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Ligand hyperfine interaction at the neutral silicon vacancy in 4H - and 6H -SiC
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The silicon vacancy in its neutral charge state (VSi) has been unambiguously identified in 4H- and 6H-SiC.
This was achieved by observation of ligand hyperfine interaction with the four carbon atoms in the nearest-
neighbor shell and the twelve silicon atoms in the next-nearest-neighbor shell surrounding the vacancy. The
complete hyperfine tensors have been determined for theVSi

0 center residing at all inequivalent lattice sites in
the two polytypes. These are compared with the parameters previously obtained for the negatively charged
silicon vacancy.
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I. INTRODUCTION

Research on SiC has made tremendous progress d
the last decade. The great potential of SiC as a future m
rial for high-power and high-frequency, microelectronic d
vices, which is due to its superior material properties co
pared to silicon ~wider band gap, higher therma
conductivity, higher electric breakdown field!, has been ex-
tensively described. Already now, devices such as
Schottky diodes are commercially available.

A lot of effort has been laid down to reduce the number
macrodefects in SiC, such as micropipes, because thes
detrimental for devices. As the number of these defect
reduced, understanding and control of point defects is get
increasingly important. Impurities and intrinsic defects c
both create problems by, e.g., introducing unwanted car
traps or recombination channels or be beneficial, e.g., as
ants or to achieve semi-insulating behavior.

SiC exists in a wide variety of polytypes, each with
different crystal structure and unique physical propert
~size of the band gap, carrier mobility, etc.!. The best-studied
polytypes are 3C-, 4H-, and 6H-SiC. These are also th
technologically most relevant ones. 3C-SiC has cubic sym-
metry, whereas 4H- and 6H-SiC are hexagonal crystals
They vary in the stacking order of silicon-carbon bilaye
resulting in an increasing unit cell size from 3C- over 4H- to
6H-SiC. Whereas all silicon atoms in 3C-SiC have identical
crystal surroundings~the same is true for all carbon atoms!,
there exist two inequivalent lattice sites in 4H-SiC and three
such inequivalent sites in 6H-SiC. All silicon sites have an
identical nearest-neighbor~NN! shell consisting of four tet-
rahedrally arranged carbon atoms. But the next-near
neighbor~NNN! shell arrangement differs for the so-calle
hexagonal~h! and quasicubic~k! lattice sites in 4H-SiC. The
same is true for the hexagonal and the two quasicubic s
0163-1829/2002/66~15!/155214~7!/$20.00 66 1552
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k1 and k2 in 6H-SiC, k1 and k2 differ only in their third
nearest neighbors. Point defects in these polytypes can o
at any of the inequivalent sites. The properties of these
fects ~like their positions in the band gap! typically depend
on the site on which they reside. The silicon vacancy in S
is interesting both scientifically, as one of the fundamen
intrinsic defects, and technologically. It is known to exist
various charge states within the band gap, thus creating e
trically active levels. Their influence on device performan
has to be studied, because vacancies can be introduced
the material either during growth~especially at high growth
rates! or during device fabrication steps such as ion impla
tation. In ion implantation, radiation damage is produced
addition to the desired incorporation of dopant atoms. In
der to study the radiation damage separately, irradiation
SiC with high-energy particles~electrons,1–10 protons,11–13

and neutrons14–17! has been used. This is also an excelle
approach to study intrinsic defects such as vacancies, a
sites, interstitials and their associated complexes.

So far, the silicon vacancy in SiC has only been una
biguously identified in its negative charge state in elect
paramagnetic resonance~EPR! experiments. This was
achieved by observation of ligand hyperfine interaction~also
called super hyperfine interaction! with 13C atoms in the NN
shell and29Si atoms in the NNN shell for the 3C,2 4H,16

and 6H polytypes.18 In other studies, a spinS51 center was
found in optically activated EPR~Ref. 19! experiments on
Lely grown 6H-SiC and optically detected magnetic res
nance~ODMR!7 experiments on electron irradiated 4H- and
6H-SiC. In EPR, ligand hyperfine interaction with both N
13C atoms and NNN29Si atoms was observed, but from th
intensity ratios of the29Si signals to the central line the au
thors suggested the defect to be a distant vacancy pair.
ODMR experiments revealed a defect center with identicag
©2002 The American Physical Society14-1
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value and zero-field splitting, but the ratio of29Si signals to
the central line was higher than in the EPR experime
suggesting interaction with 12 Si atoms in the NNN she
Due to low signal-to-noise ratio, no clear ligand hyperfi
interaction with the13C atoms in the NN shell could be ob
served. Later on, the same signal as in Ref. 19 was foun
EPR together with the known signal from the silicon vacan
in its negative charge state.12 However, not even the ligand
hyperfine interaction with the Si atoms in the NNN sh
could be resolved in these studies, so the assignment o
signals to the neutral silicon vacancy was only possible
referring back to Ref. 7.

As described above, there remains a controversy abou
chemical identity of the spin-1 defect. In this paper obser
tion of the ligand hyperfine lines with13C atoms in the NN
shell are reported also for this defect in 4H- and 6H-SiC in
ODMR experiments. This observation removes the poss
ity of the defect being a complex defect like a close vaca
pair or a vacancy-impurity complex. Arguments are p
sented against the assignment of the defect to distant vac
pairs, which was originally suggested when the lines w
reported for the first time in EPR experiments.19 The defect
is thus identified as the isolated silicon vacancy, presuma
in the neutral charge state.

II. EXPERIMENTAL DETAILS

The natural abundance of13C with nuclear spinI 51/2 is
only 1.1%. The more common isotope12C has nuclear spin
I 50, therefore no hyperfine splitting can be observed for t
isotope. This small amount of13C makes the observation o
the ligand hyperfine lines extremely difficult, in particular,
quantitative fit of the observed line intensities proved imp
sible. Therefore, a 6H-SiC sample that was grown with
13C enriched precursor material was used in this study
SIMS ~secondary ion mass spectroscopy! measurement re
vealed a13C concentration of (21.762) %. The uncertainty
is due to the small size and the poor surface quality of
sample. This is consistent with the value of (19.560.5) %
deduced from a best fit to the experimental data~to be pre-
sented below!.

In addition, high-quality samples with the natural abu
dance of13C were used. These were free-standing epita
4H- and 6H-SiC films grown by the technique of chemic
vapor deposition~CVD!. Both these samples and the13C
enriched sample were irradiated with 2.5 MeV or 3 Me
electrons to a dose of 131017 cm22. The ODMR setup con-
sists of a modified Bruker EPR system working atX band
~;9.3 GHz!. A tuneable Ti:sapphire laser was used as ex
tation source, the resulting luminescence passed approp
filters and was detected by a liquid-nitrogen-cooled Ge
tector ~model North Coast!.

III. RESULTS

A. Hyperfine interaction with 13C atoms in the NN shell

The ODMR signals reported here were observed vi
photoluminescence~PL! band in the near infrared.7 It con-
sists of sharp no-phonon~NP! lines and a broad phonon
15521
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assisted sideband. The number of NP lines reflects the n
ber of inequivalent lattice sites on which the defect c
reside. There are two such sites in the 4H polytype, resulting
in two NP linesV1 at 1.438 eV andV2 at 1.352 eV, and
three NP lines in 6H-SiC: V1 ~1.433 eV!, V2 ~1.398 eV!,
and V3 ~1.368 eV! corresponding to the three inequivale
lattice sites in 6H-SiC. Details of this emission can be foun
in Ref. 7. ODMR signals typical for spin triplet states a
found when the luminescence is resonantly excited on e
of the NP lines. These triplet lines were namedTV1a and
TV2a in 4H-SiC andTV1a , TV2a , andTV3a in 6H-SiC.

Figure 1 shows ODMR spectra~triplet line TV2a) of the
13C enriched 6H-SiC sample~upper part! and the CVD
grown 6H-SiC sample~lower part! when the laser was tune
to NP lineV2 and the magnetic field oriented parallel to t
c axis of the crystals. There are two inequivalent sites of
four NN C atoms at this magnetic-field orientation: One s
with a C atom along thec axis from the vacancy and th
other with three C atoms at an angle of;71° off thec axis
~referred to below as the site off thec axis!. Ligand hyperfine
interaction with the three C atoms off thec axis gives rise to
a strong signalI 1 at approximately 7 G from the central line
I 0 even in the CVD grown sample. This line occurs wh
one of these three equivalent sites is occupied by a13C atom.
Line I 2 in the 13C enriched sample is a sum of two comp
nents: The nonequivalent NN site along thec axis can be
occupied by a13C-atom, leading to a line approximately 1
G from I 0 . At the same position a signal is expected for t
situation when two of the three C atoms off thec axis are
13C. ~For the CVD sample the probability of finding two13C
atoms in the NN shell is vanishingly small. LineI 2 therefore
only originates from the nonequivalent C atom along thec
axis.! In a similar way,I 3 contains contributions from~a!
three 13C atoms residing on the sites off thec axis and~b!
one 13C atom off thec axis plus one13C-atom along thec
axis. For configurations with even more13C atoms the inten-

FIG. 1. Optically detected magnetic resonance~ODMR! spectra
of a 13C enriched 6H-SiC sample~upper curve! and a CVD grown
6H-SiC sample~lower curve!. The photoluminescence was excite
resonantly atV2, resulting in ODMR signalTV2a . Lines I 1 to I 3

originate from ligand hyperfine interaction with13C atoms in the
NN shell ~details are explained in the text!. The magnetic field was
applied parallel to thec axis of the crystals, the measurement te
perature was approximately 15 K.
4-2
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LIGAND HYPERFINE INTERACTION AT THE NEUTRAL . . . PHYSICAL REVIEW B 66, 155214 ~2002!
sity of the expected lines is too low to be detected. T
measured intensity ratio of the four lines observed
100:38:16:3.5. A best fit to the experimental data gives
to a 13C concentration of (19.560.5) %, yielding a ratio of
100:38:16:4. This concentration is, within the experimen
error, in good agreement with the one deduced from
SIMS measurements@(21.762) %#.

Since the defect has axial symmetry along thec axis, all
three carbon sites off thec axis have to be occupied. From
symmetry point of view, the carbon atom along thec axis
could be absent. Using the13C concentration from SIMS, the
expected intensity ratio of the ligand hyperfine lines wou
in this case, be 100:38:5.2:0.5. Even taking the13C concen-
tration as a fitting parameter, no satisfactory agreement
tween simulation and experimental data can be achieved

Due to the large linewidth, no angular dependence st
could be performed in the13C enriched sample. However, i
careful measurements most ligand hyperfine lines are obs
able even in the CVD grown samples. Examples are sho
in Fig. 2 for excitation at the NP lines in 4H-SiC and in Fig.
3 for 6H-SiC for different magnetic-field orientations. Be
side the triplet linesTV1a , TV2a , and TV3a , an additional
ODMR signal at 3303 G centered between the two com
nents of the triplet is often found~Fig. 3!. This signal is not
directly connected to the respective triplet, because its r

FIG. 2. ODMR spectra of the high-purity 4H-SiC sample
grown in CVD. In ~a! the photoluminescence was excited res
nantly at lineV1 and the magnetic field applied 54° off thec axis in

the (1̄100) plane and in~b! excitation occurred at lineV2 with the

magnetic field parallel to@11̄00#. The weak lines due to ligand
hyperfine interaction with13C atoms in the NN shell are magnifie
and marked with arrows.
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tive intensity compared to the triplet signals depends on m
surement conditions~cf. Fig. 2 in Ref. 7!. The origin of these
additional lines is currently under investigation and will n
be discussed further in this report.

The angular dependence of the13C ligand hyperfine split-
ting of the TV2a signal in 6H-SiC is shown in Fig. 4. The
difference in magnetic field between the13C ligand hyperfine
lines and the central lineI 0 for one of the two triplet signals
is displayed versus angle. The magnetic field was rota
both in the (112̄0) plane and in the (11̄00) plane, the angle
is measured from thec axis of the crystal. Thus 0° corre
sponds to a magnetic-field orientation parallel to thec axis,
at 90° the field is oriented along the@11̄00# or @112̄0# di-
rection, respectively. The angular dependence is describe
the following spin Hamiltonian:

H5mBS•g•B1S•D•S1(
j

S•A j•I j . ~1!

HeremB is the Bohr magneton,S the effective electron spin
(S51 for a triplet!, g the g tensor,B the magnetic field,D
the fine-structure tensor describing the effect of the cry
field, A j and I j the ligand hyperfine tensor and the nucle

- FIG. 3. ODMR spectra of the high-purity 6H-SiC sample
grown in CVD. ~a! Excitation at lineV1, magnetic field parallel to

@11̄00#; ~b! excitation at lineV2, magnetic field parallel to@112̄0#;
~c! excitation at lineV3, magnetic field parallel to thec axis. The
weak lines due to ligand hyperfine interaction with13C atoms in the
NN shell are magnified and marked with arrows.
4-3
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FIG. 4. Angular dependence of the ligand hyperfine splitting due to interaction with13C atoms in the NN shell for triplet lineTV2a in
6H-SiC. The difference in magnetic field between the center line and the ligand hyperfine lines for one of the two triplet signals is di

The magnetic field was rotated in the (1120̄) plane from a direction parallel to@11̄00# ~with 5 ° misorientation! to a direction parallel to the

c axis and in the (1̄100) plane from thec axis to @112̄0#. The angle is measured relative to thec axis. Black triangles are experimenta
datapoints for the C atom along thec axis, black squares represent the C atoms off thec axis. The dashed lines indicate a simulation usi
the ligand hyperfine interaction parameters given in Table I.
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spin for atomj (I 51/2 for both13C and29Si), respectively.
The g and D tensors have been determined in the ear
ODMR study.7

The dashed line in Fig. 4 represents a simulation with
following parameter. For the13C atom along thec axis Ai

ax

528.6 G,A'
ax513.4 G, and for the13C atoms off thec axis

Ai
oa528.6 G. A'

oa511.0 G. In a similar way, the ligand hy
perfine tensors were deduced for excitation at the other
lines in 4H- and 6H-SiC. The results are summarized
15521
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Table I. For a successful fit, it was generally sufficient
assume axial symmetry for theA tensor along the bonding
direction. An exception is lineTV3a in 6H-SiC. Here, a hy-
perfine tensor with C1h symmetry with three components i
the main axis system has to be introduced for the13C atoms
off the c axis. Therefore, parametersAzz

oa, Axx
oa , andAyy

oa are
given. HereAzz

oa is defined along the bonding direction an

Ayy
oa in the basal plane parallel to one of the^112̄0& direc-

tions.
ts
nt
TABLE I. Ligand hyperfine parameters for interaction with13C-atoms along thec-axis (Aax) and off the
c-axis (Aao) in the NN shell and with29Si-atoms (ASi) in the NNN shell. Interaction with13C-atoms has axial
symmetry along the bonding direction, therefore parameters are given parallel to the bond~Ai! and perpen-
dicular to the bond (A'). An exception is lineTV3a in 6H SiC. There a hyperfine tensor with componen
Axx

oa, Ayy
oa, andAzz

oa is defined for the13C-atoms off thec-axis, whereAzz
oa corresponds to the tensor compone

along the bonding direction andAyy
oa to the component in the basal plane parallel to one of the^112̄0&-

directions. Interaction with the29Si-atoms is isotropic.

Polytype ODMR/EPR
signal

Ai
ax ~G! A'

ax ~G! Ai
oa ~G! A'

oa ~G! ASi ~G!

4H TV1a 25.663 1164 28.061 11.261 2.9160.02
TV2a 29.663 12.461 27.061 10.461 2.9860.02
VSi

2a 28.6 12.1 28.6 12.1 2.98

6H TV1a 25.661 11.461 28.661 10.861 2.9160.02
TV2a 28.661 13.461 28.661 11.061 2.8060.02
P3b 28.4 11.9c 28.4 11.9c 2.99

TV3a 28.661 10.661 Azz
oa526.761

Axx
oa513.461

3.0160.02
Ayy

oa59.661
P5b 28.4 11.9c 28.4 11.9c 3.21
VSi

2d 28.7 11.5 28.7 11.5 2.97

aReference 16.
bReference 19.
cReference 19, calculated from the two lines atBic-axis fromA25Ai

2(cosu)21A'
2(sinu)2.

dReference 18.
4-4
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B. Hyperfine interaction with 29Si atoms in the NNN shell

In order to resolve the ligand hyperfine lines due to
13C atoms in the NN shell, a quite high microwave pow
had to be used. This leads to a broadening of the lines, th
fore, the ligand hyperfine interaction with29Si atoms in the
NNN shell can only be observed in the CVD samples
shoulders on lineI 0 ~Fig. 1!. At lower microwave power,
these shoulders can be much better resolved~Fig. 5!. The
individual lines are as narrow as 0.57 G, so all compone
are well separated. A simulation assuming interaction w
twelve equivalent Si atoms~natural abundance 4.7%! is
shown together with an experimental spectrum for lineTV3a
in 6H-SiC. The agreement between experiment and sim
tion is excellent. Similar results are obtained for excitation
each of the NP lines in the two polytypes.

From a fit to the line positions, the ligand hyperfine p
rameters for interaction with the29Si atoms can be obtaine
with high precision. The parameters for all triplet lines in t
two polytypes are isotropic within experimental accuracy,
values are also displayed in Table I.

Even though they are excited via different NP lines, t
ODMR signalsTV1a andTV3a in 6H-SiC could not be dis-
tinguished in the earlier ODMR study.7 This was due to the
fact that theirg andD values are identical. The same is n
true for the ligand hyperfine parameters, therefore, it can
concluded thatTV1a and TV3a actually belong to different
defect centers.

IV. DISCUSSION

A. Identification

An ODMR or EPR spectrum originating from a point d
fect consists of several components. If the defect is an im
rity, central hyperfine interaction will split the lines in a wa
characteristic for the impurity element. For a nucleus w
nuclear spin I, the line will split into 2I 11 lines. Most ele-
ments consist of more than one stable isotope whose nu

FIG. 5. ODMR spectrum~solid line! recorded at low microwave
power ~line TV3a in 6H-SiC) together with a simulation~dotted
line! assuming ligand hyperfine interaction with twelve equivale
silicon atoms. The interaction parameters are given in Table I.
15521
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spin depends on the number of neutrons in the nucleus.
fect identification is, thus, possible by measuring the relat
intensity of the various hyperfine multiplets and compari
with the known relative abundance of possible impuritie
This method fails for impurities that consist exclusively or
a very high percentage of only isotopes with nuclear spiI
50. There are very few such elements, oxygen being
example.

The amplitude of any hyperfine splitting depends on
probability of finding the electron on the position of th
nucleus with which it interacts. Therefore, for a localiz
defect, the splitting due to the central impurity atom is ge
erally much larger than the ligand hyperfine splitting.

The other components of the ODMR spectrum are due
ligand hyperfine interaction with neighboring atoms. For
localized defect, the amplitude of the electron wave funct
is generally expected to decrease with increasing distanc
the defect site. Therefore, the splitting is also expected
drop for ligand hyperfine interaction with atoms in the N
shell, the NNN shell and atoms even farther away.

No central hyperfine interaction is observed in the m
surements presented here. The outermost signals detecte
well explained by ligand hyperfine interaction with four
atoms in the NN shell. In a similar way, the lines at distan
1.5 G and 3 G from the central line originate from ligan
hyperfine interaction with twelve equivalent Si atoms. Fro
this observation, it is clear that the defect~or one part in a
complex defect! must reside on a silicon lattice site.

The absence of central hyperfine interaction requires
the site is either empty~a vacancy! or an impurity, which
consists exclusively or to a very high percentage of an i
tope with nuclear spinI 50. Oxygen fulfills this requiremen
(17O, the only isotope with nonzero nuclear spin, has a n
ligible natural abundance of 0.038%!, but this assignmen
can be excluded based on the following arguments: The
band, via which the ODMR signal is detected, appears p
cisely under circumstances that favor the formation of vac
cies, irradiation with fast particles, growth at high tempe
tures with high growth rates or thermal quenching. It can
introduced in any starting material via electron irradiatio
irrespective of the purity of the sample, as long as it is n
stronglyp type in the beginning. Actually, the strongest si
nals are found in the purest samples grown by the C
technique in which oxygen contamination is expected to
very small. And finally, the ligand hyperfine parameters o
tained in this study are extremely similar to the ones that
reported for the silicon vacancy in the negative charge s
~see Table I!.

Judging from the similarity of all spin Hamiltonian pa
rameters~g tensor, crystal-field-splitting parameterD, and
ligand hyperfine parametersA!, the ODMR signals discusse
here were already reported in EPR of 6H-SiC after light
illumination ~linesP3 andP5) by Vainer and Il’in in 1981.19

One major difference in their discussion compared to the
presented here is that they came to the conclusion that
ligand hyperfine interaction with the29Si atoms occurred
only at 6–8 equivalent Si sites. Observation of ligand hyp
fine interaction with four silicon atoms surrounding a carb
vacancy was claimed in addition to the ligand hyperfine

t

4-5
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Mt. WAGNER et al. PHYSICAL REVIEW B 66, 155214 ~2002!
teraction typical for the silicon vacancy. But this observati
is not obvious from the presented spectra.~In fact, the spec-
tra of Vainer and II’in look very similar to the ones reporte
here, so their calculation may have been erroneous.! From
this observation, they concluded that the EPR signals or
nated from distant silicon vacancy—carbon vacancy pa
This interpretation is supported by the fact that the sm
crystal-field-splitting parameterD can be accounted for b
assuming magnetic dipole-dipole interaction between ca
ers residing on the two vacancies.20

However, there are strong arguments against this ass
ment.

~1! For such distant pairs, the interaction between the
vacancies is supposed to be quite weak. It is, therefore,
to understand that only the distant vacancy pairs orien
along thec-axis are observed in ODMR~the angular depen
dence of the triplet lines have been shown to have a
symmetry along thec axis7!.

~2! From Fig. 5, it is clear that ligand hyperfine interactio
actually occurs withtwelveequivalent Si atoms, not with th
six to eight that were reported in Ref. 19.

~3! Only ligand hyperfine interaction typical for the sil
con vacancy is observed in the experiments presented h
not the one for the carbon vacancy. This means that basic
the entire spin density of the unpaired electrons is locali
on the silicon vacancy. But in this case, the assumption
dipole-dipole interaction between the two vacancies does
hold.

Similar arguments against the assignment of the defec
a distant vacancy pair have already been discussed in Re

A closer vacancy pair or a complex defect involving t
silicon vacancy can also be excluded. Ligand hyperfine
teraction is observed with all atoms in the NN shell and
NNN shell, leaving no space for another point defect res
ing on one of these sites. Such a defect~silicon vacancy plus
another defect in the NN shell, presumably the carbon
cancy or the silicon antisite! has been found in electron irra
diatedn-type 6H-SiC by ODMR.21 However, this defect was
shown to exist with the additional defect residing on either
the carbon sites in the NN shell. The defect discussed h
has axial symmetry along thec axis, so the second defect i
the complex would have to exclusively sit along thec axis
from the silicon vacancy.

An interstitial defect would seriously distort the surroun
ings of the vacancy and affect the distribution of the s
density. The isotropic interaction with the29Si atoms in the
NNN shell can then not be explained. This lowering of t
symmetry has been observed for the Si-Frenkel pair~silicon
vacancy plus silicon interstitial! in EPR experiments.8

In conclusion, the ODMR signals observed originate fro
an isolated silicon vacancy. The question of which cha
state the vacancy is in was discussed extensively in Ref.
charge state with an even number of electrons is necessa
order to explain the triplet and singlet9 states found. Re-
cently, EPR signals with identical spin Hamiltonian para
eters as the ODMR lines discussed here have been foun
4H- and 6H-SiC simultaneously with the signals originatin
15521
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from the negative charge state of the silicon vacancy.12 Since
there is no theoretical or experimental evidence for
negative-U behavior of the silicon vacancy in SiC, th
ODMR signals therefore can only be due to the neutral (VSi

0 )
or doubly negative charge state (VSi

22). Irradiation with high-
energy particles generally tends to increase the resistivit
n type starting material, i.e., the Fermi level moves closer
midgap. The luminescence at 1.4 eV, by which the ODM
signals are observed, originates from internal transitio
within the vacancy, which places the ground state at least
eV below the conduction-band edge. The ground-state le
of the doubly negative charge state is calculated to be in
upper half of the band gap.22 The existence of excited state
1.5 eV above this level, which are still within the gap
therefore unlikely.

B. Comparison with the negative charge state
of the silicon vacancy

In addition to the ligand hyperfine parameters obtained
this work, Table I also shows the corresponding parame
for the negatively charged silicon vacancy previously
ported. The values are strikingly similar, except for the fa
that no difference was found in the negative charge state
ligand hyperfine interaction with the C atom along thec axis
from the silicon vacancy compared to the C atoms off thc
axis in the NN shell. This difference is small but detectab
in the neutral charge state.

The EPR signal of the negatively charged silicon vacan
has some unexpected properties, which are even more s
ing in view of the results presented here. Only one basic
isotropic line is found in 3C-, 4H,- and 6H-SiC, suggesting
a spinS51/2 configuration.2 After the original discovery of
the lines, electron nuclear double resouiopnance experim
revealed that the true spin state is actuallyS53/2.16 In a
crystal field, three EPR lines are expected for such a confi
ration. The absence of the additional lines has been expla
by a vanishing crystal-field parameterD for the negatively
charged silicon vacancy. No convincing physical mechan
for this has been put forward, and it is difficult to understa
why in such a case a nonvanishing~if small! crystal-field
splitting is observed for the neutral charge state.

In addition, no site dependence is found for the EPR s
nal of the negatively charged silicon vacancy. The obser
tion of only one line can be explained by the assumption
identicalg values for all inequivalent lattice sites. While ver
similar g values are actually found in the neutral charge sta
the ligand hyperfine interaction parameters, both for the13C
atoms in the NN-shell and the29Si-atoms in the NNN shell,
clearly differ. A similar difference should be expected ev
for the negative charge state, leading to the appearanc
more ligand hyperfine lines, which is not observed. It sho
be pointed out that the ODMR experiments under reson
excitation used here provide an advantage compared to E
Signals from each inequivalent lattice site can be obtai
without contribution from the other sites. This is not possib
in EPR, therefore, signals from one inequivalent lattice s
may be hidden underneath the much stronger signal of
other site.
4-6
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V. SUMMARY

Ligand hyperfine interaction with four C atoms in the N
shell and twelve Si atoms in the NNN shell have been
served for the triplet linesTV1a and TV2a in 4H-SiC and
TV1a , TV2a , and TV3a in 6H-SiC. The parameters of thi
interaction are very similar to the ones found for the ne
tively charged isolated silicon vacancy in the respect
polytypes. Arguments are presented against the assum
ra
n-
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A.

E.

he
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ig

15521
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e
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of the defects being complexes like distant silicon vacanc
carbon vacancy pairs. It is, therefore, concluded that the
served ODMR lines originate from the isolated silico
vacancy.
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