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Alphabet luminescence lines in #-SiC
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First-principles density functional calculations are used to investigate antisite palis8i@. We show that
they are likely to be formed in close proximity under ionizing conditions, and they possess a donor level and
thermal stability consistent with the series of 40 photoluminescent lines called the alphabet lines. Moreover, the
gap vibrational mode of the silicon antisite defect is close to a phonon replica bf; thee and possesses a
weak isotopic shift with'3C in agreement with observation.
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Room-temperature electron-irradiation dfi4SiC creates states are involved in the kick-out reactioBourgoin
a series of around 40 sharp photoluminescent lines in @echanism? We shall show below that the enthalpy is low-
0.1-eV interval around 2.8 €V. These are labeled eredto 0.6 eV if the interstitial traps two holes before the Si
ay,by,Cy, ... |k, k=4, with increasing energy. Photoexci- atom is ejected. This reaction could then occur at room tem-
tation spectroscopy demonstrates that the lines with differerperature. The result is the creation of a Si interstitigl Si
k are linked to excitations of the same defect and the wholéogether with G;.
set seems to come from about 12 centers. The lines are de- We shall also show that the neutra] &rms a split inter-
tected immediately after room-temperature irradiation andstitial & a C site. Thus a similar reaction can take place
disappear and/or transform among themselves or into a nelgading to the production of Siand G. The reaction $i
band labeled, around 1000—-1300°C. A phonon replica of — Sic+C; is endothermic by 1.8 eV in the neutral-charge
the b, no-phonon line shows a gap vibrational mode atstate. If Sj traps a hole, then the reaction is endothermic by
629 cm ! (78 meV) between the top of the acoustic branchonly 0.17 eV and has a high probability of occurring.
at 610 cm?! (75.6 meVf and bottom of the TO optic branch The net effect is the catalytic creation of an antisite pair
at 774 cm? (96 meV. via a carbon interstitial. This process can be repeated so that
We argue here that the lines are due to the recombinatiostarting from a single carbon interstitial, many antisite pairs
of a delocalized electron with a localized hole bound to a Sican be made. If the reaction has high probability, then the
antisite defect, i, in proximity with a C antisite, G, al-  antisites are likely to be in close proximity.
though the defects are not necessarily nearest-neighbor pairs. There are two inequivalent C and Si substitutional sites in
Recent work has indicated that the defects result fromftH-SIiC. These are labelddor h sites referring to the cubic
damage to the carbon sublattice as the lines are producéd hexagonal layers they inhabit, respectively. There are thus
when the electron-irradiation energy lies below the thresholdfour possible antisite pairs separated by a single bond and a
~250 keV, for damage on the Si sublatticéoreover, further four pairs at second-neighbor separation although
some of the spectral lines are observed well outside the danthese involve the same atomic species such asSBi.
aged region, implying rapid defect mobility at room tempera-Third-neighbor defects involvegand Sg pairs. There are 6
ture under ionizing conditions. This suggests that interstitial®f these and 6 at fifth-neighbor separation. Hence the number
are involved in the formation of the defects. of distinct pairs at third, and fifth-neighbor separation is suf-
The carbon interstitial (¢ in both bulk Si(Refs. 3and #  ficient to explain the 12 defects seen irH4IC. Early
and diamond® takes the form of §100] split interstitial  calculationd found S to be electrically inactive in G-SiC
where a pair of atoms share a substitutional site and arbut later work® suggests electrical activity and places the
aligned along a cube edge. The self-interstitial in both matedonor level atE,+0.21 eV in 41-SiC. Recently, electron
rials is known to be mobile under ionizing conditioh®We  paramagnetic resonan¢EPR has identified Si in 4H as
shall show below that the carbon interstitial in SiC at a Sithe E16 center detected after room-temperature
site has a similar structure invohgra C and Si atom sharing electron-irradiatiort: The center exhibits trigonal symmetry.
a silicon site. In this case, instead of the C atom diffusingThe defect is only found ip-type material implying that gi
away, a Si atom can sometimes be ejected, leading to thieas a deep donor level. A hyperfine interaction with a single
formation of a carbon antisite. This reaction is, however,?°Sj atom is resolved with 34% of spin density irparbital
endothermic by~6 eV in the neutral-charge state. If one and 6% in ans orbital on the unique atom. The defect is
takes into account that during irradiation the crystal containstable up to 1625°C.
many electron-hole pairs, it is possible that different charge To investigate these defects, first-principles local density
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functional pseudopotenti&l calculations were carried out os ] —a— = 5 B

with the AIMPRO (Ref. 17) supercell code using 72-atom su-
percells for 4-SiC and 2 k-point sampling® The wave-
function basis consists o and p-atom-centered Gaussian i, 1. The Kohn-Sham levels &t of antisite and neutral in-
orbitals with four different exponents. In additiothorbitals  terstitial defects in #-SiC evaluated in 72-atom supercells. Occu-
were associated with the two smallest exponents. The chargfed (empty levels are denoted by solidpen boxes. Gray regions
density was Fourier transformed using reciprocal lattice veccorrespond to bulk band positions at the zone center. The calculated
tors corresponding to an energy cutoff of 240 Ry. The calcuband gap for #-SiC in this cell afl” is 2.9 eV. Note that & has no
lated a and c cell dimensions of #-SiC are 3.054 and gap levels whereas Shas a deep donor level which becomes shal-
9.999 A compared with experimental values of 3.078 andower for the Si-Cg; pair. G and Si refer to split-interstitial struc-
10.086 A respectivel} The bulk modulus was found to be tures at carbon sites.
227 GPa for #-SiC in agreement with an experimental
value of 224 GPa for G-Sl(_:.“ When the basis for both Si 4y pe present in equilibrium. Similar energies were also
and C was increased tborbitals associated with each of the ¢, 14 with a larger basis of fout orbitals on each atom. The
four exponents, the Si—C bond length deocreased by only 0'50/8nergy of Si dropped by only 0.13 eV while that of £
and th.e bU|k. modulus |.ncreases'by 0.4%. ... increased by 0.25 eV. These changes are quite small, less
To investigate reaction energies, we calculate the differ-

. . . . . than 7% of the formation energies, and we therefore believe
ences in formation energies of the isolated defects in 72

atom supercells. The formation energi,] of a defect is the galculanons to be converged with respect to the basis.
defined as Figure 1 shows the Kohn-Sham levelslain a 72-atom

supercell containing antisite defects. The electron bands of
the bulk 4H-SiC were calculated in a supercell of the same
size as the defect cells and are shown in gray. The calculated

whereE,,, is the total energy of the cell containing: and ~ band gap in #-SiC is 2.18 eV compared with an experi-
ng; carbon and silicon atoms, respectively, and a defect witinental value of 3.26 eV. The underestimate in the gap is a
a net charge ofy electrons.uc and ug; are the chemical Wwell-known failing of density functional theory and should
potentials of C and Si in SiC anBr is the Fermi energy not affect the energies of defectsg;& an electrically inert
relative to the valence-band tof,). The chemical poten- defect with C-C bond lengths of 1.660 and 1.664 |At6 c)
tials satisfy the conditions that they are bounded above byt ah site or 1.659 and 1.645 Al|(to c) at ak site, com-
the energies foa C or Siatom in standard thermodynamic pared with 1.54 A in diamond. Skt ak site has Si-Si bond
forms like pure diamond or Si, ang+ us; is the energy of lengths of 2.120 and 2.131 A||(to ¢) compared with
a Si-C pair in bulk 4-SiC. The heat of formation is the 2.33 A in bulk Si. At ah site the bond lengths are 2.116 and
difference between the energies of a S anC atom, in their  2.143 A (| to ¢). For the neutral Sidefect, the Kohn-Sham
standard states, and a Si-C pair id-6iC. We find this to be levels at the zone center indicate a fully occupied doublet
0.54 eV in good agreement with earlier studféS and an  ~0.65 eV aboveE, or using the experimental value for the
experimental value of 0.72 €¥.We take in the following band gap, 2.61 eV below the conduction-band minimum
msi— mc to be given by the standard valuds: is taken to  (E.). An alternative way of estimating the (B} level is to
be zero for positively charged defects formed duringehe compare the formation energies of the defect in the neutral
irradiation. We investigated the antisite defectg;,CSic, and positive-charge states with the energies of the neutral
close-by antisite pairs and the interstitial defecisa@d Si. and charged hogP. This gives a level 2.54 eV belo®, for

The two inequivalent C in H-SiC lead to two possible (Sic)x and 2.53 eV for (). It is not possible to find
Cg;i and likewise two possible Sill of which possess trigo- accurate energy levels using density functional theory with
nal symmetry. We found each pair of antisites to be degenperiodic boundary conditions but the calculated ones are
erate in energy and Table | gives their formation energiesqualitatively consistent with a deep donor level arolfd
These are sufficiently high that the defects would not nor—2.9 eV associated with the alphabet series if we assume an

Cs; Sic  Sic-Csi (Cint)r (Cint)rn (Siime)n  (Siime)r

Et=Etot— Ncprc—Nsipsi—qEE,

184108-2



ALPHABET LUMINESCENCE LINES IN H-SiC. .. PHYSICAL REVIEW B 65 184108

}

Q.. ;

FIG. 2. The neutral Cdefect trapped near &Si site. The C
atoms are shown in black and the Si atoms in white. The left figure
shows bulk 4-SiC for comparison. FIG. 3. Schematic diagram of the processes leading to antisite

pair formation. A carbon interstitialtaa C site (1) moves to a
exciton binding energy of-0.1 eV. This suggest that a per- neighboring Si s_ite{2) whereupon a S_i interfst_itial dt_ef_ect (Si) is
turbed form of Si is responsible for the alphabet series. ~ created along with & (3). The cage sited Si interstiti&h) neutra-

The wave function of the Sidonor level is composed of I|§es and fo.rms a Si Sp|lt-|n.terStItlé(5). A carbon ellt.om is th.en
p orbitals with Mulliken bond populations giving 28% local- ejected leading to the formation of a carbon interstitial and(6).
ization on the unique Si atom. This result is in agreement ) o , , i
with the hyperfine tensor fd16 with the small spin density bors for the mterstltlal in the tvyo ghfferent sites. In the posi-
on the unique atom arising from spin-polarization effects, (V€ charge state, Skt theh site is located at a cage site

The vibrational modes of and Si: were found by com-  Surrounded by three C atoms at a distanck85 A.Atthe -
puting the energy second derivatives with respect to the di Site the Sihas four C neighbors. The Si-C separation is
placement of the antisite atoms and their neighbors. The dy= 1-81 A along thec axes and 1.83 A in the plane. The
namical matrix of the supercell is then found using these>/t€ IS also around 1 eV higher in energy thanhrsste in the
values together with those found from a Musgrave-Pople po 2 charge state. _ , _
tential for the other atoms in the supercglThe computed Ve now discuss a mechanism for the production of anti-
phonon gap is between 625 ch (77.5 meV} and sites during |rrad|at|on._The first stage qulvgs the creation
765 cm! (94.8 meV} compared with experimental values ©f @ C vacancy and (air. If G; moves to a Si site, as shown
of 610 and 774 cml. in Fig. 3, then the reaction (§%— Cgi+ (Si)¢ is endother-

The highest vibrational mode of Slying in the gap be- M€ by 5.9 eV(Table ) and will not occur. H_owever, if the
tween the acoustic and optic branches occurs at 748.21 cm defect now traps two holes, then the reaction) {C — Cs;
while that of G lies at 758.6 cm'. The Si defect has +Si ' is endothermic by only 0.6 eV. This reaction results
almost tetrahedral symmetry and is associated with a triple) the formation of G; and a silicon interstitial. We then
mode which is split into a doublet 657.& (symmetry and  suppose that Si* rapidly neutralizes by trapping two elec-
singlet 655.4 cm! (A, symmetry. Only the latter mode trons and is then able to move to a dumbbell configuration at
would be expected to accompany a photolumines¢Rt¢  a C site. In turn, the resulting ($¢ defect can itself lead to
transition and is in good agreement with the observed replicthe production of an antisite. (— Sic+ (Cj)g; is endot-
at 629 cm* (78 me\). The mode shifts by only 0.8 cnt  hermic by 1.8 eV(see Table )l but Sj+h— Sic+(C)g; is
with 3C consistent with its origin as a compressed Si-Siendothermic by only 0.17 eV. This strongly suggests that a
bond and agrees with recent investigations showing that theupply of holes and electrons makes the formation of antisite
phonon replica ob; hardly shifts in*3C material*® pairs highly likely. We have, however, assumed that the bar-

We now turn to the interstitials whose structure is chargeiers to the reactions and the preexponential factors in the
state dependent. Neutra] &t thek-carbon site is around 0.2 rates are not important. Thus we assign the alphabet bands to
eV lower in energy than at thie-carbon site. The interstitial antisite pairs with the zero-phonon line of the exciton bound
at thek- andh-silicon sites(see Fig. 2is about 0.6 eV higher to Sic being perturbed by a nearbysC These pairs are ex-
in energy than at the corresponding carbon sifesble ).  pected to be thermally stable and survive anneals to 1300 °C.
The defects have a split form similar to the defects in Si oNevertheless, the widely different annealing behavior and the
diamond. They possess deep midgap donor levels and possirergy threshold for the creation of the individual lines sug-
bly an acceptor level in the upper half of the géjg. 1). gests that some may beJierturbed by other defects.

The silicon interstitial is bistable. The lowest-energy con- Among the antisite pairs, the nearest-neighbor pair is
figuration for the neutral defect is one where I&s near a unique as it alone has one Si-C bond within the core. There
carbon atom in a dumbbell configuration. The two atoms inare four inequivalent versions. Two are trigonal centers and
the dumbbell are 2.14 A apart and re@a C atom at &  two posses€<;, symmetry. The energies of the trigonal de-
site. The angle between tleaaxis and the dumbbell is 37.9°. fects are about 0.3 eV higher than t@e, ones which differ
At the k site we find this angle to be 41.4° and a separatiorby only 0.07 eV. The binding energy of the pairi2.3 eV.
of the two dumbbell atoms of 2.06 A. Surprisingly; 8ithe  The (04 ) level of the antisite pair at thie site is calculated
k site is almost 1 eV higher in energy than at theite. We to be 2.66 eV below the conduction band and deeper than
attribute this to the fact that there are different nearest neighSic, which suggests that the pair may be responsible for the
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most energetic transitiotthe | band at 2.8998 eMor possi- and the large number of defects are all consistent with ex-
bly the 2.901 eV(427.26 nm D, band. The antisite pair periment. We have also suggested a novel mechanism for
gives a large number of gap vibrational modes but a Sitheir formation in irradiated material. The most stable anti-
related one at 624.9 cm lies close to the observed replica site pair may be responsible for the most energetic alphabet
at 669.4 cm' (83 meV) of D,. Consistent with line or theD, band, which survives to higher temperatures.
experiment?® where a shift with'3C is not detected, we find

a shift of only 0.4 cm®.

In conclusion, we have shown that antisite pairs possess We thank the ENDEASD network for support and John
properties in common with the centers giving rise to theSteeds for many useful discussions and results from un-
alphabet series of luminescent lines. The transition energyublished work. S.Othanks TFR in Sweden for financial
local vibrational mode and its isotopic shift, thermal stability, support.
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