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Divacancy in 3C- and 4H-SiC: An extremely stable defect
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Using first-principles calculations for divacancy defects &-&nd 4H-SiC, we determine their formation
energies and stability, their ionization levels, and relaxed geomésy@smetry point groupsfor neutral as
well as for charged states. FoOH4SIC all four possible nearest-neighbor divacancy configurations are consid-
ered. We find not only a remarkable high binding energy of about 4 eV, but also a strong site dependence
(cubic or hexagonal lattice sitesf the formation energies. Applying a Madelung-type correction to deal with
the electrostatic interactions between charged supercells, our results indicate a riégagkiavior atE,,
+0.7 eV between the charge states /1— only for nearest-neighbor divacancies on different lattice sites
(mixed cubic and hexagonah 4H-SiC, but not for all the other cas€sure cubic or pure hexagonah 4H-
or for the cubic divacancy inG-SiC.
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. INTRODUCTION hexagonal ones. InH-SiC the divacancy/gV—formed by
nearest-neighbor  silicon Vg) and carbon V()
SiC is a very promising material for semiconductor devicemonovacancies—has four possible configurations, since both
applications which have to work under extreme conditionsSj and C atoms can be located either in cuficub” ) or
Due to its good thermal conductivity, its high radiation resis-hexagonal“hex” ) lattice sites. The four possible configura-
tance, and high breakdown voltage, it is well suited for de+jgns are Ve - yaubhex \hex oub - gng \iey/hex

. - . . . i VvCc » c
manding applications in harsh environments. 3C-SiC, on the other hand, there is only one kind of lattice

Even though progress in crystal growth during the pastje e cubic one, and thus only one kind of divacancy
years has been able to reduce imperfection in SiC to a greafcun ,cub '

i i Si YC -

gﬁieeng'br;?rr:gdgggs rgg‘rsn:;eg;c;\évr;]cl)? v?,:ﬁeﬁ:lsd:rrstt:gjé;g\?\,_ AIrgady identified intrinsic point defects in S|C such as
ever, new defects are introduced during doping wafers by iofi*€ Silicon and carbon vacancieég, V) or the silicon an-
implantation. To get rid of unwanted damage and to bring thdiSiteé St cannot explain the high thermal stability of a num-
dopant atoms on lattice sites—to activate them—one has tBer Of 1czommonly detected photoluminesceriB) centers
employ certain annealing steps, where unnecessarily hight SIC.“ Since the presence of simple point defetacan-
temperatures have to be avoided, since this would cause ti§€s, interstitials, antisit¢can be excluded, one has to look
dopants to diffuse and the sharp ion implantation profilefor more extended defects—the simplest examples are the
would be lost. During annealing, irradiation-induced defectgdivacancy or vacancy-antisite pairs.
may or may not anneal out. In the “hard” SiC most primary ~ Although the divacancysVc has experimentally not
defects are stable at room temperature and, hence, are eadiigen conclusively identified in SiC, it has in the past often
accessible experimentally. been proposed to be an important defect center. Hence, there

Since defects of the crystal lattice influence the electricals a must to study the divacancy inC3 and 4H-SiC by
properties of the material, there is a great need to identifyirst-principles calculations. Th&; and Z, defect centers
and to understand them. In the past there were difficulties iwmbserved by various capacitance transient technigfiesd
understanding the electric properties of GaAs, due to thghotoinduced electron spin resonah®SR) have been pro-
electrically active point defect EL2, existing even in as-posed to be associated withs V.37 Also for one of the
grown crystal in high concentrations. Now—after more thanmost common and stable defect centers in SiC labeled
20 years of studies—consensus has been reached on ED2L-widely detected in PL studi&s®— the divacancy has
being the the isolated As antisite in GaAs. To improve thebeen discussed in the past as a possible candidité!
reliability of defect identification, it is necessary to compareHowever, no full consensus prevails regarding the origin of
experimental data on defect symmetries, formation energie®1.1? In the experimental literature, divacancy-related defect
and ionization levels to first-principles calculations. Defectcenters are discussed also in several positron annihilation
identification is the prerequisite to avoid or—if studies(cf., e.g., Refs. 15-17
unwanted—to deactivate them. In computational studies for defect properties in SiC, the

A characteristic property of SiC is its polymorphism—an electronic structure of the divacancy in SiC has received
uncommon feature in nature. Polymorphism means that Sid@ittle attention up to now. While Talwar and Feffqused a
is able to crystallize in different modifications, so-called semiempirical tight-bindindTB) approach for a divacancy
polytypes. The polytypes differ in the stacking sequence ofn 3C-SiC, Wanget al® studied the electronic structure of
hexagonally close-packed double layers of Si and C atomghe divacancy wittab initio methods, where the calculations
Depending on the next-nearest-neighbor atom arrangementiere performed in @-SiC using a 32-atom supercell with-
the atom sites in SiC crystal are classified to be cubic oout full ionic relaxations. The TB study by Talwar and

0163-1829/2002/68)/08520210)/$20.00 65 085202-1 ©2002 The American Physical Society



L. TORPO, T. E. M. STAAB, AND R. M. NIEMINEN PHYSICAL REVIEW B65 085202

Fend* revealed that the divacancy has localized impurityV{), we performed a spin-polarized calculation employing
states in the semiconductor gap. The symmetry point groughe LSDA schemé®

was determined to beC;, for the neutral divacancy,

whereas in theab initio study the formation energy was A. Formation energies for defects

evaluated to be 8.1 V. The formation energy of defecE:(q) is calculated using

Even though for many point defects in Si@ntisites, o grandard formalism by Zhang and Northffigzor all

monovacancies, and antistructure p)agscurateg;ggdopo- positions of the electron chemical potential and the possibly
tential calculations, employing full ionic relaxatioris“and appearing stoichiometries between C- and Si-fich com-

large (128 or 216 atom supercells, have appeared during 5 ngs, the formation enerdsi(q) is defined as follows:
past years, the electronic structure of the divacancy in Si(g

has not been studied recently using accurate state-of-the-art E.(q)=E(q) + q(Ey~+ ue) — Nsittsi— Ncfce
first-principles methods. In this paper, the electronic structure
of all nearest-neighbor divacancies i€3and 4H-SiC poly-
types will be studied. While the electronic structure of the
divacancy in GaAs and Si has been succesasg]léuy studied us- 1
ing plane-wave pseudopotential calculations, to the _ bulk CTin

knowledge of the authors, no works have been reported on re )T ABvt e = 5 (Nsim o)A, @D
divacancies in SiC.

1 1
=Eil(Q) — E(nsﬁL Ne) uaie— E(nsi_ ne) (ua®

where E;(q) is the total energy of the defect supercell in
guestion andy the charge stateng; andn¢ are the numbers

of Si and C atoms in the supercell, respectively. is the
electron chemical potential measured relative to the valence-

band maximun€y . 2™ and u2'% are the chemical poten-

Our calculations are based on the density-functionafials of the Si and C atoms in the bulk Si and C lattices,
theory (DFT) with the electron exchange correlation treatedrespectivelyu 2 is the chemical potential of the SiC pair in
in the local density approximatiéh (LDA) and local spin the bulk SiC compound. Actually it is possible to know only
density approximation(LSDA).?® We have used a Car-

Parrinello-like pseudopotential approac¢hwhile for the C neE= psit pe, 2
ion the Vanderbilt-type ultrasoft pseudopoterffidias been not the chemical potentialag and e of the single atom

employed in order to reduce the number of plane waveggarately. This fact is circumvented in Ed) by introduc-
needed to describe the electronic wave functions, a standa[ y the chemical potential difference

norm-conserving Bachelet-Hamann-Stblu pseudopo-
tentiaP® has been u_sed for t_he Siion. (_300d convergence_wnh Ap=(pmgi— po) — (u2k— 2k, 3
respect to the basis set size is obtained at a 20 Ry kinetic ' .

energy cutoff® which has been used throughout this work. The allowed range of- AH<Au<AH is determined from
In the defect calculations, the initial atomic configurationsthe calculated heat of formation for SiC defined as

have been randomized slightly from the ideal structure to bulk . b

remove any spurious symmetries. All the ions in the super- HMsi T Hc T HMsic

cell have been allowed to relax without any symmetry CON-~rq atomic chemical potential differende. determines the
straints  using 31the Broyden-FI(_etcher-GoIdfarp-Shannqjeviation from the ideal stoichiometry. It can vary from
(BFGS algorithm?* For the electronic structure minimiza- —AH (C rich) to AH (Si rich).

tion, we employ damped second-order dynarfficombined We plot the formation energies as functions of the elec-
with the Williams-Soler algorithm® All calculations have tron chemical potential from the valence-band maximum
be_en performed in a magswely para_llel_ CRAY-T3E system(VBM) Ey to the value of the band gafE(,). The appro-
using the carefully optimize@INGER (finnish general elec- priate value for the chemical potential differende. de-
tron relaxatoy code3* While in 3C-SiC the calculations are pends on the defect and the defect formation process.
performed for a 128-atom-site fcc supercell, for the hexago- The ionization level ¢/q’) of a given defect is the posi-

nal structure of #-SiC the supercell is elongated in tke - 1. in the band gap where the most stable charge state

:hrectl%n tdue totthhe (;a:cm/ta:%j-@f- Her_ncde_, to k?EP 'gheﬂ?ls- changes frong to q'. lonization levels can be obtained by
ance between the defect and Its periodic replica in he Sus'olving the following equation for the value of the electron
perlattice as large as possible, we choose—after carefull

. . ElU¥hemical potentiaj,:
testing other alternatives—a rectangular supercell having a

shape close to cubithe hexagonal lattice ofi2-, 4H-, and Erot( @)+ A(Ey+ o) = Eo(a') + 0’ (Ey+ o). (5)
6H-SIC can be transferred to cubic coordinates resulting in

rectangular supercgllin all calculations a rectangular 128-  The computational DFT-LSDA method has some unre-
atom supercell has been employed. Considering a prope&blved problems, which can have a significant influence on
k-point set}> use of thel' point provides sufficiently well-  the ionization levels. The most important is the gap problem:
converged results as well as the required efficiency irin the electronic structure calculations the band gap is ex-
computing!®3 For spin-unpaired charge state¥3{ and tracted from Kohn-Sham single-particle energy levels. For-

IIl. METHODS
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mally, these levels do not describe any physical quantity— TABLE I. Monovacancies and divacancies ikl4and 3C-SiC:
only the total energy is well defined. Although Kohn-Shamshown are the calculated formation energigsin electron volts
eigenvalues sometimes agree quite nicely with the true qudeV]. In 4H-SiC, E¢ is evaluated for all possible, cubicub) or
siparticle band structure, the width of the band gap is a|Way§exagonal(hex), lattice sites. The values of the formation energy
severely underestimated. While the corresponding experire given for stoichiometricXx =0) SiC. Aremarkable high bind-
mental values for 8- and 4H-SiC are E,=2.39 and ing energyE, is obtained for all divacancies.

3.27 eV, respectively, we obtain for the energy gap 6f 3

and 4H-SiICE,=1.24 and 2.6 eV, respectively. Since defect Monovacancies Divacancies
states appear in the band gap, there can be problems in in- Vi Ve VgVe
terpreting the actual positions of the ionization levels accord-

ing to Eq.(5). In this work, the calculation of the ionization Er[eV] Er [eV] Type Ep[eV] Ep[eV]

levels is based on the total energies. We will consistently 4H-SIC
report ionization levels measured from the valence-band
maximum. However, when plotting the formation energies,Site cub hex cub hex

we indicate also the position of the LDA gap and leave it to 837 — 407 — v¥wneb o 774 4.36

the reader to measure the distance of an ionization level with 837 — — 421 Vv¥hex g3g 3.90
respect to the experimental conduction-band minimum — 826 4.07 — Vel g 36 3.77
(CBM) or with respect to the Kohn-Sham band edge. — 826 — 421 VeV gop 4.27

Neglecting the phonon contribution to the entropy, the :

defect concentratio@ is given as a function of the formation 3C-SiC

energy, for a given electron chemical potengialand a sto- 779 — 277 _ VeV 722 334
ichiometry A u, at temperaturd by the formula ' ' s¢ ' '

C=zNexd —Ex(d, e, Au)/(kgT)], (6)  used supercell. The contribution arising from the second

term of the Madelung correction is only one-third of that
wherez s the number of different possible configurations for coming from the first correction terf. Since this may be
a defect per the sublattice sit¥ is the number of the sub- beyond the accuracy of the method, it will not be considered
lattice sites per unit volumé is the formation energyyis ~ here. For H-SiC, we obtain a correction far=+1 around
the charge state, ang, the electron chemical potential, 0-3 eV and forg=+2 about 1.2 eV.
while A u describes the deviation from the ideal stoichiom-
etry (Si rich or C rich.

IIl. RESULTS

) A. Formation energies
B. Madelung correction g

In charaed supercell calculations a compensating back- In Table I, we present our results for the formation ener-
9 P : P gb Igies of mono- and divacancies inC3 and 4H-SiC under
ground has to be introduced. The spurious electrostatic inters

actions between repeated cells give rise to a correction in thStO'Ch'orm'}trIC conditionsXx=0). The binding energies for

total energy depending inversely on the cell dimensi@nd the neutral divacancy defects irC3 and 4H-SiC are given

on the square of its chargg. This introduces minor prob- for all lattice site configurations in Table | as well.

X - . We find the lowest formation energies for divacancies in
lems for singly positive- and negative-charge states, where@a_'_SiC when bothVs and Ve are along thec axis (both
for doubly negative- or positive-charge states the error is Si ¢ 9

significantly larger. It is nontrivial to calculate the correction. Vﬁggn?ﬁ: k? lt_?srr Igwé’sct)?o?r%t;t(izocr)lreonnebr/ or?shoeéz?r?;(?lf(i?t&l]cee
Hence, we use here the heuristic approach introduced b ' y gy

. . . . b
Makov and Payne for the error evaluatidnwhich has been ure cubic lattice sitevZ™&P, The values are 7.22 eV for

successfully applied in a recent study leading to a goodgc'SiC qnd 7.74 _eV for Hul—ShieC, h\évxhile fo_r a purely hex-
agreement between calculated and experimentally detef9onal divacancy in®-SiC, Vsive™, we find a somewhat

mined ionization levels of point defects in Sie. higher format_ion energy of 8.0 eV. By far the hir%r)zest for-
Using this formalism, the electrostatic corrections for themr:':‘t'On Energies are those for the mixed c&a;%&\/c and
formation energy are evaluated in the following way VsVe” (divacancies not along theaxis in 4H-SiC), where

the formation energ¥r is 0.6 eV larger than the pure cubic
q’a  2mqQ . case(see Table)l

0" 2 3L% +0(L>), (7) It has to be pointed out that the formation energy of diva-

cancies on pure cubic or pure hexagonal lattice sites is in fact
where theE, is the total energy of the supercell obtained lower than the formation energy of isolated silicon monova-
from the calculationsQ is the quadrupole moment of the cancies on corresponding lattice sitege Table | for sto-
charge distribution in the supercet=1.418 65(rectangular ichiometric materigl For the pure cubic divacancy this en-
128-atom cell of size 19.89 a.u.) the Madelung constant, ergy difference is as high as 0.6 eV, while for the pure
=6.7 the experimental dielectric constant, dnthe size of hexagonal divacancy it is about 0.3 eV. Due to this signifi-

E=E
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FIG. 1. VgV : divacancies in #-SiC in all possible site configurations for stoichiometric materdglu& 0). Formation energieSg vs
the electron chemical potentiAlu are given for different charge statetashed lines with each charge state indicated. The thick solid line
corresponds to the lowest formation energy for all values of the electron chemical potential. The ionizatiofineieeled by arrows in the
picture are at the intersection of dashed lines. Note the negéatieffect found between charge state [(+) at the value of 0.68 eV of
electron chemical potential.

cant difference, one may expect to find a higher concentra- For 3C-SiC the binding energy found is significantly
tion of divacancies than the corresponding one of isolate@maller: about 3.3 eV. This is in qualitative agreement with
silicon monovacancies under equilibrium conditions accordprevious calculations by Wanet al, employing only a 32-
ing to Eq.(6). atom supercell, where the binding energy was evaluated to
Since the formation energy for divacancies is low com-be 4.6 eV in L-SiC*®
pared to monovacancies, we also find an extraordinarily
large binding energy (3.8—4.4 eV) between vacancies on
different sublattices in Ki-SiC (see Table)l The pure cubic
or the pure hexagonal cases have the highest binding energy. In Fig. 1 the formation energies for all possible nearest-
They are larger by about 0.6 eV compared to the mixecheighbor(NN) divacancies in #-SiC are given as a func-
ones. The cases where the silicon vacancy on a cubic lattid®n of the electron chemical potential without any correc-
site is involved—either pure or mixed—are favored by abouttion. The ionization level (*/2+) is located just above the
0.1 eV. Additionally, the pure cubic case is favored com-VBM for 4 H-SiC while it is slighly higher for £-SiC. The
pared to the pure hexagonal one by a difference in the forionization level (2-/1-) is situated slightly below midgap.
mation energy of 0.26 eV. Again we see a strong site deperA negative behavior between the (1/1+) charge states
dence. is found generically for #-SiC at about 0.7 eV above the

B. lonization levels
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TABLE II. Divacancies in 4- and 3C-SiC: ionization levels  state stabilizes over a wide range of the electron chemical
for the relaxed defects. The results from LSDA calculations arepotential and the negativg-behavior is removed. The rea-
given in eV above the valence-band maximum. The upper part igon for this different behavior can be found in the lower
without any correction, while in the lower part the Madelung cor- formation energy of the charge-neutral divacancy in the latter
rection is applied. In #, the results are given for all four nearest- c35es and, hence, the neutral-charge state stabilizes in the
neighbor divacancy combinations. The unphysical states are givefhngeEV+(0.5—O.9) eV. This means that all charge states

in brackets. Depending on the type of the divacancy, there is §qm 14+ {9 2— may stabilize for certain values of the elec-
minor deviation in the position of the negatitktransition. tron chemical potential

For the nearest-neighbor divacancy inC-%iC the
negativet) behavior between the# and 1- charge state
Neg.U [see Fig. 8a)] is removed when the Madelung correction is
Defect 2+/1+ 1+/0 1+/1—- 01— 1-/2- applied and the neutral divacancy may stabilize in a small
range of the electron chemical potentiake Fig. 8)].

lonization leveld eV] above the VBM

Without correction

4H: vEhyae 014 (07D 0.68 (065  1.20

4H: VENI 011 (1.02 069 (0.3 124 C. Relaxations
4H: VEVE® 006 (117 069 (022 128 The relaxations of the atoms surrounding the different di-
4H: VBV 023 (080 076 (0.7)  1.25 vacancies are listed in Table IV below. The relaxations of the

three Si atoms sitting around one efwrbon vacangyare
denoted by the bond lengths between theiyy,,d3,d,s.
Madelung correction applied Respectively, the bonds between the C atoms surrounding
the other end of the divacan€ground the missing Si atom

3C: VgVe 042 (100 085 (070 1.16

. b .
4H: V%Eb‘/ézx - 0.52 — 085 176 gre denoted bydss,dsg,dsg. For 4H-SiC the symmetry
4H: Vﬁib\/c ) — (093 069 (04) 184 groups are given considering only the NN arrangements, i.e.,
4H: Vv — (083 069 (059 1.80 provided that there is locally a mirror plane or a rotational
4H: VEVE — 0.61 — 0.90 181  symmetry.
3C: VoV _ 0.81 _ 0.89 172 Generally we find a strong outward relaxation of the C

atoms around the missing Si atod, in V5V¢), while the
Si atoms around the missing C atoMdin VgVc) are only
slightly moved—after the relaxation they are found nearly in
VBM for all caseq see Figs. (@)-1(d)], while for 3C-SiC it their ideal places. In detail, we can describe the relaxation
is about 0.85 eV above the VBIMee Fig. 83)]. For details  around the divacancy in the charge states @r 2— by a
see Table II. breathing-modetype or weak pairing type according to the
If the Madelung correction is applied, the picture changesbtained symmetry grougC,,. For singly negative- or
in some important aspects. As we can see from Fig®—2  positive-charge states the relaxation is found to be mostly of
2(d), the 2+ charge state is not stable anymore; i.e., it Vanthe pairing type (symmetry groupC,;,). The neutral-charge
ishes to the valence band. In turn the stability region of thestate—according to our results—is not stable in all cases. It
single positive-charge state of the divacancy becomes tends to have theesonant-bondype relaxation(symmetry
wider and extends from the VBM to abou€y  groupCy,).
+0.5-0.7 eV. Due to the Correction, the ionization Comparing to the relaxation patterns obtained for
level (2—/1~) has moved higher up in the band gap and ismonovacancié$??*°in 3C- and 44-SiC we note the fol-
now found at abou€, +1.8-2.0 eV above the VBM for |owing: The C atoms around the silicon monovacanty
both 4H- and -SiC. For L-SiC this means that the relax outward~10% in T4 or C3, symmetry for all poly-
(2—/1—) level is now found above the Kohn-Sham bandtypes. The relaxations around the missing silicon atom in
edge but still below the experimental CBM. Hence, theyyV . are more distorted, and the outward movement is not
charge state * extends over a wide region around as large as in the case of the silicon monovacancy. For the
midgap—fromE, +0.7 eV up toE, +1.8 eV for 4H-SiC  carbon monovacancy. a Jahn-Teller-distorted, pronounced
and fromEy+0.9 eV up toEy+1.7 eV for 3C-SiC. For  inward relaxation is found.*°whereas—as already noted—

4H-SIC our results indicate that the charge statei8 stable  for V. in VgV the Si atoms stay nearly at their ideal lattice
even with the applied Madelung correction, provided that theyositions.

value of the electron chemical potential is hightype ma-
terial). For details see Table Il
Concerning the negativid-behavior in 4-SiC, it is still

found for the mixed caséone of the vacancies is on a cubic IV. DISCUSSION

site and the other on a hexagonal sitefVE™® or . .

V2D - For the pure cubic or pure hexagonal cédiva- A. Formation energies

cancies formed along theaxis: V&P, VI®VI®Y on the Due to the wide band gap of Si@xperimental values are

other hand, by applying the Madelung correction the neutraEg=2.4 eV for 3C-SiC and 3.3 eV for #-SiC), the for-
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FIG. 2. VgV : divacancy in H-SiC in all possible site configurations for stoichiometric materigle 0). Just like the figure above
only the Madelung correction is applied. Note that the negdtiveffect is removed for the pure cubic or pure hexagonal case.

mation energies of defects depend heavily on the position dby larger relaxations due to Jahn-Teller distortions in the
the electron chemical potentifdee Eq.(1)]. In hexagonal latter cases. Calculations done for the unrelaxed divacancies
polytypes, such as H-SIiC, the band gap is about 1 eV show that the total energy differs by less than 0.1 eV be-
wider than in cubic &-SiC, which favors negative-charge tween different case&ee Table Ill. On the other hand, the
states(theoretical values ar&y=1.24 eV for 3-SiC and  energy lowering by Jahn-Teller distortion shows that the
2.6 eV for 4H-SiC). most favored case is “cubcub” followed by “hexhexsee
Considering the site dependence on the formation eneifable II).
gies for monovacancies, it turns out that the energy differ- Comparing the formation energies for divacancies, calcu-
ences are smaller than 0.1 €8e Table | and Ref. 30But  lated here, to those for monovacancies we find the remark-
for divacancies the story is different: there we find a strongable fact that divacancies formed from pure cubic or pure
dependence on the lattice sitésubic or hexagonalfrom  hexagonal lattice sites, i.e., situated along thexis, are
which the atoms have been removed. The most expensivenergetically more favorable by up to 0.6 eV than the cor-
divacancies are for mixed cas@se vacancy from a cubic responding Si monovacancies under equilibrium conditions
site and the other from a hexagonal kitH, on the other for stoichiometric or C-rich materigkee Table)l
hand, both silicon and carbon atoms are removed from hex- Comparing to others, our results foH4SiC for the iso-
agonal sites, the formation energy is smaller by aboutated carbon and silicon monovacancies in are very good
0.35 eV, while for atoms removed both from cubic sites theagreement with the pseudopotential calculations by Zywietz
energy gain is another 0.25 eV. The reason is an energy gagt al.?? since in those calculations the same rectangular su-
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FIG. 3. VgV divacancy in £-SiC for stoichiometric materialX = 0). Formation energiesg vs the electron chemical potenti&ju,
are given for different charge stat@ashed lines with each charge state indicated. The thick solid line corresponds to the lowest formation
energy for all values of the Fermi level. The ionization levels are indicated in the picture. Note the nébafieet found between charge
states (-/+) at the value of 0.85 eV of the electron chemical potential.

percell (128 atom was used. However, Zywieet al** cal-  produce two sets of doubly degener&eor m-type bonds
culated the formation energy for the monovacancies inand two nondegeneratd; or o-type levels* Since the
3C-SiC in a 216-atom supercell. Thus in the case of te 3 o-type levels are derived from the mixing ef and p-like

structure their results should be more accurate due to @rbitals of the two isolated defects, thg states of the diva-

smaller defect-defect interacti@‘ﬁ. cancy will be at energies significantly different from the two
For 3C-SiC, we do not find such a good agreement for thejsolated vacancy states. In other words, thetype reso-
formation energies of monovacancies with Waegal, nance state of an isolated vacancy in the valence band can be

since they used only a 32-atom supercell, and no full iOI”IiCpu”ed into the band gap by pairing it with an appropriate
relaxations were allowed for. Hence, the values for the forimpurity. Hence, the earlier tight-binding calculatihsug-
mation energies differ by up to 2 eV. gest for the nearest-neighbor divacancy defects haGigg
symmetries, the possibility of localized impurity states to be
detected in the gap. In this work, we find for the nearest-
neighbor divacancy pair defects in the doubly positive- or

The ionization levels for the divacancy in different con- negative_charge state 6311 Symmetry_ For other Charge
figurations in 44-SiC and in X-SiC are presented in Fig. states we calculate lower symmetries.

4(a) without the Madelung correction and in Fig(bs with
the Madelung correction applied. One observes that the
negativet) behavior is removed in some casesi(4ubcub,
and hexhex, 8) when the Madelung correction is applied. All studied divacancies in doubly positive- or negative-
Observations showing that th&,/Z, centers exhibit charge state exhibit a relaxation of theeathing type(sym-
negativet) behavior in electron irradiatedH#+ and &H-SiC
have been recently publish&d? Like the negatived calcu- TABLE lIl. Divacancies in H-SiC: We give the site depen-
lated for the divacancy, this negatite-transition is found dence of the relaxation energi&E€ ..y, i.e., the total energy dif-
between the charge states-land 1—, but at a different ferences between unrelaxed and fully relaxed configurations, for all
position in the band gap. These centers have been identifigtivacancy configurations inH-SiC.
in as irradiated and at 900 °C annealed samples. Therefore it

B. lonization levels

C. Relaxations

is quite probable that the observed signal is related to diva- Formation energy Relaxation energy
cancies, since a divacancylike signal has been detected also Unrelaxed  Fully relaxed
by positron annihilation after similar sample preparafibf?

In the tight-binding picture ofVgV. by Talwar and
Feng!* the gone-elect?or? levels wesrle Ccc'ﬂl)(/:ulated to be aberect Er [eV] Er [eV] ABreax[eV]
0.48 eV and 1.62 eV above the VBM, and the symmetryvgbyaP 8.71 7.74 0.97
character for the neutral divacancy was determined to bggby/hex 8.64 8.34 0.29
E(C,,). Itis found that for this divacancy symmetry, the two Viex/hex 8.71 8.00 0.71

triply degenerate,-type isolated-impurity levels split and
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FIG. 4. Energy level schemes for Si-C divacancieslhds well as in £-SiC, (a) without Madelung correction and) with Madelung
correction. Results are given for all possible combinations of cubic and hexagonal lattice sites obtained from LSDA calculations employing
a 128-atom supercell. Ifb) highly positive-charged states are shifted by the Madelung correction into the valence band while highly
negative-charge states move towards the conduction band.

metry point groupCs;,). For single charge states we find a affect the physics of the final results here.
lower symmetry ofpairing-typerelaxations C,,). Provided While in the 3C polytype only one configuration exists,
that the neutral divacancy is found to be stable, we find ahere are four different ones i SiC due to atoms missing
relaxation towards aresonant-bondstructure (symmetry  from a combination of cubic and hexagonal sites. In stoichio-
groupCap). metric 4H-SiC the formation energies for isolated vacancies
The relaxations around the divacancy are comparable tg the charge-neutral state are about 4 eV on the carbon site
the posmv_ely charged silicon or carbon monovacanciesy . and about 8 eV on the silicon sités;. Hence, it is
There, as in the case of the divacancy, one dangling bonghmarkaple that such a low formation energy of about 8 eV

(one electronis missing(see also Ref. 30 for the relaxation for the divacancyVgVe in the charge-neutral state in

patterng. This means for the silicon atoms surrounding th?4H-SiC is calculated.

missing C atoms that they cannot form two new bonds as in We observe a clear site dependence, i.e., variations in the

the case of the isolated C vacancy, since the fourth dang”n%rmation energy of up to 0.62 eV depending on the lattice

bond is missing. Hence, nearly no inward relaxation is ob- . bi h lin which the def lex i
served. The C atoms surrounding the missing silicon atontit€S (cubic or hexagonalin which the defect complex is

cannot form new bonds due to the too short bond length of'tuated. This is related to the different possible energy-
diamond or graphitgsee also the discussion in Ref.)30 Iowermg r_elaxat|on§. We find for all cases extraordmanly
Hence, they move outward—as for silicon monovacancies—arge binding energies of about 4 eV, which, in turn, imply
and try to relax towards a more planar bonding configuratiorthat for almost all divacancy configuratiol\V¢ their for-
(7 bonds like in graphite. The relaxation patterns changemation energy can even be up to 0.6 eV lower than the
slightly with the charge state as given in Table IV. corresponding one for the isolatéds; monovacancy. This
For divacancies in the pure cases, either cubic or hexagdneans that the energy necessary for their dissociation is the
nal, a stronger inward or outward relaxation on the Si or cpinding energy plus the barrier for diffusion. Hence—once
end of the divacancy is observed. This is obviously the reaformed—they can be expected to be extremely stable de-
son for the clearly lower formation energies by 0.35 eV andfects.
0.6 eV found for the pure hexagonal and pure cubic case, The formation energyEr for divacancies and silicon
respectively. The lattice seems not to be able to change tH&onovacancies in bulk SiC is much higher than that for the
bond length so much for neutral divacancies formed betweefarbon monovacancy and for the antisité3 This indicates
mixed cubic and hexagonal lattice sites. Hence, it is moréhat the equilibrium divacancy concentration for stoichio-

expensive to form a divacancy in the mixed configuration. Metric semi-insulating material should be relatively low
compared to antisites or carbon vacancies. Nevertheless, sili-

con monovacancies have been detected experimentally in as-

grown material in different charge states. According to these

facts one may speculate that in as-grown SiC divacancies
We have performed first-principles calculations for themay be the preferred defect species compared to isolated

electronic and ionic structure of the divacancy i€@-3and  silicon monovacancies.

4H-SIiC. To correct for the electrostatic self-interaction aris- The divacancy in the B polytype can exist at different

ing from charged supercells, we employed the Madelung coreharge statels+,—,— — ], where the neutral defect stabilizes

rection, in order to better compare experimentally obtainednly for some cases. Hence, we find a negativeehavior

and calculated ionization levels. Even though the correctiobetween the charge states-land 1— for divacancies in

is known to be overestimated slightly, the correction does no#H-SiC situated on mixed sitegubhex or hexcul where

V. CONCLUSIONS
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TABLE IV. Divacancies in 4-SiC and X-SiC. Relaxations around the divacancy depend on its lattice
sites, charge, and spin state. They are given in % of the ideal tetrahedral distances between NN carbon
(distanced;,,d3,d,3) or silicon atoms(distancesd,s,d,5,ds56). In the last column we give the symmetry
groups for some of the defects.

Tetrahedral distances [#6] from ideal value

Carbon end Silicon end

Charge Spin di dis dys dys dys dsg Symm.

4H-SiC: Vioyab

2+ 0 -0.1 00 402 +103 +103  +97 Ca,
1+ 12 —06 +04 +06  +9.1 +9.0 +8.2 Cin

0 0 0.0 00 +02  +47 +4.6 +7.3 Cun
1— 12 -23 +04 +06  +7.9 +7.9 +7.9 ~Cun
2— 0 -24 -01 401  +80 +8.0 +86 S, (~Ca,)

4H-SiC: V&by/hex

2+ 0 +14 +14  +06  +88 +8.7 +8.9 Ca,
1+ 12 +15 +16 —-01  +70 +83 +85 Cun
0 0 +06 +09 +09  +7.8 +4.6 +5.0 ~Cup
1— 12 +11 +12 -14  +62 +6.6 +6.8 Cun
2— 0 -01 -02 -13  +6.0 +6.1 +6.3 ~Ca,

i b
4H-SiC: VEhv

2+ 0 +04  +03 403  +8.3 +8.1 +8.0 ~C,
1+ 12 +01  +04 +06  +88 +7.9 +7.2 S,
0 0 -03 -02 411 499 +6.3 +6.7 Cin
1— 12  —-08 +02 +05  +85 +8.0 +7.1 ~Cup
2— 0 -07 -05 -07  +85 +83 +738 ~C,

i~ \/h hi
4H-SiC: Vi/hex

2+ 0 -01 -00 401  +9.0 +9.0 +8.6 ~Ca,
1+ 1/2 ~03 +02 +02  +79 +7.9 +6.8 Cun
0 0 -09 +09 -08  +47 +8.7 +5.6 Cun
1— 1/2 -05 -02 —-16  +59 +6.1 +55 Cin
2— 0 -16 —-16 —-15  +56 +5.6 +5.4 ~Ca,
3C-SiC: VgVe

2+ 0 +12 +12  +12  +113  +114  +114 ~Ca,
1+ 1/2 +09 +09 +15 492 +9.2 +9.7  Cy(~Ca)
0 0 -03 401 +22 474 +75 +95 Cun
1— 1/2 -07 407 +08  +7.6 +8.0 +8.0 Cun
2— 0 -04 -02 -02 477 +7.9 +7.9 Ca,

the transitions occur at the same value of the electron chemwould slightly overestimate the shift in formation energies,
cal potential (0.7 eV above the VBMApplying the Made- there would be some room for the divacancy i8-3iC to
lung correction for £-SiC the doubly negative-charge state exhibit a negatived behavior as well, which would then be
moves above the Kohn-Sham band edge and, hence, it &ightly higher in the band gap at about 0.85 eV above the
doubtful if it can be observed. If the Madelung correction VBM. For 4H-SiC, on the other hand, divacancies formed
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