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Negatively charged Si vacancy in 4H SiC: A comparison between theory and experiment
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We use electron paramagnetic resonance and electron nuclear double resonance to identify the negatively
charged Si vacancy in neutron-irradiated 4H SiC. The identification is based on resolved ligand hyperfine
interactions with carbon and silicon nearest and next nearest neighbors and on the determination of the spin
state, which isS53/2. The magnetic resonance parameters ofVSi

2 are almost identical for the polytypes 3C,
4H, and 6H. The experimental findings are supported by theoretical ligand hyperfine interaction data based on
a total-energy calculation using the standard local-density approximation of the density-functional theory.
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I. INTRODUCTION

Lattice vacancies can conveniently be created in semic
ductors by electron or neutron irradiation.1,2 They usually
introduce energy levels in the gap, and can, therefore, e
in different charge states and act as efficient recombina
centers.1 Most vacancies are thermally quite stable. In t
case of SiC, vacancies do not aneal out below 750 °C.3

The electronic structure of vacancies is understood wit
a one-electron orbital model.1 The removal of a lattice atom
introduces four dangling-bonds at the four ligands next to
vacancy thus created. For an undistorted vacancy in a c
crystal, these dangling-bond orbitals are to be symmetri
and, therefore, transform according to thea1 and t2 irreduc-
ible representations of the groupTd , respectively. In Si, dia-
mond, and also in GaP the state transforming according ta1
forms a resonance in the valence band. Hence, it is occu
and plays no role in the electrical activity of the vacancy

In contrast, the state that transforms according tot2 gives
rise to a gap state. For the case of the neutral Ga vacan
GaP and also the negatively charged vacancies in diam
and in silicon, this state is occupied by three electrons.
this occupation two distinct electronic ground states are p
sible. If the spin-spin interaction is larger than the sp
lattice interaction, a spinS53/2 high-spin state forms th
ground state of the system. This state is a4A2 spin quartet
state, which is an orbital singlet and not subject to a Ja
Teller distortion. From ENDOR investigations and EPR e
periments under applied uniaxial stress it is known that
is the case for the Ga vacancy in GaP~Refs. 4 and 5! and for
the vacancy in diamond.2 For the negatively charged vacanc
in silicon, however, the other possible state, the low-spinS
51/2 state is found to be the ground state. The low-s
ground state of the undistorted vacancy would be an orb
multiplet which, however, undergoes a static Jahn-Teller
tortion and thereby gives rise to a spinS51/2 orbital singlet
state that has tetragonal symmetry.
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In the 3C, 4H, and 6H polytypes of SiC vacancies ar
also introduced by particle irradiation. One of the defe
introduced by particle irradiation has tentatively been
signed to the negatively charged Si vacancy in a rec
report.6 The EPR spectra of this defect are characterized
an isotropicg factor that can be interpreted in two alternati
ways: ~i! we observe a high-spinS53/2 orbital singlet state
4A2 with negligible fine-structure splitting or~ii ! the ground
state is a low-spin state and a dynamical Jahn-Teller ef
leads to the perfect isotropy of theg factor. In this paper we
shall resolve this ambiguity by ENDOR experiments th
prove that we have a high-spin ground state for the Si
cancy in 4H SiC. Since EPR results for 3C SiC and 6H SiC
~Refs. 7 and 8! are very similar to the results presented he
for 4H SiC, we conclude that all three polytypes of SiC ha
a similar high-spin orbital ground state.

We have also calculated ligand hyperfine interactions
the nearest- and next-nearest-neighbor shell of the Si
cancy in 3C SiC based onab initio calculations. We find a
very close agreement of the calculated isotropic and an
tropic hyperfine interactions with the experimental ENDO
data, which provides a further confirmation of our defe
assignment.

II. DETAILS OF THE INVESTIGATION

A. Experiment

An X-band EPR spectrometer~Bruker ER 420-SP! with a
TE102 rectangular cavity, 100 kHz modulation, and lock-
detection was used; the derivative of the absorption was
obtained. The microwave frequency was measured with
electronic counter and the magnetic field with a proton re
nance probe. In this wayg values accurate to60.0001 could
be obtained. ENDOR measurements were done on a Br
ESP 300 E spectrometer with a TM110 cavity including the
ENDOR coil and frequency modulation of the radio fr
quency.
7384 © 1997 The American Physical Society
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56 7385NEGATIVELY CHARGED Si VACANCY IN 4H SiC: A . . .
The investigated 4H SiC sample was irradiated with re
actor neutrons. The radiation fluence~dose! was Fn
51016 cm22.

B. Theory

We have performedab initio total-energy calculations us
ing the standard local-spin-density approximation9–11 of the
density-functional theory12,13 ~DFT-LSDA! to determine the
electronic ground-state properties of the vacancy. The c
putational scheme has been discussed in detail in a theo
cal paper14 as well as in several applications.15,16 We there-
fore can restrict the presentation of the theoretical metho
a few essential points.

We solve the problem of a deep defect in a crystal usin
Green’s-function technique. We start with a band-struct
calculation using the linear-muffin-tin-orbitals method in t
atomic-spheres approximation~LMTO-ASA! in order to de-
termine the Green’s functionG0 of the unperturbed crystal
Next we solve a Dyson equation forG(r ,r 8,E):

G~r ,r 8,E!5G0~r ,r 8,E!

1E G0~r ,r 9,E!DV~r 9!G~r 9,r 8,E!d3r 9,

~1!

whereDV5V2V0 is the difference between the one-partic
potentials of the crystal containing the impurity and that
the unperturbed crystal. Since for deep impuritiesDV may
have large values, which, however, are restricted to a sm
spatial region around the impurity, we divide the crystal in
a ‘‘perturbed region’’~containing the atomic spheres of th
impurity atom, of a few neighboring host atoms and
space-filling interstitial spheres! and into the ‘‘unperturbed’’
crystal outside this region. Our perturbed region for the
cancy consists of the Si atomic host sphere for the vaca
and of 12 atomic spheres that contain the silicon next-nea
neighbors, of four spheres that contain the nearest-neig
carbon atoms, and of 10 interstitial spheres. Within the p
turbed region Dyson’s equation is solved self-consisten
outside this regionG is approximated byG0.

In our approach the total energy of the crystal contain
a vacancy must be calculated ignoring latti
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relaxations.14–16 We calculate the change in total energy i
troduced by the vacancy. To this quantity we add the ene
of the long-range Coulomb part ofn30.1 eV, wheren indi-
cates the charge state of the impurity.15,17 In order to com-
pare total energies for different charge states of a defect
discuss then-times charged defectV(n) plus n electrons or
holes that are transfered to the Fermi level. Thus the t
energy becomes a function of the Fermi levelEF :

Etot~V~n!,EF!5Etot
b ~V~n!!1nEF , ~2!

whereEtot
b is the energy of the vacancy for a Fermi level

the valence-band edge. With these total energies we calcu
the electron removal energies, which are those position
the Fermi level for which the total energies of the two char
states coincide.

The computation of the hyperfine interactions~hfi! for VSi
2

is relatively simple, because we can deal with anS53/2
orbital singlet state as shown below. In this case we have
contributions from the orbital momentum. The isotropic h
perfine interaction for an electron state withg factor ge in-
teracting with a nucleus withg factor gN at the siteRN is
given by

aN5
2

3

1

2S
m0gegNmNm~RN!, ~3!

wherem0 is the susceptibility constant andmN is the nuclear
magneton. The magnetization densitym(RN) at the nuclear
site RN is the product of Bohr’s magnetonmB and the dif-
ferencem(r ) between the electron spin densities of up a
down spinsn↑ andn↓ , respectively,

m~r !5mB@n↑~r !2n↓~r !#. ~4!

The anisotropic~dipolar! hfi is given by an integral over
the magnetization density over all space,

~bN! i , j5
m0

8p

1

2S
gegNmNE 3xixj2r 2d i , j

r 5 m~r1RN!dr .

~5!

The integrand is strongly peaked at the nucleus and, th
fore, it is sufficient to perform the integration over the cent
ASA sphere. The contributions from the other spheres can
i
d
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al
FIG. 1. ~a! EPR spectrum of the isolated S
vacancy in 4H SiC. The satellite lines are cause
by hyperfine interaction with nearest-neighb
13C and next-nearest-neighbor29Si ligands. ~b!
Angular dependence for the hyperfine interacti
with the axial 13C ligands of the Si vacancy. The
solid lines correspond to a fit of the experiment
data~see text for details!.
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7386 56T. WIMBAUER et al.
approximated replacing the spin distribution in each of th
spheres by point dipoles with a dipole moment appropr
for the integrated spin density in the spheres.

III. RESULTS AND DISCUSSION

Figure 1~a! shows the EPR spectrum of the 4H SiC
sample forBic orientation, measured at room temperatu
The EPR spectrum is described by the following spin Ham
tonian:

H5mBSg̃ B1(
i 51

4

SÃCIC1(
i 51

4

gN,CmNBIC1(
i 51

12

SÃSiISi

1(
i 51

12

gN,SimNBISi , ~6!

in which the symbols have their usual meanings. The in
action parameters are listed in Table I. For comparison,
parameters for the Si vacancy in 3C SiC ~Ref. 7! and 6H
SiC ~Ref. 8! are also listed. The central line~line a! of the
EPR spectrum is the Zeeman line (I 50), while the satellite
lines ~lines b, c, d, ande! arise from hyperfine interaction
with the nearest and the next-nearest neighbors with non
nuclear spin, i.e.,13C ~nuclear spinI C51/2; natural abun-
dance 1.1%! and 29Si ~nuclear spinI Si51/2; natural abun-
dance 4.7%!. All configurations with one29Si atom in the
next-nearest-neighbor shell of the Si vacancy contribute
the linesb; configurations with two29Si atoms in the next-
nearest-neighbor shell contribute to the linesc. For these Si
superhyperfine lines no anisotropy was detectable. In c
trast, linesd and e, which originate from one13C atom in
the nearest-neighbor shell are anisotropic. Among the nea
C neighbors one distinguishes between axial ligands~direc-
tion of the bond along thec axis! and basal ligands~the
angle between the direction of the bond andc axis is a tet-
raeder angle!. For Bic, we observe two lines for axial~lines
d! and basal~linese! ligands. The angular dependence of t
axial ligands is shown in Fig. 1~b!.

TABLE I. Experimentalg values and parameters for the hype
fine structure of the Si vacancy in 3C, 4H, and 6H SiC.

g ASi ACi AC'

(G) (G) (G)

4H SiC 2.0034 2.98 28.6 12.1
6H SiC 2.0015 2.97 28.7 11.5
3C SiC 2.0029 2.94 26.6 11.8

TABLE II. Calculated and measured relative intensities of13C
and 29Si ligand hyperfine lines.

Intensity ratio Theory Experiment

b/a 0.265 0.256
c/a 0.036 0.026
d/a 0.005 0.002
e/a 0.015 0.004
e
e
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Using the natural abundances of13C and 29Si one calcu-
lates for the probability that one of the13C atoms is among
the four nearest neighbors a value of 0.043; the probab
for one 29Si atom among the 12 next-nearest neighbors
0.331 and for two29Si atoms 0.089. Thus we expect th
intensity ratios shown in Table II. We see that the expe
mental ratios are in good agreement with the values dedu
from the natural abundances.

In a simple first order solution of the spin Hamiltonia
~6!, the frequency of an ENDOR linen ignoring the C hy-
perfine interaction is given by

n5
1

h
umSASi2gN,SimNB0u5

1

h
umSASi2nku. ~7!

The second term in Eq.~7! is the free nuclear frequencynk .
Equation~7! immediately explains why ENDOR can be use
to determine the spin state of the defect. In the case oS
51/2 one expects two transitions according to themS
561/2 doublet. For spinS53/2 four transitions are ex
pected, themS563/2 doublet and themS561/2 doublet.
An experimental spectrum, detected at 20 K on the low-fi
Si hyperfine line labeledb in Fig. 1~a!, is shown in Fig. 2. At
2.98 MHz and 3.75 MHz the distant ENDOR lines of29Si
and 13C are seen~free nuclear frequency of29Si and 13C!.
The four lines at 1.6 MHz, 7.11 MHz, 9.52 MHz, and 15.1
MHz arise from the interaction with29Si. LinesB are con-
nected with themS563/2 and linesA with the mS561/2
spin states. Within everymS doublet the lines are separate
by approximately twice the free nuclear frequency of29Si
(2nk55.71 MHz). For mS563/2 we obtain ASi
58.24 MHz (ASi52.94 G) and formS561/2 we getASi
58.71 MHz (ASi53.11 G). These values agree within th
experimental accuracy with the hyperfine consta
ASi52.98 G obtained from the EPR analysis.

Our theoretical hyperfine interactions have been obtai
for the unrelaxed vacancy in 3C SiC only. From an inspec-
tion of the experimentally determined hfi data in Table I w
see that in the case of the high-spin state the hfi for theVSi

2

FIG. 2. ENDOR spectrum detected on the low-field Si hyperfi
line labeledb in ~b!. The lines labeledB are connected with the
mS563/2 and the lines labeledA with the mS561/2 spin states.
Between 2 and 4 MHz the distant ENDOR lines of C and Si nuc
are seen.
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56 7387NEGATIVELY CHARGED Si VACANCY IN 4H SiC: A . . .
defects in 6H and 4H SiC are hardly different from those i
3C SiC. Furthermore, the different inequivalentVSi

2 lattice
sites lead to Zeeman and hfi splittings that are too small to
resolved experimentally. We have therefore avoided the
tensive computational effort connected with the calculat
for the hexagonal polytypes. As stated above the use of
ASA prevents the inclusion of lattice relaxations. This a
pears to be no serious limitation when calculating electro
properties like hfi interactions for orbital singlet states.

In Fig. 3 the single-particle energies of the negative
charged vacancies in the high-spin state are shown.
single-particle states that transform according to thea1 irre-
ducible representation are resonances just below the vale
band edge, whereas thet2 dangling bondlike states are lo
cated in the center of the band gap. For the isoelectronicVC

2

defect in 3C SiC the dangling-bond states are very close
the conduction-band edges but also very localized. We s
in Fig. 4 a contour plot in the~110! plane of the total spin
density ofVSi

2 . Most of the spin density originates from lo
calized gap states with minor contributions only from t
polarization of the valence bands and even less from the
polarization of the inner~core! shells of the ligands.

FIG. 3. Single-particle energies for the unrelaxed vacanciesVSi
2

and VC
2 in 3C SiC in the high-spin negative charge state. The

rows indicate the spin-up and spin-down states; full circles stand
occupied and empty circles for unoccupied single-particle sta
respectively.

FIG. 4. Contour plot of the total spin-density distribution for th
negatively chargedVSi

2 in the ~110! plane. The C~1,1,1! and
Si~2,2,0! nuclei are indicated by full dots.
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A comparison with the same charge state of the vaca
in crystalline silicon shows that the particle density at t
next-nearest ligands~of the dangling-bond states! for VSi

2 in
3C SiC is about three times more localized than in Si. As
consequence, the exchange splitting between the spin-up
spin-down states that transform according tot2 in 3C SiC is
by about the same factor of three larger than in the case o

Unfortunately, the use of the ASA prevents us fro
studying in detail the most interesting question; why in S
the VSi

2 is stable in a high-spin configuration whereas t
isoelectronicVSi

2 vacancy in Si is not stable in a spin 3/
state. It is obvious that the larger energy separation of
two spin configurations in SiC~0.38 eV forVSi

2 in 3C SiC, as
compared to 0.13 eV forV2 in Si! tends to stabilize the
high-spin configuration. The Jahn-Teller energies repor
for theV2 defect in Si,1 however, would be larger than 0.3
eV.

The calculated hyperfine interactions listed in Table
compare well with their experimental counterparts. For
hfi with the 13C(1,1,1) nearest-neighbor nuclei we obser
that the calculated contact term is somewhat too large~as
compared to the experimental value! whereas the dipolar
term turns out to be somewhat too small. This could be
dicative of a breathing distortion around the vacancy,

-
or
s,

FIG. 5. Total energiesEtot(EF) for the unrelaxed vacancyVSi
(n) in

the charge staten. Full lines are for the high-spin and thin lines fo
the low-spin configurations, respectively. Full circles mark elect
removal energies.

TABLE III. Theoretical and experimental values of 3C SiC for
the splitted hyperfine parametersA into isotropic and dipolar con-
tributions ~a andb, respectively! of the corresponding wave func
tions according toAi5a12b andA'5a2b.

Theory Experiment

aSi (G) 2.56 62.94
bSi (G) 20.0013 0
aC (G) 25.5 16.7
bC (G) 4.2 4.9
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7388 56T. WIMBAUER et al.
only lattice relaxation expected for an4A2 state. The contac
hfi with the 29Si(2,2,0) next-nearest-neighbor nuclei has
positive sign according to our calculation, i.e., correspo
to a negative spin density~as the nuclearg factor gN is
negative for29Si!.

It should be noted that the agreement of the experime
with the calculated hfi data does not for itself provide e
dence that the negative charge state of the vacancy hS
53/2: a calculation for aS51/2 state ignoring Jahn-Telle
distortions~which for this orbitally degenerate state must
present but might be small! leads to practically identical hfi
constants as might be expected.

Finally, the total energiesEtot(V
(n),EF) are shown in Fig. 5

for the high-spin configurations~full lines! and for low-spin
configurations~thin lines!, respectively. In the absence o
Jahn-Teller effect the high-spin states are trivially lower
energy than the low-spin states. We calculate transition~ion-
ization! energies of E11/150.42 eV, E1/050.54 eV,
E0/251.06 eV, andE2/2251.96 eV, respectively, for the
unrelaxed vacancies.
H
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-

IV. CONCLUSIONS

We observed the Si vacancy in 4H SiC in its singly nega-
tively charge state by EPR after neutron irradiation of t
sample. The interaction parameters are hardly different fr
those in the polytypes 3C and 6H as seen in Table I. The
EPR spectrum is isotropic as well as the ligand hyperfi
interactions with next-nearest Si nuclei are isotropic. T
immediately raised the question whetherVSi

2 in SiC has a
high-spin configuration (S53/2) or whether a strong Jahn
Teller-Effect leads to an isotropic EPR signal forS51/2.
Based on ENDOR experiments we find unambigiously
spin state ofVSi

2 in 4H SiC to beS53/2.
Using the spin-density approximation of the densi

functional theory the ground-state properties of the Si
cancy were determined to support the experimental findin
Within this theoretical formalism, total energies, the sp
density distribution, and the hyperfine constants of the
vacancy were obtained, which are in good agreement w
the experiment.
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