM’s up to 185.1 meV(C), possesses the simplest LVM

TABLE lll. LVM’s of neutral interstitial clusters in - and 4H-SiC in meV. The values marked by an asterisk are slightly below the
bulk phonon limit, which may be a result of the defect-molecule approximation. The edge of the bulk phonon spectrum obtaiabd from
initio calculations neglecting the macroscopic crystal polarization is 115.5 meMJo8i€ and 118.6 meV for 4-SiC.

3C 4H

LVM (Csp2 (C2)hex (Csplz (Cspla [(Cnex2 (Csp2kk (Csp)2 hkcub (Csp2,nh (Csp)2kklin

1 122.5 1325 120.7 119.7 113.2* 123.7 128.0 134.9 117.1*
2 170.3 160.4 127.5 137.2 121.0 126.3 161.3 159.9 120.2
3 185.1 167.3 136.6 139.5 139.0 159.3 167.1 168.1 160.0
4 184.3 161.0 139.5 142.2 164.6 189.1 1915 167.0
5 163.2 142.4 150.2 203.2

6 160.1

7 194.7

8 195.7
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spectrum. In # - SiC this defect shows four LVM’s with the 203.2 meV shows a sixfold and the second highest mode a
highest mode at 164.6 meV, nearly 20 meV below its counfourfold splitting. The two lower modes broaden by up to
terpart in -SiC. The reason for this frequency shift is the 6 meV without structure.

softening of the defect’s bonds iH4 SiC. Indeed, the bond

length between the split-interstitials is inH4SiC about

0.11 A longer than in @-SiC. Galiet al® obtained for the C. Carbon tri- and tetra-interstitials

same defect in @-SiC two high-frequency LVM's at 174

and 165 meV and four LVM's between 125 and 123 meV.;

T.T)e dlgcrepanues n thle hlgh-'frequenrc;y LVM'? mar)]/ b? alsmall carbon clusters of up to four carbon interstitials. We
tributed to geometrical variations, whereas for the 10W-¢,,nq that in T-SiC the pair of carbon split interstitials

frequency LVM's this may be caused by the defect-molecule(csp)z binds additional carbon atoms most effectively. The

approximation. Yet, the spectrum structure is similar for a"reason is that the interstitial .
) : - , paiCyp), possesses dangling
three defects: two relatively close high-frequency LVM’s andbondS located at the twsP-hybridized carbon atoms that

LVM’s close to the highest SiC bulk phonon mode. Also thepoint towards the adjacent carbon sifes Fig. 1(a), centef.

vibrational pattern of the defects ifC3SiC and H-SiC is : o ) 2" :
similar. The two highest modes are the stretching vibration;rhe dissociation energy of the resulting tri-interstiiaky)

P amounts to 3.0 eV(cf. Table ). This defect exhibits a
e s e NGNS et wih an anzalon lve2"0-0.74 o
involve vibrations against the nearest-neighbor atoms of thgnd is negatively charged fWF>.1'5 e\/_._The ri-interstitial
defect. In both polytypes the defect shows complex isotopénay capture a futher carbon |nterst|t!al a’.‘d.fmm a very
shifts with an at least fivefold splitting of the highest LVM stable tetra-|nterst|t|al(_Csp)4, whose  dissociation energy
and an at least fourfold splitting of the second highest Lvm,2mounts to 5.7 e\ct. Fig. 1(b), left and Table I]. The high
which partially overlap. §tat_nhty of (Cspla ong_lnates_ _from th(_e completep® hybru_:i-

The di-interstitials(Cy)pex in 3C-SIiC and(Cgp) piceup aNd ization of gll car_bon !nterstmals, which also renders this de-
(Cspapn in 4H-SIC reveal their common hexagonal nature fect electrically inactive. , .
also in their vibrational modes: the maximum deviation be- 1 he hexagonal di-interstitidlCy)ney in 3C-SiC is more
tween the modes of the defects is about 7 meV, which liestaPle thanCsp),. It can also trap additional carbon atoms,
within the accuracy of the methddDue to their structural Put with a smaller binding energy. An extra carbon atom
analogy, we expect similar results for the di-interstitials@ @ neighboring carbon site, forming the tri-interstitial
(Co)nex Within the cubic and hexagonal planes. The modes of C2nex Csp N€€ds only 0.4 eV to separate. As a conse-
the hexagonal di-interstitials reach up to 191.5 meV. Thigluénce, we expect the k_metlc formatlon of t.r|_—|nterst|t|als in
highest mode 4 is a stretching vibration of the two carborf® form of (Csp)s, despite the higher stability ofCp)nex
atoms enclosed in the hexagonal ring, whereas the modesé@mpared ta(Cqp),. Since the reorientation frortCgp), to-
and 3 are symmetric and antisymmetric stretching vibrationgvards (Cy)nex involves the breaking of two carbon-silicon
with the two adjacent carbon atoms. Mode 1 is a rotation ofonds, the capture of a third carbon interstitial may be pos-
the two outer dumbbells against each other. The defects iible before the reorientation occurs. The reorientation of
4H-SiC show the same vibrational pattern. Comparable re(Cspz into (Cy)ex and the capture of a third carbon intersti-
sults have been found by Gali al® with LVM'’s at 190, 172, tial are hence competing processes.
166, 135, 133, and 117 meV. Again, the differences in the Once the tri-interstitial C,),e,- Csp has formed, adding a
low-energy mode may be attributed to the defect-moleculdurther carbon atom stabilizes the structure: the resulting
approximation. Regarding the isotope shifts, the three defectetra-interstitia[(C,)ne.]> has a dissociation energy of 4.0 eV
(Chex in 3C-SiC and(Cgp), picub @Nd (Cspopn in 4H-SIC  [cf. Fig. 1(b), right and Table IJ. It consists of two neigh-
also reveal their common nature. As expected for a stretchingoring hexagonal di-interstitials forming a rectangle with
vibration of a carbon-carbon dumbbell, the highest modeside lengths of 1.45 Adi-interstitial within the hexagorand
shows a threefold isotope splitting. We obtain frequency ra1.55 A. The narrow sides of the rectangle form isosceles
tios for all three defects of 1.016 for the medidAC-3C  triangles with the neighboring carbon atom from the enclos-
line and 1.035[(Cg)pn 1.034 for the *C-*3C line. The ing hexagon with a side length of 1.43 A.
energetically lower modes show a complex broadening with- Similar interstitial clusters are also available ik 4SiC.
out a clear structure. Due to the enormous amount of possible configurations one

A different spectrum is obtained for the linear di- has to restrict the analysis to some sample processes. Similar
interstitial configurations, as displayed W€y, in- The o 3C-SiIC, the aggregation at a hexagonal di-interstitial such
five LVM's reach up to 203.2 meV, which is attributed to the S (Canex results in the lowest formation energy. A split-
short bond length between the atoms of the linear carboiterstitial bound to(Csp),nn Which resembles—as men-
chain. The vibrational pattern of this defect is difficult to tioned above—a hexagonal di-interstitial, needs only 0.6 eV
resolve. In general, the different modes of this defect ardo dissociate. The di-interstitialCsy), in a cubic plane
stretching vibrations of two neighboring carbon atomstraps carbon interstitials more effectively: the energy gain for
against each other. The two outmost pairs are associated wighsplit-interstitial at a neighboring hexagonal site amounts to
the high-energy vibrations. The complex vibrational patternl.3 eV (cf. Table Il). As in 3C-SiC the most efficient seed
leads to complex isotope shifts: the highest mode afor the carbon aggregation {€s), . The dissociation en-

The di-interstitials can trap further carbon interstitials and
m larger carbon aggregates. We investigated the growth of
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the triangle-shaped defect complex. Modes 2 and 3 are also
antisymmetric and symmetric vibrations of the pairs that
form the sides of the triangle, whereas in mode 1 the center
split interstitial vibrates against its outer neighbors. The
highly symmetric structure ofCy), is also reflected in the
LVM's: the highest mode 5 describes a stretching vibration
of all split interstitials where two neighboring interstitials are
always in opposite phase. Modes 3 and 4 are degenerate and
represent an antisymmetric vibration of two opposite split
interstitials, respectively. In mode 2 the long carbon-carbon
bonds between two neighboring split interstitials are
stretched and in mode 1 the diagonally opposite split inter-
stitials rotate against each other.

The complex[(Cy)nexl» Shows a rich spectrum of eight
LVM’s up to 196 meV. The reason for these high-frequency
LVM'’s is the compact size of the defect. The two highest
modes 7 and 8 are symmetric and antisymmetric stretching
vibrations of the two triangles. Modes 5 and 6 are a symmet-
ric and antisymmetric tilting of the narrow sides of the rect-
angle against the third carbon atoms in the triangles. Mode 4
describes a breathing vibration of the rectangle combined
with an oscillation of the carbon atoms at the triangles’ apex

FIG. 3. Tetra-interstitial in B -SiC Spanning a cubic and a hex- against each other, whereas mode 3 is an antisymmetric
agonal plane. The stacking sequence of the crystal is highlighted-stretching and quenching of the two triangles. The low-
frequency modes 1 and 2 are complex oscillations, which

ergy of (Cspskkn located in the hexagonal plane amounts topresumably extend beyond the analyzed defect molecule.
2.9 eV (cf. Table I)—a value comparable to the split-

interstitial cluster(Cgp)s in 3C-SiC. With a fourth carbon
interstitial another stable extended defect cluster is formed. IV. ANTISITE CLUSTERS

The structure, spanning the cubic and the he_xagonal plane, is The carbon antisite has a formation energy of 4.2(8W
shown in Fig. 3. The energy of 5.3 eM.8 V) is needed 0 yjo, conditiong in 3C-SiC as well as in Bi-SiC. Alongside
remove a carbon atom at a hexago(@lbic) site. This de- \yith the carbon vacancy, it is the energetically most favor-
fect has a different geometrical structure th&hy), in 3C-  pe intrinsic defect. Various antisite formation mechanisms
SiC. However, all atoms are _alssﬁ hybridized, which  haye peen suggested so far: the recombination ofvthe
again leads to the high _sta_blllty _of the complex. FurtherCSi complex with a silicon ator a kick-out mechanisrh,
defect structures can exist irH4SiC due to the alternat- e yecombination of a carbon interstitial with a silicon va-
ing cubic and hexagonal planes. We expect similar dissogancy, and the incorporation in as-grown material are likely.
ciation energies for all these defects. - Unfortunately, this defect is hardly detectable: neither does it
We analyzed the LVM's of the tri-interstitialCsp)s and  possess defect states in the band gap, nor does it show local-
the tetra-interstitial$Cy)4 and[(Cy)nex2 in 3C-SIC. All de-  jzeq vibrational mode® Nevertheless, the carbon antisite is
fects show vibrational modes above the SiC bulk phonorf particular importance as a nucleus for larger carbon ag-
spectrum, but fofCq)3 and(Csp)4 the frequency of the high-  gregates. It may capture carbon interstitials and form small,
est mode decreases with the number of atoms. The reasontightly bound complexes that may be featured as various
that the bond length between split interstitials increases anghermally stable defect centet§26.27
the bonding is weakening. Starting with the di-interstitial, the
highest LVM drops from 185 to 163 meV fdiCgy); and ] o
142 meV for(Cqp) (cf. Table IIl). The highest modes 3 and A. Dicarbon antisite
4 for (Cgp3 are antisymmetric and symmetric stretching vi- ~ The simplest and most discussed defect of this kind is the
brations of the two split interstitials located at the border ofdicarbon antisite(C,)g;,>®26-28 where two carbon atoms

FIG. 4. Aggregation of carbon clusters at a carbon antisite @AS3C. (a) Dicarbon antisite(C,)g;, tricarbon antisite(Cs)g;, and
tetracarbon antisitéC,)g;. (b) Intermediate configurationd andI2 of the tricarbon antisitgc) Pairing of two dicarbon antisitd$C,);l».

235211-7



MATTAUSCH, BOCKSTEDTE, AND PANKRATOV PHYSICAL REVIEW B70, 235211(2004

TABLE IV. LVM's of carbon-antisite clusters in@ and 41 in meV. The subscriptk andh denote the cubic and the hexagonal site. The
second values fofC,)s; (3C) are from the calculation of a full 216-site cell in a symmetric high-spin configuration. The resultS,fery,
in 4H-SiC are similar tdC,)sjx and given in Ref. 5. The values marked by an asterisk are slightly below the bulk phonon limit, which may
originate from the employed defect-molecule approximation. The bulk phonon limit obtainedafvamitio calculations without macro-
scopic crystal polarization is 115.5 meV fo€3SiC and 118.6 meV for 4-SiC.

3C aH

LVM (CIsi (Cosi (Casi [(Csil  [(Chsilanex [(Cosida (Csix  (Casik  (Casik  [(Csilaxn  [(Csilapn

1 116.4 118.6 124.7 123.3 118.6 116.3 102.3* 119.0 113.4* 114.4* 114.3*

2 128.5/125.5 129.8 130.6 125.6 134.0 116.4 119.7 130.2 114.3* 119.6 120.4
3 139.4/143.2 148.7 138.0 127.1 138.3 117.6 135.0 154.0 114.5* 132.2 130.8
4 148.3/144.2 1813 165.8 139.3 164.1 119.7 139.1 182.3 120.3 147.0 145.7
5 177.5/178.3 2485 181.2 168.6 170.1 121.5 178.0 254.9 200.1 160.2 159.7
6 189.4 169.7 174.2 121.6 201.5 162.4 161.8

7 223.6 124.1 204.3

8 138.5 240.7

9 141.0

10 142.2

11 142.9

share a single silicon sitef. Fig. 4, lefd. It exists in -and  216-site cell are given. The results foH4SiC are for the
4H-SiC and has a dissociation energy of 4.1 eV i@-3 low-spin state and have been calculated in a 128-site cell
SiC and 3.5 eM3.6 eV) in 4H-SiC at the cubidhexago- using the defect-molecule approximati¢the results for
nal) site (cf. Table 1l). The defect is neutral in the Fermi- the high-spin state are given in Ref. 5n Fig. 5 we show
level range of0.76<ur<1.11 in L-SiC and 1.2&K ur the isotope effect for LVM’s 0fC,)g; in 3C-SiC assuming
<2.04 in H-SiC. It can prevail in a high-spin state and a a *C enrichment of 30%. We included the dumbbell and
Jahn-Teller distorted low-spin state. The high-spin state ists four nearest neighbors in the calculation and assumed
favored by 80—120neV, whereas this energy difference is that *C can substitute with equal probability of 30% any
too low to uniquely determine the ground state. We haveof these sites. Note that the height of the peaks in Fig. 5
discussed the structural, electronic, and vibronic properdoes not necessarily reflect the line intensity in the pho-
ties of this defect in detail in Refs. 5, 26, and 28. Here wetoluminescence experiments. We find that similar to the
present the results for the LVM’s isotope shifts of this carbon split interstitial the energetically highest mode 5
defect. The LVM'’s of(C,)g; for 3C-SiC and H-SiC are  splits into three lines. The reason is the strong localization
listed in Table IV. For the former the results of the Jahn-of the vibration on the carbon dumbbell. The middle
Teller distorted configuration in a 64-site cell and the re-shifted line, with a ratio of 1.019 to the highest line in the
sults for a high-spin nearly symmetric configuration in aisotope-undoped sample, results from the vibrations of the

Mode 1 64 sites cell, Jahn-Teller distortion
3
a Mode2 Mode3 Mode 4 Mode 5
—>
FIG. 5. Isotope shifts of the dicarbon antisite
M “A A “M A H enriched with 3096°C. The upper panel shows
A | the splitting of the modes calculated in a 64-site
216 sites cell, high-spin supercell in the Jahn-Teller distorted configura-
tion, the lower in a 216-site supercell with a high-
spin-like symmetric configuration. The frequen-
o« Mode 2 Mode 3,4 Mode 5 cies of the puréC case are given in Table IV.
8 —> — —
1 | AMA | 1 AAAAA AI | 1 | 1 | A ﬂ A
110 120 130 140 150 160 170 180
LVM frequency (meV)
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12c-13C dumbbell, whereas the lowest line, shifted by
1.040, comes from thé®*C-*C dumbbell. This result is
identical for both high-spin and Jahn-Teller distorted con-
figurations. Modes 3 and 4, which are vibrations of the
upper and lower parts of the dumbbell against the neigh
bors, split into six nearly equidistant lines with separa-
tions between 1 and 1seV. In theJahn-Teller distorted
case(cf. upper panel of Fig. b the two shifted spectra are
clearly separated; in the symmetric high-spin cdsg
lower panel of Fig. b they overlap and show a distinct
signature of six lines. The mode 2 shows a broadenin(
with two maxima at 127.6 anil26.7 meV in thedistorted
case four peaks in the symmetric configuration. In the
former, the whole width of the broadening reaches from
128.5 to 124.9 meV. Theatios of the two maxima com-
pared to the!’C value are 1.007 and 1.014. The four
modes of the latter reach frot24.8 to 122.6 meV. Mode
1, which is the breathing mode in Jahn-Teller configura-
tion, remains practically undisturbed by tH&C enrich- -
ment. This mode, however, drops into the bulk continuum
for the high-spin case.

) o FIG. 6. Pair of dicarbon antisitd$C,)sil,xn in 4H-SIiC span-
B. Clusters of dicarbon antisites ning cubic and hexagonal sites in the cubic plane. The stacking
Another defect, which is closely related to the dicarbonseduence of the crystal is highlighted.

antisite, is the dicarbon-antisite p4iiC,)sl, [cf. Fig. 4c)].
Like the dicarbon antisite, this defect has already been dist eV) and the cubic-hexagonal defect in the hexagonal plane
cussed in earlier publicatiof$. Here we want to compare (1.2 eV). The higher binding energy inH-SiC compared to
our results for the dicarbon-antisite pair with the structurally3C- SiC originates from the enhanced relaxation. The defects
very similar di-interstitials. For the formation of dicarbon- thus benefit from the larger room for the relaxation due to the
antisite pairs, the lone pairs or other clusters of antisites havalternating cubic and hexagonal planes. Apart from the for-
to be created first. Eberleit al* suggested the antisite for- mation energy, the defect concentration also depends on the
mation via kick-out reactions. Raulet al?® discussed a availability of adjacent carbon antisites and can be kineti-
vacancy-mediated mechanism. The structural difference ofally limited.
the dicarbon-antisite pair from the carbon di-interstitial is in ~ The LVM’s of [(C,)gil, in 3C- and 4H-SiC are given in
the carbon-dominated environment. The same defect corFable IV. A detailed description of the modes is presented in
figurations are available for the dicarbon-antisite pair as foRef. 5. Remarkable is the polytype-independent small split-
the di-interstitial. The defect spans two neighboring sites oting of modes 5 and 6, which is observed for all configura-
the same sublattice, hence i 4SiC the same variety of tions of the dicarbon-antisite pair. Similar results are ob-
different configurations can form: cubic-cubic, hexagonal-tained for the cubic-cubic configuration, which is not listed
hexagonal in two different orientations and cubic-hexagonain Table IV. For this defect, the LVM's differ by at most
within the cubic and the hexagonal plane. Also a varian2 meV from the values of the hexagonal-hexagonal configu-
comparable to (Cy)nex is available which we label ration. The isotope splitting of all configurations is complex.
[(Cy)silz.nex It can be visualized as a hexagonal di-interstitial The defect does not possess isolated dumbbell oscillations,
[Fig. 1(a), right] with a carbon environment. The dicarbon- and the LVM's 5 and 6 are very close. Consequently, the
antisite pair is very stable: the energy of 5.9 eV is needed tisotope shifts of the two highest LVM'’s overlap, resulting in
remove a carbon atom in theC3SiC polytype. This disso- broad peaks with a width of up to 2.5 meV, which cannot be
ciation energy is identical fof(C,)gl, and the hexagonal clearly separated.
dicarbon antisite] (Cy)sil, new thus neither configuration is The hexagonal dicarbon-antisite p&iiC,)silo nex Shows
energetically preferred. InHl-SiC, the dissociation energy vibrational properties similar to the hexagonal di-interstitial.
of as much as 6.7 eV is obtained for the cubic-hexagonalhe highest LVM at 174.2 meV is practically an isolated
configuration in the cubic plan€Fig. 6). Alongside the dumbbell vibration, whereas the small splitting between the
hexagonal-hexagonal configuration, this is the most stableodes 5 and 6 is typical f¢{C,)s;],. Mode 5 is a rotation of
defect. The calculation of the dissociation energy for allthe dumbbell in the plane of the nearest neighbors. The lower
types of the defect would be too costly. Thus we evaluateanodes are complex vibrations of the entire carbon surround-
the formation energies of the defects. The formation energyng. The complex vibrational pattern is reflected in the iso-
of the cubic-cubic complex is about 0.3 eV higher than thetope splittings. Mode 6 shows a threefold carbon dumbbell
hexagonal-hexagonal configuration, followed by the linearsplitting, where the medium mode is again split into two
structures as described for the di-interstitiah, 0.7 eV;kk, separate lines with a 0.5-meV energy difference. The fre-
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quency ratios are 1.01@&veraged over the two lines—1.011 the triangle’s apex and the carbon atoms of the enclosing
and 1.015 otherwigeand 1.031. This is, however, superim- tetrahedron. The highest modmode 5 is a stretching vi-
posed with the complex splitting pattern of modes 4 and 5bration of the short base of the triangle. Mode 4, which is
Thus an extensive isotope broadening between 160 andith 181.3 meV still very high, is an asymmetric stretching
175 meV is expected for this defect. vibration of the two base atoms against their nearest neigh-
Larger aggregations of dicarbon antisites are also concei0rs from the enclosing tetrahedron. In mode 3 the triangle is
able. Similar to the tetracarbon interstitial cluster, the com-Stretched, whereas in mode 2 the whole triangle oscillates

plex of dicarbon antisites can be imagined. Provided the lon@9@inst the tetrahedron. Mode 1 is a vibration of the carbon

antisites are formed kinetically, the antisite cluster is strongly?l0m at the apex against its neighbors. .
Y gh? Since mode 5 is strongly localized at the base of the tri-

bound: the energy of 7.4 eV is needed to remove a carbon | ¢ distinct patt f isot hift
atom from[(C,)sils. The defect is electrically inactive, simi- angie, one expects a very disnct pattern of ISotope Shifts

lar to its interstitial t - 11 LVM's abov similar to the isolated carbon dumbbell. Indeed, replacing the
arfo 1ts interstitial counterpart. it posSsesses S aDOVE, 0 arest neighbors of the triangle wittC does not affect this
the SiC bulk phonon spectrum. Similarly to the tetra-

) " . mode at all. Thus the analysis of the isotope shifts for this
interstitial (Cg)s four modes lie between 138.5 and p,qqe can be restricted to the defect itself. Three frequencies

142.9 meV(ct. Tables Ill and IV. The additional modes in - 5re optained: 248.5 meV for the pufE case248.3 meV if
the low-frequency range up to 124.5 meV originate from thethe carbon atom at the apex is substityt@d4.3 meV if one
stronger carbon-carbon bonds. The bonds are, however, elogf the two carbon atoms of the base is replaceddsy and
gated compared to the dicarbon-antisite pair due to the prag39.8 meV in thé*C-3C case. The corresponding ratios are
tically undistorted original SiC surrounding. thus 1.018 and 1.036, respectively. IR 4SiC, we find the
shifted lines at 250.5 and 246.0 meV, with frequency ratios
of 1.017 and 1.036. As discussed above, the energetically
lower modes have complex vibrational patterns involving
In addition to the clustering, the dicarbon antisites canalso the nearest-neighbor atoms of the defect. As seen for the
trap carbon interstitials. Examples are the tricarbon and theicarbon antisite, only a broadening of the modes and not
tetracarbon antisitgcf. Fig. 4a), center and rigfjt Both are  such a distinct splitting will result from substituting the de-
tightly bound defects with three or four carbon atoms at aect's atoms with'C.
single silicon site. With the capture of another carbon interstitial the tetracar-
The tricarbon antisite is a triangle-shaped defect with itshon antisite(C,)g; is formed|[cf. Fig. 4a), right]. With the
base oriented in th€l10 direction. The capture of a carbon dissociation energy of 2.8 eV inG3 SiC and 2.9 eV in 4-
interstitial by the dicarbon antisite yields the energy ofSiC (cf. Table 1)) this defect is less stable thd@s)s, but
4.8 eV (cf. Table Il). This capture may occur via several stjll tightly bound. In &-SiC, the central carbon dumb-
intermediate configurations, which are depicted in Fi@®)4  pell is oriented in{110} direction having two additional
First, a carbon interstitial is trapped at a neighboring carbozarbon atoms at each side. The dumbbell.i&0 A long,
site [Fig. 4(b), left, configurationl1] with an energy of the sides of the two isosceles triangles formed by the
1.4 eV. This is about 1 eV higher than the migration barrierqumbbell and the additional carbon atoms are 1.38 and
for the neutral carbon split interstiti&lin a second step, a 1.44 A, respectively. For a Fermi leveks>0.6 eV and
square configuration of the tricarbon antisite may fdiah up<1.5 eV the defect is neutral. The asymmetric geom-
Fig. 4(b), right, configuration 2], with the additional energy etry is the result of a Jahn-Teller effect. In the symmetric
gain of 2.2 eV (Ep=3.6 eV). This configuration is meta- configuration, the defect possesses a doubly degenerate
stable and has also been found by Galial® with a disso- |ocalized state in the band gap. Since in the neutral state
ciation energy of 4.0 eV. In a last step, the triangular con+his level is occupied, the symmetry is broken by a Jahn-
figuration is finally formedconfiguration(Cs )sl, yielding  Teller distortion, which yields an energy gain of about
an additional 1.2 eV. This process is also possible it 4 1 eV. The asymmetric configuration gives rise to a rich
SiC—an adjacent split interstitial to the dicarbon antisiteLVM spectrum with high-frequency LVM's. We have
is bound with 1.9 eMconfigurationl1 in Table Il), yield-  found 7 LVM’s above the bulk spectrum with the highest
ing an additional energy gain of 3.8 eV in the triangularLVM at 223.6 meV. Mode 7 is atretching vibration of
configuration[Ep=5.8 eV, configuration(Cs)gi]. In its  the smaller of the two triangles. The atom at the apex
first formation step the tricarbon antisite is electrically oscillates against the central dumbbell and the carbon
neutral for uz>0.7 eV. This value reduces in the next atom of the enclosing tetrahedron. Mode 6 is an antisym-
steps. metric stretching vibration of the two atoms of the central
The defect shows a pronounced LVM spectr(oh Table  dumbbell atoms against their neighbors. Since the vibra-
IV): the five modes reach up to 248.5 mé®55.1 meV in  tion is antisymmetric, the length of the central dumbbell
4H-SiC). This is the highest value among all defects weremains constant. Mode 5 is a stretching vibration of the
have analyzed. This is also much higher than the LVM'’s insecond triangle with the larger sides, whereas mode 4 is
the intermediate configuratioifrig. 4(b), right] obtained by  mainly a stretching vibration of the lateral carbon farther
Gali et al® at 190, 172, 166, 135, 133, and 117 meV. Theaway from the central dumbbell against its neighbor along
reason for the high frequency is the short bond length bethe z axis. Modes 1 to 3 describe a complex motion of the
tween the adjacent carbon atoms—it ranges from 1.29 A foinner carbon atoms against the enclosing tetrahedron. We
the base of the triangle to 1.55 A for the distance betweefind an at least sixfold isotope splitting of the highest

C. Tri- and tetracarbon antisites
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mode and a structureless broadening of the lower modesiot explain in full the features of thB, center® Especially,

The tetracarbon antisite i SiC shows a simpler LVM it predicts a small splitting of the two highest LVM&S.
spectrum with only five LVM’s above the bulk phonon spec- Table V) for all polytypes and all combinations of the site
trum. This is due to the highly symmetric defect geometry,pairs, which is not observed in th#, spectrum. In addition,
which is, as mentioned above, not stable @-3iC. In the the number of LVM'’s is still too low to explain thB,, spec-
low-symmetry 4 crystal, the degeneracy of the defect statesrum in hexagonal polytypes. In an experimental papétr,
is lifted already in the symmetric configuration. The defectwas suggested that the multiple ZPL's stem from the excited
forms a small tetrahedron with a side length of 1.43 A defect states. Yet, the dicarbon-antisite model qualitatively
which is enclosed in the carbonic tetrahedron of the crystateproduces the most robust featuresyf. In general, the
lattice. The highest mode 8 is found at 241 meV, followedcarbon-antisite-related defects possess LVM’s in necessary
by three nearly degenerate modes between 200 anfdequency range. One can thus expect the dicarbon antisite to
205 meV. Mode 8 is the breathing mode of the tetrahedronbe a major building block or precursor of th®, center.
Modes 5-7 are nearly degenerate and cannot be separatddwever, the dicarbon antisite itself and the dicarbon-
into vibrations of individual carbon pairs. The low-frequency antisite pair are too small to explain the whole vibrational
modes 1 to 4 show complex vibrational patterns involving allspectrum. A larger defect structure seems indispensable,
atoms of the defect and the environment. These modes amhich could also account for the polytype-independent fea-
the least localized. With the partial substitution BiZ, the  tures.
mode 8 splits into at least four lines separated by about On the other hand, the interstitial clusters as the model for
2 meV. The modes around 200 meV broaden into a conthe D, center can be ruled out. None of the clusters shows a
tinuum about 10 meV wide. proper LVM spectrum. For the di-interstitials, a few LVM'’s

above 160 meV exist, as well as a mode around 130 meV.
The highest LVM has the tendency to drop with growing
V. DISCUSSION cluster size. Therefore, adding further interstitials would not

The calculated vibrational spectra advise a comparisoHNProve the situation. On the contrary, the carbon-rich envi-
with photoluminescence experiments. Several defect center{onment due to the incorporation of antisites provides the
which have been attributed to intrinsic defects, may be reldiamondlike spectrum of thB, center. This is seen for the
evant. There are the alphabet lif8she D, centert the D, clusters at a single antisite and the dicarbon-antisite aggre-
cente? and the recently discovered PL cent¥sJ.6 How-  9ates: the trapping of further carbon interstitials yields very
ever, the alphabet lines and thecenter possess LVM's only Short carbon-carbon bonds with high-frequency LVM's
in the phonon band gap. Hence the defects considered abo@@0Vve 200 meV, whereas a clustering of dicarbon antisites
are not suitable candidates. We will thus focus on the center$Sults in a dropping of the highest mode, but also an in-

with vibrational modes above the SiC bulk phonon spectrum¢creéase of the number of LVM's. The combination of both
processes may thus explain the LVM spectrum of Ehe

center.
A. The D, center

The D, center shows vibrational modes above the SiC
bulk spectrum up to 164 meV, which are to a large extent
polytype independerit Five modes have been described as Further intrinsic defects with high-frequency LVM'’s are
“universal” throughout the polytypes. Yet, a comparison ofthe five centers labeleB-T, which were found in electron-
the spectra for different polytypes indicates that, in fact, arradiated & -SiC 8 An electron beam with the energy below
larger number of modes can be regarded as polytypthe silicon displacement threshold, but at a very high dose of
independent.The number of reported LVM'’s varies. Five to 3x 10?% cm 2 was used. The five centers possess separate
six modes with tiny peaks in-between have been counted i@ZPL's with LVM'’s at 133 and 180 meV. The center is the
3C-SiC and up to 12 modes have been observedHn 4 most stable and persists annealing temperatures of 1000 °C.
SiC 32 Another important feature is the thermal stability of Isotope-enriched PL measurements with°@ incorporation
the center: it persists temperatures up 1600 °C21131  of 30% were performed. The higher LVM splits into three
First we summarize our results of Ref. 5 related to thelines, with the isotope-undoped line shifted to about 175 and
dicarbon antisitgSec. IV A) and to the dicarbon-antisite 171 meV. This results in frequency rati@seraged over the
pair (Sec. IV B). In this context, we consider the new five different centers of 1.020+0.002 and 1.043+0.002.
information concerning the larger defect clusters. This isotope splitting has been interpreted as a vibration of a

The dicarbon antisite possesses an LVM pattern compatarbon-carbon dumbbell. For this defect the stretching vibra-
ible with the universal spectrum of ti&, center’® The high  tion shows a threefold isotope splitting. The experimental
dissociation energy suggests a high thermal stability of thisesults are in agreement with the square root dependence on
defect. Yet, the large number of LVM’s in the hexagonal the reduced mass. The ratios of the vibrational frequencies of
polytypes cannot be reproduced. Therefore, a larger coma *C-*C and a'*C-1°C dumbbell to the frequency of the
plex, i.e., the dicarbon-antisite pair, has been proposed byure 1%C case are 1.020 and 1.041, respectively. A simple
Gali et al® The idea was that the combination of the cubicshift to 128 meV has been observed for the lower LVM. This
and the hexagonal sites could explain the rich multitude o¥ields a frequency ratio of 1.034+0.001. For the interpreta-
ZPL's in 4H- and @1-SiC. However, also this model does tion of this mode the oscillation of the carbon atom against

B. The P-T centers
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its silicon neighbors in a SC-Simolecule has been consid- symmetry; thus it is likely that in l8-SiC modes 3 and 4 of
ered, which gives a frequency ratio of 1.033. This underlies ahe defect should also be observed independently. An experi-
carbon split-interstitial model proposed for tReT centers.  mental verification in PL measurements is possible by im-
According to our calculations, the split interstitiaSec.  posing a uniaxial pressure on a nonenriched crystal. The
IITA) and the dicarbon antisiteSec. IV A) possess vibra- pressure favors the distorted configuration and thus the split-
tional modes close to the LVM's of thB-T centers. The ting of modes 3 and 4. Analyzing the isotope shifts of the
originally suggested split interstittalhas a single LVM  modes 3 and 4, Galet al. substituted the two dumbbell
above the SiC bulk spectrum in the symmetric cas€omg with'C 8 Hereby a twofold splitting of the degenerate

[219.2 meV in the charge state @Ref. 2§ and 183 meVin 1 54emodes 3 and was observed, in good agreement with
the neutral charge stét@ 3C-SiC, 197 meV at the hexago- experiment. However, the inclusion of the nearest-neighbor

nal site in 41-SiC (Ref. 8. This picture, however, changes ;55 i the isotope analysis has a significant impact on
for the energetically more favorable tilted configuration. Inthese modes. In the Jahn-Teller distorted confiquration. the
this case twdthree LVM's at the cubic(hexagonal site in ; o e : fgure ’

q o lines split into two groups with six shifted lines in each

good agreement with the values of tReT centers are foun ¢ Fi n th i high-spi h
(Sec. lll A). Also the values of the frequency ratios for the (cf. Fig. 9. In the symmetric high-spin case the groups over-

high-frequency mode are in excellent agreement. This findl@P and result in seven lines, which cannot be separated.
ing supports the split interstitial model of Evaesal® Yet, Thus this model cannot explain the twofold splitting pf the
some issues still have to be resolved: First, the ratios of thiower mode of theP—T centers. Mode 2 was declared invis-
isotope shifts for the low-frequency LVM'§Table ) are  ible by Galiet al? due to the defect'®,3 symmetry. How-
smaller than that of th®-T centers, especially inG-SiC.  €ver, in the Jahn-Teller distorted configuration the symmetry
Second, the shifted frequencies and the ratios depend on tfi@duces ta,, and in the hexagonal polytypes@y,. Similar

site of the substituted carbon atom. Third, two very close2rguments refer to isolated molecufésyhich is not relevant
low-frequency modes are obtained at the hexagonal site. Ajn case of the dicarbon antisite. Yet, the dicarbon antisite
these facts are not evident from the experimental data. Howgould explain the thermal stability of the-T centers of up
ever, the spectrum is very complex and difficult to resélve, 1o 1000 °C without referring to the cluster formation. The
hence it is not unlikely that further weak peaks close to thedefect, however, needs carbon antisites as a prerequisite for

reported vibrational modes may exist. A further difficulty is its formation. Since the samples were irradiated with low-
the high mobility of the carbon interstitidlwhich is not ~ €nergy electrons, a decent concentration of antisites has to be

compatible with the high annealing temperature ofcreated by kinetic processes, before the dicarbon antisite can

~1000 °C of the centers. Two explanations are possibleform.
First, the carbon interstitials are trapped in interstitial The five different ZPL's may originate from the various
C|ustersl;7 and re-emitted in the annea“ng process. If this islocations of the defeC(either the dicarbon antisite or the
the case, it should be possible to anneal outRh& centers ~ Split interstitia) at inequivalent sites in i-SiC. Another
at lower temperatures, but at longer annealing times. Secon@Xplanation may be the excitation of the defect states in the
the low-energy irradiation with a very high flux produces aband gap. The experiments have been performed with exci-
large amount of carbon interstitials, which may not com-tation energies below the SiC band dabence it is likely
pletely annihilate with vacancies during the annealing. Thehat the bound excitons were formed by the excitation of an
mobile interstitials migrate away from vacancies and main-occupied defect state and not by trapping a free exciton. The
tain a metastable high concentration after the cooling. Thignergy of the ZPL may thus depend on the energetic position
interpretation is supported by the finding that the intensityof the defect level in the band gap, which may vary with the
especially of theP center drops very slowly outside the irra- location of the defect at a cubic or a hexagonal site. Also the
diated area. generation of excited exciton states should be considered.
The dicarbon antisite has been discussed as a possibldlis may be clarified with the measurement of relaxation
model by Galiet al® Mode 5 of (C,)g; (cf. Table IV) has times. The analysis performed in Ref. 6 of the centers’ spatial
been associated with the high-frequency LVM of tReT  distribution in the irradiated region and its boundary may
centers. Due to the localized character of this vibration of théS0 give an indication of the correlations between the vari-
carbon dumbbell, we observe a threefold isotope splitting®Us centers. . . o _
and the corresponding frequency ratios indeed agree very Both models(dicarbon antisite and carbon split intersti-
well with the experimental results. Modes 3 and 4 have beeHal) show properties that allow us to consider them as can-
associated with the low-frequency LVKihe high-spin case didates for theP-T centers. However, both have difficulties
has been considered in Ref. 8, where these two modes afgat have to be resolved. Among the other defects that we
degenerate However, this assignment bears some difficul-Studied, neither the interstitial clusters nor the antisite-related
ties. First, the energy difference between the symmetric highClusters can explain thie-T centers. Either the LVM pattern
spin case and the Jahn-Teller distorted low-spin case is tol§ incompatible with experiment or the isotope splitting.
small to uniquely determine the true ground state configura&onsidering all these results, the split interstitial appears to
tion (80 meV in X-SiC and 120 meV in K-SiC in favor ~ be the simplest and the most likely interpretation.
of the high-spin staj® Second, due to the lower crystal
symmetry in H-SiC the modes 3 and 4 are non-degenerate
even in the high-spin casewith its hexagonal-cubic-cubic Besides thé>-T centers Evanst al® have found a center
stacking sequence the polytyp&l 6SiC has a similarly low with a high-frequency mode at 246.6 meV which has been

C. The U center
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labeled theU center. Further modes have not been identifiedconfigurations taCgp),, (Co)pex (Csps, and(Csp)y. The de-
in the spectra so far. IA°C enriched material two shifted fects possess a very rich vibrational spectrum above the dia-
modes at 242.1 and 237.4 meV are observed, with the fremond bulk phonon limit at 164 meV. The di-interstitials
quency ratios of 1.019 and 1.039, respectively. It has beeshow six LVM's up to 228 meMI, similar to (Cgp),] and
speculated that the threefold splitting again originates fronseven LVM’s up to 243 meVl, similar to (Cy)pe,]. The hex-
the carbon-carbon dumbbell vibrations. However, such agonal di-interstitial thus shows a much higher frequency
high vibrational frequency had not been observed for ahanl, based on two split interstitials, which is not so clearly
carbon-based defect before. Also the frequency ratios do n@jisible in 3C-SiC. The tri-interstitiall; shows 11 LVM'’s up
perfectly fit the square root dependence on the mass ratiogsg 216 meV and the tetra-interstitidl, 12 LVM’s up to
LVM's with such high energies have been earlier identified197 meV. It is observed that the frequencies are generally
as hydrogen or deuteriug€-H and C-D vibrational modes  much higher than in SiC due to the shorter bond lengths of
at 369 and 274 meV, respectivéRTherefore Evanet al®  diamond. The overall behavior is very similar: the highest
suggested that hydrogen may be involved in this defect VM goes down with an increase of the number of intersti-
center. tial atoms, a feature that is also observed for the interstitial
Yet, the calculations for the tricarbon antisit€s)s; and  clusters in SiQcf. Table Ill). The high number of LVM’s has
the tetracarbon antisitéC,)s; (cf. Sec. IV Q show that been obtained for the ring of dicarbon antisifé¢€,)sls.
LVM’s up to 250 meV should be possible for purely carbon-with all dumbbells enclosed by a pure carbon shell. For this
based defects. For the tricarbon antisite, the highest mode defect 11 LVM’s are counted instead of five fOCsp)a,
248.5 meV is a strongly localized stretching vibration thatwhereas the highest LVM does not differ considerably com-
shows a threefold isotope splitting with frequency ratiospared to(Cgp),. Thus for the defects spanning several lattice
(1.018 and 1.036close to that of theU center. Thus the sjtes only the number of LVM's appears to depend on the
relation of theU center to the carbon-carbon dumbbell is number of carbon atoms involved. The highest LVM fre-
plausible. As discussed in Sec. IV C, the vibrations of thequency is determined by the crystal lattice.
energetically lower modes of the tricarbon antisite are very Another similarity of SiC and diamond is the increase of
complex and involve several carbon atoms, resulting in ahe dissociation energy per atom with the cluster size. The
strong isotope broadening of these lines. In the compleX|uster dissociation energy is defined in Ref. 20 B&s
spectra presented in Ref. 6, additional low-frequency linesng,(1,)~E(l1,), wheren is the cluster size. For the di-
may be hidden. If the further lower modes of thecenter  interstitials, this definition gives the same values as listed in
were found, an identification of the center with the tricar-  Taple I1. For the tri- and tetra-interstitial we obtain 5.8 and
bon antisite would be a good possibility. The high dissocia-11 5 ev, respectively. The increase of the dissociation energy
tion energy of 4.8 eV in @-SiC and 5.8 eV in W-SiC can  ¢an be attributed to the larger numbersgb-hybridized car-
also explain the thermal stability of thé center, which has pon atoms in the defect.
been observed up to 1300 °C. S The comparison with diamond shows that defects with a
Evanset al® also discussed the spatial distribution of the high vibrational frequencytricarbon and tetracarbon anti-
U centers. Directly after irradiation the center has been obsjte) may exist in SiC. Since they are confined at a single
served, if at all, in the periphery of the irradiated region, andattice site, they are only weakly influenced by the surround-

inside the region only after annealing above 1000 °C. Thgng |attice. The short carbon-carbon bonds give rise to high-
annealing behavior is completely different from that of thefequency LVM's as in diamond.

P-T centers. This finding supports our interpretation of the
preceding section that the split-interstitials are responsible
for the P-T centers, since the) center and thé>-T centers
must have a different origin. If we identified tie T centers We investigated the energetic, structural, and vibrational
with the dicarbon antisite and thé center with the tricarbon  properties of small carbon clusters i€3and 41-SiC. We
antisite, theP-T centers should coexist in the same region,considered two different types of aggregates. One type is
which apparently is not the case. The split-interstitial and theslusters of carbon interstitials, where we investigated clusters
antisite defects are, however, fundamentally different defeciith up to four interstitials. The other type is a collection of
configurations. The interpretation of the dicarbon antisite agarbon atoms at carbon-antisite positions. Clusters comprised
a building block of theD, center(cf. Sec. V A and Ref. 5 of up to four carbon atoms at a silicon site were found. Due
implies that also the tricarbon antisite should then be a preto their short carbon-carbon bonds and their light carbon
cursor of theD, center. If the tricarbon antisite is related to constituents they reveal vibrational modes well above the
the U center, this should be observed in the experimenta&iC bulk phonon spectrum. We analyzed the vibrational sig-
data. Indeed, th&J center vanishes at 1300 °C, whereas thenatures as well as the isotope shifts of the defectalbinitio
Dy center rises above these temperatdteSareful anneal-  calculations and compared them with the photoluminescence
ing studies of the intrinsic PL centers could help to clarify centersP-T, U, andD,,. As the origin of theP-T centers, the
the formation behavior of the various defects. carbon split interstitial and the dicarbon antisite were dis-
cussed. Both defects possess LVM’s at appropriate frequen-
cies. The isotope shifts of the high-frequency mode of the
In diamond, di-, tri- and tetra-interstitials have been con-P-T centers are in good agreement with the results for both
sidered byab initio methods. Gosst al?® have found similar ~ defects. Yet, the twofold isotope splitting of the low-

VI. SUMMARY AND CONCLUSION

D. Comparison with carbon aggregation in diamond
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frequency mode cannot be explained by the dicarbon antisitdgon based. Also, complexes of neighboring antisites may
which shows an at least sixfold splitting for the modes in thatform. Examples are the pair of dicarbon antisifég,)s;],
frequency range. For the split interstitial the isotope splittingand the ring of dicarbon antisitd$C,)sils. These defects
of the low-frequency mode is compatible with experiment.pehave similar to the split interstitial clusters, yet they show
None of the other interstitial and antisite clusters showed, richer spectrum. The relevance of these complexes for the
such a clear isotope splitting as observed forRRE centers. b center was discussed. The compact antisite clusters cause
The highly mobile carbon interstitials can aggregate anqy/\is well above 200 meV, whereas the complexes span-
form stable carbon intersitial clusters. The signatures of di-i qeyeral defect sites have energetically lower, but richer
tri- and tetra-interstitials were presented. The most stablg o5 Thys for the, center an extended defect that grows
form of the di-interstitial is the hexagonal di-interstitial : o -
on the dicarbon antisite as core structure may be the origin.

(Cohex This defect possesses an LVM spectrum which SThis implies that simple defects like the dicarbon antisite

practically independent of the polytype and i 4SiC also .
insensitive to variations of the configuration. The highestzgg:g? be observed experimentally as a precursor oDihe

LVM of interstitial clusters reduces with the number of split .
interstitials involved—a behavior that is consistent with _The center>-U andD, are yet the only experimentally
similar defects in diamond. Only very compact interstitial OPServed intrinsic defects with LVM's above the SiC bulk
clusters ag(Cy)ne,» can have high-frequency LVM’s. Car- Phonon spectrum. We have presented various stable defect
bon aggregates may also affect the annealing processes g@nfigurations with high-frequency LVM’s. This |nd|cate§
intrinsic defects. They can trap mobile carbon interstitialsthat probably a number of new defect centers shall be dis-
and re-emit them again at higher temperatures and thus préovered in future experiments.

vide the constituents for further stable defect centers. The

apparent contradiction in the identification of the thermally
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