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Silicon vacancy in SiC: A high-spin state defect
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We report results from spin-polarizeab initio local spin-density calculations for the silicon
vacancy ¥g) in 3C— and 2H-SIC in all its possible charge states. The calculated electronic
structure for SiC reveals the presence of a stable spin-aligned electrot,state the midgap. The
neutral and doubly negative charge states\gf in 3C—SiC are stabilized in a high-spin
configuration withS=1 giving rise to a ground state, which is a many-electron orbital sifglet

For the singly negativ&/;, we find a high-spin ground-stafé, with S=3/2. In the high-spin
configuration,Vg; preserves thd 3 symmetry. These results indicate that in neutral, singly, and
doubly negative charge states a strong exchange coupling, which prefers parallel electron spins,
overcomes the Jahn—Teller energy. In other charge states, the ground stajhas a low-spin
configuration. ©1999 American Institute of PhysidsS0003-695(99)04702-4

The electronic structure of a vacancy in a covalent solid  In this letter, we present thab initio characterization of
can be simply discussed using a one-electron orbital modehe silicon vacancy in SiC in all stable charge states. Fully
(linear combination of atomic orbitals Even though the relaxed vacancies are studied both in cu8€-SiQ and
ground state of the vacancy in silicon can be qualitativelyhexagonal (2H-SiQ silicon carbide. We have used the
described within a single-electron pictifrét is found in  plane-wave pseudopotential methd®WPP, where the
some wide-band-gap semiconductors, such as diamond arachange-correlation functional of the many-body electron—
GaP**that finally, many-electron effects determine the elec-electron interaction is described within the local-density
tronic properties of the vacancy. According to the one-(LDA) or local-spin-density(LSD) approximation:! All
electron model, the defect molecular orbitals areaarsin-  the calculations are performed using a large 128 atom super-
glet and at, triplet. By distributing the electrons over the cell. For the detailed description of the standard formalism
orbitals, one can determine the ground state as the configgoncerning the charged supercell calculations, see Ref. 12.
ration with the lowest total enerdyCoulson and Larkirs ~ Further computational details can be found in Refs. 13-17.
predicted a high-spin ground-stdmz(aftg) for the vacancy We use experimental band-gap values in the formation en-
V(lf in diamond, which is not subject to Jahn-Teller distor-ergy analysis because of the well-known fact that the gap
tion. The many-electron singléf\, is stabilized by a strong calculated from the single-particle Kohn—Sham states under-
exchange couplingspin—spin interaction which is larger estimates severely the true band gap. The experimental band
than the corresponding Jahn—Teller energy. For the vacan@gap for 3C-SiC is 2.39 eV, while the obtained LDA gap is
in diamond, the “A, state has been confirmed 1.30 eV.
experimentally> A similar high-spin ground state is also We find that the silicon vacancy in 3C-SiC has stable
found for the neutral vacancy2, in GaP? Like diamond charge states from-2to 4—. In Fig. 1, the formation ener-
and GaP, silicon carbide is a wide-band-gap material. Sewgies of different charge states as a function of the electron
eral observations obtained from electron-spin-resonancehemical potential are shown for C-rich SiC. For neutfg|,
(ESR), optically detected magnetic-resonafi@DMR), pho-  the formation energy is relatively high;7.1 eV in C-rich
toluminescencéPL), and electron-nuclear double-resonanceconditions. However, due to the large band gap of SiC, the
(ENDOR) measurements assigned to silicon vacancy-relatetbrmation energy varies strongly with the electron chemical
centers, high-spin state§=1 and S=3/2 have been potential. The ionization levels found for 3C-SiC are listed
reported®® Recently, an all-electron linear muffin-tin orbital in Table I. We find the singly negative vacancy to be the
ASA calculation for unrelaxe®3; in SiC has been carried stablest charge state in the range from 0.5 to 1.2 eV of the
out® in which a large energy separation between the low-€lectron chemical potential. The doubly positive vacancy is
spin (S=1/2) and the high-sping=3/2) configurations was stable up to the value of 0.4 eV of the electron chemical
obtained. potential. The doubly negative vacancy is stable~itt30

meV wide range, while the -, neutral, and 3 states are
Electronic mail: Imt@fyslab.hut fi found to be only marginally stable defects in very narrow

bCurrent address: NEC Research Institute, 4 Independence Way, Princeto\‘\’,indq\_’\’s of chemical potential. It is possible that negative-
NJ 08540. transitions take place between the states-{@ and (2
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TABLE Il. The effect of spin polarization in 3C— and 2H-SIiC in different
charge states of the silicon vacan&yg=|E"SP—E'PA| is evaluated from

the energy difference between the spin-compens@iBd\) and the spin-
polarized (LSD) calculation in electron voltgeV). In the LDA result
(EPAY, the spin state is always low: eith8=0 or S=1/2, whereas in the
LSD result E-°P) the total spin in each charge state corresponds to the
ground-state spin configuration and is marked in the second line of Table II.

~

2

5 1+ 0 1- 2— 3

[}

c 1 _ 3 _ 1

5 . s=1 =3 s=1 -1

S 3C 0.076 0.378 0.580 0.419 0.241
s 2H 0.143 0.317 0.458 0.183 0.090
8

charge state¥3" andVg; , the LDA and LSD results coin-
cide (see Fig. 1
In cubic SiC, the four carbon atoms surroundig;,
: L forming thus a tetrahedron, stretch their mutual distances,
depending on the charge state, by 8%—-14% compared to the
C—C distance of 3.044 A in the ideal SiC crystal. This dis-
FIG. 1. Formation energy of the silicon vacancy in 3C-SiC grown undertance tends to get shorter when electrons are added to the
C-ri_ch condit_ions. The vertical a_xis shows_the formation energy and th%ystem. Characteristic for the high-spin staBe=@/2) and
horizontal axis the electron chemical potential. There are two deep levels gt .
0.5 eV above the valence-band maximum. The rest of the states are abo! r the 2+ and I+ charge Stat_es I_S a symmetflg relax-
1.3 eV above the valence-band maximum. The significance of the exchangation. A small symmetry breaking is found when the charge
to the formation energy can be seen in the mid-band-gap region, where thigicreases: other charge states are weakly Jahn—Teller dis-
results of the high-spin _LSD calculations are shpwn as the lower _solid "”etorted. The volume increase of the tetrahedron, formed by
and results from the spin-compensated calculation as the dotted line. . .
the C atoms surrounding the Si vacancy, compared to the
ideal case in 3C-SiC, is 30%—-47%, depending on the charge
—/4—). Still, because of the restricted accuracy of the denstate.
sity functional theory(DFT) LSD method, one cannot con- The most common SiC polytypédH and 6H-SiC¢ are
firm whether for narrow ranges of the electron chemical pocomposed of two inequivalent lattice sites, cubic and hex-
tential the charge states+1and 3- stabilize as well. agonal. Our extensive study for 3C—-SiC outlines the charac-
Moreover, it is not determined whether the charge state 4 teristics of the cubic-site vacancy. Although the local atomic
actually exists, because the ionization IeveVéf is located surroundings of the cubic and hexagonal vacancies do not
above the LDA band-gap edge. considerably differ from each other, the electronic structure
Figure 1 illustrates the three governing occupations oftan be altered substantially. In order to understand the quali-
the one-electron-state triplet: empty (vgr), triply occu- tative difference between the two lattice sites, we also per-
pied by spin-aligned electronsvE ), and fully occupied formed a study of the hexagonal-site vacancy in 2H-SiC.
(Véi’). At the two borderlines of these three zort®e grey In 2H-SIC, the formation energy of the silicon vacancy
regions in Fig. 1 we find two stable charge stat®§, and is found to be 7.8 eV in C-rich conditions, i.e., slightly
V4 with spin S=1. The parallel spin occupation of with ~ higher than in 3C-SiC. Like 3C-SiC, in 2H-SiC the va-
S=1 corresponds the ground state of the many-electron ocancy stabilizes in the high-spin configuration in neutral, sin-
bital state®T;.}® The spin-aligned t,)® ground state with ~ gly, and doubly negative charge states. In 2H-SIC, the effect
S=3/2 stands for the orbitally degenerate sindike;.»*The  of spin polarization is qualitatively the same as for 3C-SiC
exchange energies are most pronounced in the mid-band-g&pee Table ). The ionization levels folg; in 2H-SIC are
region(see Fig. 1 The effect of the spin polarization in the listed in Table I. Compared to 3C-SiC, the ionization levels
formation energies in different charge states is listed in Tablé@re located lower in the band gap by 0.16-0.39 eV, depend-
Il. In 3C-SiC, the + charge state with spiB=3/2 has the ing on the charge state. Thet1 neutral, and 3 charge
strongest effect of the spin polarization0.58 eV. For the states are found to be stable in a much wider range of elec-
high-spin statess=1 of Vgi and V%i’ defects, we find the tron chemical potential in 2H-SIiC than in 3C-SiC. The
exchange energy gain in the spin-polarized calculation agegatived behavior is not found for 2H-SiC. The C atoms
large as 0.4 eV. For th&=1/2 configurations of\/éi+ and surroundingVg; stretch their mutual distances by 8%—12%
Vgi—, the gain is remarkably less. Obviously, in the spin-compared to the ideal 2H-SIC crystal. Like 3C-SiC, in the
compensated regions with sp8=0, corresponding to the high-spin configuration $=3/2) and 2~ charge state, the
defect maintains th&y symmetry, but in the case dfg;" the
Jahn—Teller distortion is noticed in 2H-SIiC. The rest of the
charge states are weakly Jahn—Teller distorted.
According to the experimental wofi:%8 the silicon
2+/1+  1+/0 01—  1-/2—  2-/3—  3—/4— vacancy in SiC is negatively charged, exhibitg symmetry
3C 0.433 0495 0561 1004 1353 1.403 and is_ most often assigngd to b’é,‘ . F_orVSi-reIated cen-
2H 0.047 0.133 0.317 0.908 1.044 1242 ters, Slgnals both from a hlgh-Spln Conflgurat@ﬁ 3/2 (Ref
9) and from a iow-spirb= 1/2 (Refs. 6 and 1Bare observed.

20 :
0.0 0.5 1.0 15 20

Electron chemical potential (eV)

TABLE I. lonization levels for the relaxed Si vacancy in 3C— and 2H-SiC
from LSD calculationgin eV above the valence-band maximum
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Our calculations indicate that the experimentally detectedor valuable discussions. Especially, the authors are sincerely
signal with S=3/2 arises from the singly negatiwés; and  grateful to Meri Marlo for her skillful assistance.
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