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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 statigf has been unambiguously identified irl4and 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 fovgheenter 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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. INTRODUCTION k, andk, in 6H-SIiC, k, andk, differ only in their third

) _nearest neighbors. Point defects in these polytypes can occur
Research on SiC has made tremendous progress during any of the inequivalent sites. The properties of these de-
the last decade. The great potential of SiC as a future matgacis (like their positions in the band gapypically depend
rial for high-power and high-frequency, microelectronic de-on the site on which they reside. The silicon vacancy in SiC
vices, which is due to its superior material properties cOMyg jnteresting both scientifically, as one of the fundamental
pared to silicon (wider band gap, higher thermal jyingic defects, and technologically. It is known to exist in
cond_uctlwty, hlglher electric breakdown f|.e]d1as been ex- . various charge states within the band gap, thus creating elec-
tSe:hS(I)\@ly d?gjggt;?g'ngﬁg%i;:fwévgﬁgﬁss such as SIQrically active levels. Their influence on device performance
y y ' has to be studied, because vacancies can be introduced into

A lot of effort has been laid down to reduce the number Ofthe material either during growtfespecially at high growth

macrodefects in SiC, such as micropipes, because these ar : ) . 2

detrimental for devices. As the number of these defects i§? _es) or d_unn_g device _fabrlcatl_on_ steps such as lon 'mp'af"
reduced, understanding and control of point defects is gettin{ftion- IN ion implantation, radiation damage is produced in
increasingly important. Impurities and intrinsic defects canddition to the desired incorporation of dopant atoms. In or-
both create problems by, e.g., introducing unwanted carrief®r © study the radiation damage separately, irradiation of

. . .. ' i H -10 11-13
traps or recombination channels or be beneficial, e.g., as dogiC With high-energy particlegelectrons, ' protons;

ants or to achieve semi-insulating behavior. and neutron$~1) has been used. This is also an excellent
SiC exists in a wide variety of polytypes, each with aapproach to study intrinsic defects such as vacancies, anti-
different crystal structure and unique physical propertiessites, interstitials and their associated complexes.
(size of the band gap, carrier mobility, 8tcThe best-studied So far, the silicon vacancy in SiC has only been unam-
polytypes are 8-, 4H-, and 68H-SiC. These are also the biguously identified in its negative charge state in electron
technologically most relevant onesC3SiC has cubic sym- paramagnetic resonancéEPR experiments. This was
metry, whereas M- and 6H-SiC are hexagonal crystals. achieved by observation of ligand hyperfine interactialiso
They vary in the stacking order of silicon-carbon bilayers,called super hyperfine interactipwith 13C atoms in the NN
resulting in an increasing unit cell size fronC3over 4H-to  shell and?°Si atoms in the NNN shell for the@,? 4H,°
6H-SiC. Whereas all silicon atoms irC3SiC have identical and &4 polytypes!® In other studies, a spi=1 center was
crystal surroundingéthe same is true for all carbon atoms found in optically activated EPRRef. 19 experiments on
there exist two inequivalent lattice sites i4SiC and three Lely grown 6H-SiC and optically detected magnetic reso-
such inequivalent sites inHs-SiC. All silicon sites have an nance(ODMR)’ experiments on electron irradiate¢i4 and
identical nearest-neighb@NN) shell consisting of four tet- 6H-SIC. In EPR, ligand hyperfine interaction with both NN
rahedrally arranged carbon atoms. But the next-nearest®C atoms and NNNSi atoms was observed, but from the
neighbor(NNN) shell arrangement differs for the so-called intensity ratios of the?°Si signals to the central line the au-
hexagonalh) and quasicubick) lattice sites in 4-SiC. The thors suggested the defect to be a distant vacancy pair. The
same is true for the hexagonal and the two quasicubic site©@DMR experiments revealed a defect center with identical
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value and zero-field splitting, but the ratio 8%i signals to |
the central line was higher than in the EPR experiments,
suggesting interaction with 12 Si atoms in the NNN shell.
Due to low signal-to-noise ratio, no clear ligand hyperfine
interaction with the'3C atoms in the NN shell could be ob-
served. Later on, the same signal as in Ref. 19 was found in
EPR together with the known signal from the silicon vacancy
in its negative charge staté However, not even the ligand 4
hyperfine interaction with the Si atoms in the NNN shell
could be resolved in these studies, so the assignment of the | cvb grown sample
signals to the neutral silicon vacancy was only possible by |
referring back to Ref. 7. i
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As described above, there remains a controversy about the 8230 o
chemical identity of the spin-1 defect. In this paper observa- Magnetic Field (G)
tion of the ligand hyperfine lines witf’C atoms in the NN FIG. 1. Optically detected magnetic resonatf@®MR) spectra

shell are reported also for this defect ill4and 6H-SiC in o 4 13 enriched &1-SiC sampleupper curviéand a CVD grown
ODMR experiments. This observation removes the possibilsH-sic samplelower curve. The photoluminescence was excited
ity of the defect being a complex defect like a close vacancyesonantly atv2, resulting in ODMR signaly,,. Lines|; to I3
pair or a vacancy-impurity complex. Arguments are pre-originate from ligand hyperfine interaction wifiC atoms in the
sented against the assignment of the defect to distant vacansy shell (details are explained in the t¢xThe magnetic field was
pairs, which was originally suggested when the lines wereapplied parallel to the axis of the crystals, the measurement tem-
reported for the first time in EPR experimenisThe defect perature was approximately 15 K.

is thus identified as the isolated silicon vacancy, presumably

in the neutral charge state. assisted sideband. The number of NP lines reflects the num-
ber of inequivalent lattice sites on which the defect can
Il. EXPERIMENTAL DETAILS reside. There are two such sites in the golytype, resulting

in two NP linesV1 at 1.438 eV and/2 at 1.352 eV, and

The natural abundance &fC with nuclear spin=1/2is  three NP lines in Bl-SiC: V1 (1.433 eV}, V2 (1.398 eV},
only 1.1%. The more common isotopéC has nuclear spin  and V3 (1.368 eV} corresponding to the three inequivalent
| =0, therefore no hyperfine splitting can be observed for thidattice sites in &1-SiC. Details of this emission can be found
isotope. This small amount dfC makes the observation of in Ref. 7. ODMR signals typical for spin triplet states are
the ligand hyperfine lines extremely difficult, in particular, a found when the luminescence is resonantly excited on each
quantitative fit of the observed line intensities proved impos-of the NP lines. These triplet lines were namég,, and
sible. Therefore, a l8-SiC sample that was grown with a Ty, in 4H-SIiC andTy1a, Tyza, andTys, in 6H-SIiC.
13C enriched precursor material was used in this study. A Figure 1 shows ODMR specti@riplet line Ty,,) of the
SIMS (secondary ion mass spectroscppyeasurement re- 13C enriched &1-SiC sample(upper parnt and the CVD
vealed a'*C concentration of (21%2) %. The uncertainty grown 6H-SiC samplglower pari when the laser was tuned
is due to the small size and the poor surface quality of theo NP lineV2 and the magnetic field oriented parallel to the
sample. This is consistent with the value of (19%5) % ¢ axis of the crystals. There are two inequivalent sites of the
deduced from a best fit to the experimental databe pre-  four NN C atoms at this magnetic-field orientation: One site
sented below with a C atom along the axis from the vacancy and the

In addition, high-quality samples with the natural abun-other with three C atoms at an angle-e71° off thec axis
dance of*C were used. These were free-standing epitaxialreferred to below as the site off tieaaxis). Ligand hyperfine
4H- and &H-SiC films grown by the technique of chemical interaction with the three C atoms off tiseaxis gives rise to
vapor deposition(CVD). Both these samples and téC  a strong signal, at approximatsl 7 G from the central line
enriched sample were irradiated with 2.5 MeV or 3 MeV |, even in the CVD grown sample. This line occurs when
electrons to a dose 0f410"" cm™2. The ODMR setup con- one of these three equivalent sites is occupied Bcaatom.
sists of a modified Bruker EPR system workingXaband  Line I, in the 13C enriched sample is a sum of two compo-
(~9.3 GH2. A tuneable Ti:sapphire laser was used as excinents: The nonequivalent NN site along theaxis can be
tation source, the resulting luminescence passed appropriagecupied by a3C-atom, leading to a line approximately 14
filters and was detected by a liquid-nitrogen-cooled Ge de6 from |,. At the same position a signal is expected for the

tector(model North Coast situation when two of the three C atoms off theaxis are
13C. (For the CVD sample the probability of finding twéC
Ill. RESULTS atoms in the NN shell is vanishingly small. Lithg therefore

only originates from the nonequivalent C atom along the
axis) In a similar way,l; contains contributions fronta)
The ODMR signals reported here were observed via ahree *C atoms residing on the sites off tieeaxis and(b)
photoluminescencéPL) band in the near infraredlt con-  one '3C atom off thec axis plus one'*C-atom along the
sists of sharp no-phono(NP) lines and a broad phonon- axis. For configurations with even motC atoms the inten-

A. Hyperfine interaction with *3C atoms in the NN shell
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FIG. 2. ODMR spectra of the high-purity H+SiC sample
grown in CVD. In (a) the photoluminescence was excited reso- FIG. 3. ODMR spectra of the high-purity H5-SiC sample
nantly at lineV1 and the magnetic field applied 54° off thaxis in ~ grown in CVD. (a) Excitation at lineV1, magnetic field parallel to
the (1100) plane and irth) excitation occurred at lin’2 with the [1100]; (b) excitation at linev2, magnetic field parallel tp1120];
magnetic field parallel tg1100]. The weak lines due to ligand (C) excitation at linev3, magnetic field parallel to the axis. The

hyperfine interaction with3C atoms in the NN shell are magnified Weak lines due to ligand hyperfine interaction wiflc atoms in the
and marked with arrows. NN shell are magnified and marked with arrows.

sity of the expected lines is too low to be detected. Thdive intensity compared to the triplet signals depends on mea-
measured intensity ratio of the four lines observed isSurement conditiongf. Fig. 2 in Ref. 7. The origin of these
100:38:16:3.5. A best fit to the experimental data gives ris@dditional lines is currently under investigation and will not
to a 1%C concentration of (19:50.5) %, yielding a ratio of P& discussed further in this report. _ _
100:38:16:4. This concentration is, within the experimental The angular dependence of th€ ligand hyperfine split-

error, in good agreement with the one deduced from thdiNg of the Ty, signal in 6H-SiC is shown in Fig. 4. The
SIMS measuremen({g21.7+2) %]. difference in magnetic field between th€ ligand hyperfine

Since the defect has axial symmetry along thexis, all !ines_ and the central link, for one of the two _triplet signals
three carbon sites off theaxis have to be occupied. From a IS displayed versus angle. The magnetic field was rotated
symmetry point of view, the carbon atom along thexxis  both in the (11D) plane and in the (100) plane, the angle
could be absent. Using tHéC concentration from SIMS, the is measured from the axis of the crystal. Thus 0° corre-
expected intensity ratio of the ligand hyperfine lines would,sponds to a magnetic-field orientation parallel to ¢haxis,
in this case, be 100:38:5.2:0.5. Even taking tf@ concen-  at 90° the field is oriented along tfi& 100] or [1120] di-
tration as a fitting parameter, no satisfactory agreement beection, respectively. The angular dependence is described by
tween simulation and experimental data can be achieved. the following spin Hamiltonian:

Due to the large linewidth, no angular dependence study
could be performed in th&C enriched sample. However, in
careful measurements most ligand hyperfine lines are observ-
able even in the CVD grown samples. Examples are shown
in Fig. 2 for excitation at the NP lines inH+-SiC and in Fig.

3 for 6H-SIC for different magnetic-field orientations. Be-
side the triplet linesTy14, Tvoa, and Tys,, an additional Here ug is the Bohr magnetors the effective electron spin
ODMR signal at 3303 G centered between the two compo¢S=1 for a tripley, g the g tensor,B the magnetic fieldD
nents of the triplet is often foun@Fig. 3. This signal is not  the fine-structure tensor describing the effect of the crystal
directly connected to the respective triplet, because its reldield, A; andl; the ligand hyperfine tensor and the nuclear

H=ugS g-B+S D-S+ >, SA-;. (1)
]
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FIG. 4. Angular dependence of the ligand hyperfine splitting due to interaction™¥@tlatoms in the NN shell for triplet lind@,,, 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 displayed.
The magnetic field was rotated in the (1I)2plane from a direction parallel {d.100] (with 5 ° misorientationto a direction parallel to the
c axis and in the (100) plane from the axis to[1120]. The angle is measured relative to thexis. Black triangles are experimental
datapoints for the C atom along theaxis, black squares represent the C atoms offcthgis. The dashed lines indicate a simulation using
the ligand hyperfine interaction parameters given in Table I.

spin for atomj (I =1/2 for both3C and?°Si), respectively. Table I. For a successful fit, it was generally sufficient to
The g and D tensors have been determined in the earlie@ssume axial symmetry for th& tensor along the bonding

ODMR study’ direction. An exception is lindy3, in 6H-SIC. Here, a hy-
The dashed line in Fig. 4 represents a simulation with theperfine tensor with ¢, symmetry with three components in
following parameter. For thé®C atom along the axis A% the main axis system has to be introduced for'tf@ atoms

=28.6 G,A*=13.4 G, and for théC atoms off thec aX|s off the ¢ axis. Therefore, parametefg?, A, andAJ) are
AP=28.6 G.A%=11.0 G. In a similar way, the ligand hy- given. HereAY is defined along the bonding direction and
perflne tensors were deduced for excitation at the other NRoa in the basal plane parallel to one of thlalZO) direc-
lines in 4H- and 6H-SiC. The results are summarized in t|ons

TABLE |. Ligand hyperfine parameters for interaction witfC-atoms along the-axis (A®) and off the
c-axis (A% in the NN shell and witt°Si-atoms AS) in the NNN shell. Interaction with3C-atoms has axial
symmetry along the bonding direction, therefore parameters are given parallel to théAppadd perpen-
dicular to the bond 4,). An exception is lineT3, in 6H SiC. There a hyperfine tensor with components
ASs A, andAgis defined for thet3C-atoms off thes-axis, whereA?? corresponds to the tensor component
along the bonding direction anﬁ?? to the component in the basal plane parallel to one of (1&0)-
directions. Interaction with thé°Si-atoms is isotropic.

Polytype ODMR/EPR A (G) AT (G) AP (G) A% (G) AS' (G)
signal

4H Tvia 25.6+3 11+4 28.0+1 11.2+1 2.91+0.02
Tyvoa 29.6+3 12.4+1 27.0x1 10.4-1 2.98+0.02
Vg2 28.6 12.1 28.6 12.1 2.98

6H Tvia 25.6+1 11.4+1 28.6-1 10.8+1 2.91+0.02
Tvoa 28.6+1 13.4+1 28.6-1 11.0+1 2.80+0.02
p? 28.4 11.9 28.4 11.9 2.99

AR=13.4+1
Tvaa 28.6+1 10.6+1 A%=26.7+1 AXOXL 936+1 3.01+0.02
yy U=

Py 28.4 11.9 28.4 11.9 3.21
vgid 28.7 115 28.7 11.5 2.97

%Reference 16.
bReference 19.
°Reference 19, calculated from the two linesBét-axis from A2=AZ(cos6)?+A?(sin 6),
dReference 18.
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spin depends on the number of neutrons in the nucleus. De-
fect identification is, thus, possible by measuring the relative
intensity of the various hyperfine multiplets and comparing
with the known relative abundance of possible impurities.
This method fails for impurities that consist exclusively or to
a very high percentage of only isotopes with nuclear $pin
=0. There are very few such elements, oxygen being one
example.

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

3288 3200 3202 3094 3296 The other components of the ODMR spectrum are due to
Magnetic Field (G) ligand hyperfine interaction with neighboring atoms. For a
localized defect, the amplitude of the electron wave function

FIG. 5. ODMR spectrunsolid line) recorded at low microwave is generally expected to decrease with increasing distance to
power (line Tys, in 6H-SIC) together with a simulatiofdotted  the defect site. Therefore, the splitting is also expected to
line) assuming ligand hyperfine interaction with twelve equivalentdrop for ligand hyperfine interaction with atoms in the NN

ODMR-Intensity

silicon atoms. The interaction parameters are given in Table . shell, the NNN shell and atoms even farther away.
No central hyperfine interaction is observed in the mea-
B. Hyperfine interaction with 2°Si atoms in the NNN shell surements presented here. The outermost signals detected are

In order to resolve the ligand hyperfine lines due to thewe” explained by ligand hyperfine interaction with four C

13C atoms in the NN shell, a quite high microwave poweratoms in the NN shell. In a similar way, the lines at distance

had to be used. This leads to a broadening of the lines, ther =2 G _anc! 3G fr_om the central I|ne_ originate from ligand
fore, the ligand hyperfine interaction witliSi atoms in the yperfme Interaction with twelve equivalent Si atoms. From
NNN shell can only be observed in the CVD samples asthls observation, it is clear that the deféot one part in a
shoulders on lind, (Fig. 1). At lower microwave power complex defegtmust reside on a.S|I|c_on Iattu;e site.

these shoulders can be much better resokFéd. 5) The, The absence of central hyperfine interaction requires that
individual lines are as narrow as 0.57 G, so all component € S.'tte IS e:the_r ?mptyta vacanc)r/]_orhan |mpL:r|ty, V\:ch'Ch.
are well separated. A simulation assuming interaction witPONSIStS eXclusIvely or o a very high percentage ot an 1So-
twelve equivalent Si atomsnatural abundance 4.7%s t?$e with nuclgar spnhz(_). Oxygen fulfills this requirement
shown together with an experimental spectrum for R, (™0, the only isotope with nonzero nuclear spin, has a neg-

- 0 . .
in 6H-SIiC. The agreement between experiment and simulallg'blg natulra(Ij adbléndarcljce Otfho'?"j;la’/d.)m this ass?n.rr_:%nt PL
tion is excellent. Similar results are obtained for excitation a°2" P€ excluded based on the Tofowing arguments. the

each of the NP lines in the two polytypes and, via which the ODMR signal is detected, appears pre-
From a fit to the line positions, the Iigénd hyperfine pa_cisely under circumstances that favor the formation of vacan-

rameters for interaction with th&Si atoms can be obtained cies, irr_adiaf[ion with fast particles, growth at hi_gh tempera-
tures with high growth rates or thermal quenching. It can be

with high precision. Th rameters for all triplet lines in the. X ) . . > U
th high precisio e parameters for all triplet lines In the ntroduced in any starting material via electron irradiation,

two polytypes are isotropic within experimental accuracy, the . . o
values are also displayed in Table I. irrespective of the purity of the sample, as long as it is not

Even though they are excited via different NP lines, theStronglyp type in. the beginning. Actually, the strongest sig-
ODMR signalsTy, and Ty, in 6H-SIC could not be dis- nals are f(_)und n the purest sam_ples_ grown by the CVD
tinguished in the earlier ODMR studyThis was due to the technique in Wh'(.;h oxygen contamination Is expected fo be
fact that theirg and D values are identical. The same is not very S”.‘a”-.A”d finally, the ligand h_ypgrfme parameters ob-
true for the ligand hyperfine parameters, therefore, it can béamed '3 ;h|s EtUd.3|/. are extremely S|rr'r11|lar to the onr(]as that are
concluded thafly,, and Ty, actually belong to different Egggr:[r?;\bleo)rlt e silicon vacancy In the negative charge state
defect centers. Judging from the similarity of all spin Hamiltonian pa-
rameters(g tensor, crystal-field-splitting parameté&, and
IV. DISCUSSION ligand hyperfine parametefy), the ODMR signals discussed
here were already reported in EPR ofl 6SiC after light
illumination (linesP3 andP5) by Vainer and II'in in 1981°
An ODMR or EPR spectrum originating from a point de- One major difference in their discussion compared to the one
fect consists of several components. If the defect is an impupresented here is that they came to the conclusion that the
rity, central hyperfine interaction will split the lines in a way ligand hyperfine interaction with thé°Si atoms occurred
characteristic for the impurity element. For a nucleus withonly at 6—8 equivalent Si sites. Observation of ligand hyper-
nuclear spin I, the line will split into P+ 1 lines. Most ele-  fine interaction with four silicon atoms surrounding a carbon
ments consist of more than one stable isotope whose nuclegacancy was claimed in addition to the ligand hyperfine in-

A. Identification
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teraction typical for the silicon vacancy. But this observationfrom the negative charge state of the silicon vacdA&ince

is not obvious from the presented spectia.fact, the spec- there is no theoretical or experimental evidence for a
tra of Vainer and II'in look very similar to the ones reported negativet) behavior of the silicon vacancy in SiC, the
here, so their calculation may have been erronedamm  ODMR signals therefore can only be due to the neutygl)(

this observation, they concluded that the EPR signals origier doubly negative charge staté; ). Irradiation with high-
nated from distant silicon vacancy—carbon vacancy pairsenergy particles generally tends to increase the resistivity of
This interpretation is supported by the fact that the smalh type starting material, i.e., the Fermi level moves closer to
crystal-field-splitting parameteD can be accounted for by midgap. The luminescence at 1.4 eV, by which the ODMR
assuming magnetic dipole-dipole interaction between carrisignals are observed, originates from internal transitions

ers residing on the two vacanci@s. within the vacancy, which places the ground state at least 1.5
However, there are strong arguments against this assigi&Y below the conduction-band edge. The ground-state level
ment. of the doubly negative charge state is calculated to be in the

upper half of the band g&i3.The existence of excited states

(1) For such distant pairs, the interaction between the twd..5 eV above this level, which are still within the gap is
vacancies is supposed to be quite weak. It is, therefore, hattierefore unlikely.
to understand that only the distant vacancy pairs oriented
along thec-axis are observed in ODMRhe angular depen-
dence of the triplet lines have been shown to have axial
symmetry along the axis’).

(2) From Fig. 5, it is clear that ligand hyperfine interaction N addition to the ligand hyperfine parameters obtained in
actually occurs witwelveequivalent Si atoms, not with the this work, Table I also shows the corresponding parameters
six to eight that were reported in Ref. 19. for the negatively chargeq_smcon_ vacancy previously re-

(3) Only ligand hyperfine interaction typical for the sili- ported. The values are strikingly similar, except for the fact

con vacancy is observed in the experiments presented he,rélat no difference was found in the negative charge state for

not the one for the carbon vacancy. This means that basicalffg@nd hyperfine interaction with the C atom along thaxis
the entire spin density of the unpaired electrons is localized©M the silicon vacancy compared to the C atoms offche

on the silicon vacancy. But in this case, the assumption ofiXis in the NN shell. This difference is small but detectable

dipole-dipole interaction between the two vacancies does ndf the neutral charge state. -
hold. The EPR signal of the negatively charged silicon vacancy

has some unexpected properties, which are even more strik-

Similar arguments against the assignment of the defect ting in view of the results presented here. Only one basically
a distant vacancy pair have already been discussed in Ref. iBotropic line is found in &-, 4H,- and 6H-SiC, suggesting

A closer vacancy pair or a complex defect involving thea spinS=1/2 configuratiorf. After the original discovery of
silicon vacancy can also be excluded. Ligand hyperfine inthe lines, electron nuclear double resouiopnance experiments
teraction is observed with all atoms in the NN shell and therevealed that the true spin state is actudk3/21° In a
NNN shell, leaving no space for another point defect residcrystal field, three EPR lines are expected for such a configu-
ing on one of these sites. Such a def@iiicon vacancy plus ration. The absence of the additional lines has been explained
another defect in the NN shell, presumably the carbon vaby a vanishing crystal-field parametBr for the negatively
cancy or the silicon antisijehas been found in electron irra- charged silicon vacancy. No convincing physical mechanism
diatedn-type 6H-SiC by ODMR?! However, this defect was for this has been put forward, and it is difficult to understand
shown to exist with the additional defect residing on either ofwhy in such a case a nonvanishifi§ small) crystal-field
the carbon sites in the NN shell. The defect discussed hergplitting is observed for the neutral charge state.
has axial symmetry along treaxis, so the second defect in In addition, no site dependence is found for the EPR sig-
the complex would have to exclusively sit along thexis  nal of the negatively charged silicon vacancy. The observa-
from the silicon vacancy. tion of only one line can be explained by the assumption of

An interstitial defect would seriously distort the surround- identicalg values for all inequivalent lattice sites. While very
ings of the vacancy and affect the distribution of the spinsimilarg values are actually found in the neutral charge state,
density. The isotropic interaction with tHéSi atoms in the the ligand hyperfine interaction parameters, both for'fi@
NNN shell can then not be explained. This lowering of theatoms in the NN-shell and thé&Si-atoms in the NNN shell,
symmetry has been observed for the Si-Frenkel (slicon  clearly differ. A similar difference should be expected even
vacancy plus silicon interstitiain EPR experiments. for the negative charge state, leading to the appearance of

In conclusion, the ODMR signals observed originate frommore ligand hyperfine lines, which is not observed. It should
an isolated silicon vacancy. The question of which chargde pointed out that the ODMR experiments under resonant
state the vacancy is in was discussed extensively in Ref. 7. Axcitation used here provide an advantage compared to EPR.
charge state with an even number of electrons is necessary 8ignals from each inequivalent lattice site can be obtained
order to explain the triplet and singlestates found. Re- without contribution from the other sites. This is not possible
cently, EPR signals with identical spin Hamiltonian param-in EPR, therefore, signals from one inequivalent lattice site
eters as the ODMR lines discussed here have been found may be hidden underneath the much stronger signal of an-
4H- and 6H-SiC simultaneously with the signals originating other site.

B. Comparison with the negative charge state
of the silicon vacancy
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V. SUMMARY of the defects being complexes like distant silicon vacancy—

. o . . . carbon vacancy pairs. It is, therefore, concluded that the ob-
Ligand hyperfine interaction with four C atoms in the NN served ODMR lines originate from the isolated silicon

shell and twelve Si atoms in the NNN shell have been Ob'vacancy
served for the triplet line§y,, and Ty,, in 4H-SIiC and '
Tvias Tvoa, andTyg, in 6H-SIC. The parameters of this
interaction are very similar to the ones found for the nega-

tively charged isolated silicon vacancy in the respective The authors would like to thank Dr. S. Rosander for his
polytypes. Arguments are presented against the assumptidrelp with the electron irradiation.
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