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Silicon vacancy related defect in 4H and 6H SiC

E. Soman, N. T. Son, W. M. Chen, O. Kordina, C. Hallin, and E. Janze
Department of Physics and Measurement Technology, pingoUniversity, S-581 83 Linking, Sweden
(Received 18 August 1999

We report on an irradiation-induced photoluminesceifte band in 4H and 6H SiC and the corresponding
optically detected magnetic resonan@DMR) signals from this band. The deep PL band has the same
number of no-phonon lines as there are inequivalent sites in the respective polytype. These lines are at 1352
and 1438 meV in the case of 4H and at 1366, 1398, and 1433 meV in the case of 6H. The intensity of the PL
lines is reduced after a short anneal at 750 °C. ODMR measurements with above-band-gap excitation show
that two spin-triplet 6= 1) states with a weak axial character are detected via each PL line in these bands. One
of these two triplet states can be selectively excited with the excitation energy of the corresponding PL line.
These triplet signals can therefore be detected separately and only then can the well documented and charac-
teristic hyperfine interaction of the silicon vacancy in SiC be resolved. Considering the correlation between the
irradiation dose and the signal strength, the well established annealing temperature and the characteristic
hyperfine pattern, we suggest that this PL band is related to the isolated silicon vacancy in 4H and 6H SiC. The
spin state $=1) implies a charge state of the vacancy with an even number of electrons. By combining the
knowledge from complementary electron-spin resonance measurements and theoretical calculations we hold
the neutral charge state for the strongest candidate.

[. INTRODUCTION in any device process that involves ion implantation.
The primary defects are of course also fundamentally in-

SiC is a very promising semiconductor for devices thatteresting. At quite an early stage in semiconductor science
have to work under extreme conditions. Material properties(late 1960s and early 1970slectron-spin resonand&SR)
such as a wide band gap, good thermal conductivity, a relaneasurements revealed some of the fascinating microscopic
tively high mobility, and high breakdown voltage, make it properties of the vacancy in silicon. Less is still known about
appropriate for many demanding applications. SiC is thehe vacancy in diamond, but the properties of the negative
classical example of polytypism, i.e., the material can cryscharge state has been thoroughly analyzed by ESR. The re-
tallize in many different but closely related crystal structuressults from silicon and diamond are in one respect strikingly
The unit cells of the 4H and 6H polytypes contain§24 different. While the different charge states of the vacancy in
=8 and 68 2=12 atoms, respectively. The various atomic silicon exhibit a strong lattice relaxation, i.e., a dominating
sites in such large unit cells have different configurations oflahn-Teller effect, the vacancy in diamond has the high-spin
their neighbors. The nearest neighbors are always tetraground-state characteristic for a dominating spin-spin inter-
hedally oriented but the next-nearest neighbors can either kaction. The extreme relaxation in silicon even results in a
in a cubic (k) or a hexagonalh) configuration. In 4H SiC reversing of the expected ordering of the different charge
there is one site of each tyfle andk) while in 6H SiC there states in the band gap. It is therefore not strange that these
are one hexagonal and two cubic sitbs k; andk,). The two fundamental point defects have served as interesting
two cubic sites differ in the third shell of neighbors. model cases in the development of defect thedrigince

This paper will dwell on a primary defect in SiC that in SiC in a way is a mixture of the two, it is now interesting if
this case has been produced by high-energy particle bonsome of the properties of its vacancies can be investigated.
bardment. If the energy of these particles is high enough, the Despite all the results reported from investigations of pri-
atoms in the lattice can actually be pushed out of theimary defects in SiC by methods like ESR, photolumines-
places. The primary defects created in this way are generallgence(PL) and deep-level transient spectroscq@LTS),
vacancies and interstitials, but in a binary compound like SiGhe knowledge about them is far from as developed as sili-
also the antisites can be formed. There is a reason why @on. Some experimental knowledge about the carbon and
good knowledge about primary defects is especially imporsilicon vacancy has, however, been gained. In this paper we
tant for SiC. The poor diffusivity of dopants in SiC makes will mainly refer back to the extensive ESR investigations on
ion implantation a more attractive doping method. The bom3C}*6H,>* and 4H(Ref. 7 SiC, of what is now accepted to
bardment of the material with heavy ions creates a lot obe the ESR signal from the negatively charged silicon va-
defects in the material. In contrast to silicon these primarycancy. The deep PL band, that we here will claim to be
defects in SiC seem to be stable at room temperattiemd  related to the silicon vacancy, can be observed from as-
some secondary defectsroduced during a post-irradiation grown Lely crystals and was thoroughly investigated already
thermal annealingare stable at least up to 2000°G.e.,  during the 1970s. The characteristics of the band was then
they are virtually impossible to get rid of. This group of reported for the 6H;° 15R®° and 33R(Ref. 10 polytype.
defects are therefore not only of a great scientific but also ofHistorical remark: It was then usually referred to as dbhe
great technological interest, since they have to be dealt withand) The most thorough work is the PL study by Hagen
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and Kemenade where they convincingly show that this PL L L AL L A A AR B B
band is not impurity related Since all the different authors (@) 6H SiC V3

were lacking information from magneto-optical or magnetic
resonance experiments, they were not able to draw the con
clusions about the origin of these PL signals that we have
been able to. The early work on radiation induced defects in
SiC was reviewed by Choyke in 19%Y.

In optically detected magnetic resonan@@DMR) one
measures the fractional change in the luminescence, that
magnetic resonance in an excited state of a local defect in
duces. The technique is in a sense complementary to the ES
technique, since the short-lived excited states of defects an
investigated, rather than the more permanently populatec
ground states. If the radiation-induced defects in SiC form
efficient recombination centers, ODMR is the appropriate
method to investigate these.
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II. SAMPLES AND EQUIPMENT | ! ! ! L |

The samples used were all high-quality epitaxial layers, 1280 1320 1360 1400 1440
grown by chemical vapor deposition. The nitrogen concen- Photon Energy (meV)
tration in these samples is in the!46m 2 range? In order
to produce the primary defects, the samples were irradiatec
with 2.5 MeV electrons in doses ranging from 1o
1018(:m72. I"I"'.I""“"""I'

For the X-band (=9.22 GH2 ODMR experiments we (b) 4H SiC Vi
used a modified Bruker ER-200D electron-spin resonance
spectrometer equipped with a cylindrical giE microwave
cavity with optical access. UV-light from an argon-ion laser
was used for above band gap excitation, while a tunable
Ti:sapphire laser was used for resonant excitation of the
studied defects. In the ODMR experiments the luminescence
either passed appropriate optical filters or a 0.25 m mono-
chomator before detection with a liquid-nitrogen-cooled ger-
manium photodiodéNorth Coast. Most of the photolumi-

PL/ODMR Intensity

V2

PL L

PL/ODMR intensity

nescencdPL) experiments were carried out using a 0.46 m Tv“
grating monochromator equipped with a silicon charge- T l
coupled device(CCD) detector. The sample temperature Vib
could be varied from room temperature down to liquid- TVZb R
helium temperature in both the ODMR and the PL experi- T \
ments. Via
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Photon energy (meV)

There are several PL bands in SiC, both relatively shallow
and deep, that are associated with radiation damage. We will
discuss the particular irradiation induced bands in 4H and 6H FIG. 1. At the top the deep PL band and below the excitation
SiC, shown in Fig. 1. The no-phonon lines are shéhe  spectrum of the various ODMR signals that are detected from the
linewidth is about 0.4 meV in the best samplesd the PL band for the 6Ha) and 4H(b) polytypes.
number of them is, as expected, the same as the number of
inequivalent sites in the 6kthree sitesand 4H(two sites in irradiated 3C and 6H Si&3
polytype. We will in this paper argue for a correspondence The intensity of thé/ lines increases with irradiation dose
between the bands from the two polytypes and will thereforaup to 137 cm™2 but not further. At higher doses, there is a
simply label the lines in the same way. We will refer to the general decrease in the luminescence intensity. The reason is
1433-, 1398-, and 1366-meV lines in 6H as W&, V2, and  probably that the nonradiative channels that are also induced
V3 lines and the 1438- and 1352-meV lines in 4H as\the by the irradiation become more important at the highest
and V2 lines. Table | contains a summary of all the line doses. The intensity of the band is generally quite insensitive
positions discussed in the paper. to the impurity content of the sample as long as ihitype.

A short anneal at 750 °C decreases the intensity of the PChe signal from p-type samples is consequently much
band dramatically, in both polytypes. This temperature isnveaker.
identical to the annealing temperature of the silicon vacancy In agreement with the early results on 6H Lely crystals
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TABLE |. Labels, energies, zero-field splitting of the corre- L B LA

————
sponding triplet statéD-valug, and corresponding defect sites of (a) 6H SiC Ty

the no-phonon PL lines in the 4H and 6H polytype. Ty
V3b
No-phonon line  Corresponding Corresponding — V3a
label, energy D-value inequivalent s T
Polytype (meV) (107 8eV) site o
w
6H V1 1433 11.4 kq oz
V2 1398 53.1 h =
V3 1366 11.4 K, 8 uv
4H V1 1438 1.8 k L&
V2 1352 28.8 h

the intensity of the PL lines in 6H is almost constant up to 60 ey
K and decreases at higher temperatures. At 170 K the lines 324 326 328 330 332 334
are still detectable, but very weak. The intensity of the PL Magnetic Field (mT)

lines in 4H seems always to be weaker than in 6H. For the

4H polytype, the intensity of the lines starts to fall off al- .
ready at 30 K and is reduced to one-quarter of their strength (b) 4H SiC T,

at 60 K. .

IV. ODMR / \ T

The ODMR spectrum, shown in Fig. 2, can be detected
via the PL band discussed above. Separating the spectrum
into its components, we found it to consist of twice as many
ODMR signals as there are PL lines. All signals are marked
and labeled in the illustration and the fact that only five and
not six signals are resolved in the case of 6H will be dis-
cussed more below. The ODMR signals all consist of two
lines whose splitting vary in the relatively simple fashion
indicated in Fig. 3, when the crystal is rotated in the mag- - N
netic field. The splitting is only governed by the angle be- N I I
tween the magnetic field and tleeaxis of the crystal. This 325.6 327.2 328.8 3304
angular dependence of the ODMR signals is characteristic Magnetic Field (mT)
for a spin-triplet state $=1) with axial symmetry. To
clarify this statement, an illustration that schematically de- FIG. 2. At the top the ODMR spectrum with above-band-gap
scribes the spin triplet is included as Fig. 4. There it is alsceXxcitation and be_low with selective excitation with the energies of
indicated how the allowed microwave-induced transitiongh® no-phonon lines for the 6lt) and 4H (b) polytypes. The
AM==*1 will cause a change in the luminescence intensitynagnet'c'f'eld dll:eClIOFI is in both cfases 10° qff thexis of the
if there is a difference in the recombination rate from theCryStal- The naming of the ODMR signals are introduced.
magnetic sublevels. This is then the mechanism causing the
ODMR signal. Observe that the splitting of the ODMR sig-
nal is directly related to the zero-field splitting of the triplet. ~ To sort out the correspondence between the different
In a simple case like this, the angular dependence can B@DMR signals and the PL lines, ODMR was measured from
fitted by the following expressiot® each PL line separately. Even though great noise problems,

because of the low signal strength, were encountered, it is
1 D 5 hopefully apparent from Fig. 5 that two ODMR signals are
B= Oka hv==[3(cos0)"—1]+AM, |. always detected from each PL line.
When inspecting the results from the 6H polytype observe
Hereg is the gyromagnetic ratiqug is the Bohr magneton, that, since thé/1 line has phonon replicas close to both the
D is the zero-field splitting of the magnetic sublevelsge- V2 andV3 line, the ODMR spectra of thgl line is also
scribes isotropic hyperfine interaction afds the angle be- partly detected in th&/2 andV3 line spectrum. If this con-
tween thec axis of the crystal and the magnetic field. The tribution is subtracted from th&3 line spectrum a strong
parameters of such a function can be fitted to all the different 3, signal still remains, i.e., both thél andV3 lines give
ODMR signals. The resultant fitting and the correspondingcontributions to theTys, signal that are not distinguishable,
parameters are shown in Fig. 3 and Table I, respectivelyat least not with the resolution of our spectrometer. For the
Since no hyperfine structure could be resolved in this experi4H polytype note that since thél line has phonon replicas
ment, the last term was not included in the fit. It will, how- very close to thé/2 line, the ODMR signals from this line
ever, come in use later. are partly detected when th& line is selected.

ODMR signal

UV

| | | L
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A. Spectral dependence
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becomes possible to resolve the hyperfine structure of these
ODMR signals. Each resonance line has a symmetric pair of
inner and outer satellites that are split by 0.30 and 0.60 mT,
respectively. If the hyperfine structure is fit with Lorentzian
b) 4H SiC functions with identical linewidthgFig. 6), the intensity of

the inner and outer satellites are in general found to be 27%
and 4% of the central line. The analysis of fhg,, signal in

4H is more difficult than the others, since the two hyperfine

FIG. 3. Angular dependence of the ODMR signals detectabeStructures interfere even at the angle where the splitting of
with above-band-gap excitation for the 6lé) and 4H (b) poly-  the two resonances is the larggstg. 2b)]. Apart from the
types. The lines indicate the fits that are obtained with the paramProblem that it is very hard to extract a relative intensity for
eters in Table II. the outer satellites the other parameteslitting and inten-

sity of the inner satellitesare within the accuracy identical
B. Resonant excitation to the other primary triplet states. The hyperfine structure is
isotropic and can therefore be represented by a simple

328[

3271

ODMR signal position (mT)

326 L1 I E N T BT
0 20 40 60 80 100
Angle between c-axis and magnetic field

If the magnetic field is locked at the position of one of the

. o . alue in the spin Hamiltonian.
ODMR signals and the excitation energy is scanned througH . .
the energy region of the PL band, as in Fig. 1, it become§n One comment on the 4H specfffiig. (b)]: The weak

apparent that some of these triplet states can be excited re g€ at1.36 eVin the tWQ f'rSt"?XC'tat'on. spgctra corresponds
0 another near-lying triplet signal. This signal does, how-

nantly. The resonance energies are in fact identical to th L . D
. . . ever, not have the same characteristic hyperfine splitting as
energies of the no-phonon lines in the PL spectra and there .
e Tyia and Ty, Signals.

only one triplet state corresponding to each PL line. The No resonant excitation is possible for the other triplet
concluded correlation between the PL lines and the ODMRt tes(t b) in thi P For 4H itati P
signals from this experiment agrees with the results from th atesitype ) in this energy range. =or excitation was
spectral dependence experiment described in the precedi rd]ed up to 1.46 eV and for 6H all the way up 10 1.77 eV.
section. This experiment gives in addition a direct one-to-one
correspondence between some of the triplet states and the PL V. DISCUSSION
lines. It should now be understandable why the ODMR sig-
nals are named like they are. Apart from fhevhich stands
for triplet, theV1, V2, or V3 indicates the correspondence to  As an introduction we discuss some of the properties of a
the PL lines and tha or b marks if the triplet state is reso- point defect at a silicon site in the SiC lattice and the earlier
nantly excitablga) or if it is only detected with above band- work done on the silicon vacancy in SiC. The hyperfine in-
gap excitationb). teraction of a point defect at a silicon site, with the four
The directly corresponding ODMR signalwill be re-  nearest-neighbofNN) carbon atoms, is expected to be the
ferred to as primary tripleiscan, as indicated in Fig. 2, be stronges{the interaction strength governs the splitiinghe
detected separately if this resonant excitation is used. It thesatellites are very weak though, since the natural abundance

A. Identification
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FIG. 5. The ODMR spectrum when the whole PL band is de-
tected and when each PL line is detected individually for thg®H FIG. 6. An enlargement of the hyperfine structure of g, in
and 4H(b) polytype. Typea triplets have filled markers while type 6H and theT,,,, signal in 4H, both fitted with five pairwise coupled
b have open markers. and equidistant Lorentzians. The lines indicate the fitted curve and

its subcomponents and the points are the experimental data.

of the nuclear-spin active isotogéC (I =1/2) is only 1.1%.

Among the 12 next-nearest-neight@NN) silicon atoms, An isotropic signal from an effectiv€=1/2 defect that

0 . o S has the expected hyperfine interaction with both the carbon
4.7% are of the nuclear-spin active isotoi8i (1=1/2). If s and the silicon NNN's, but no trace of hyperfine inter-

the wave function of the defect is extended enough to interyction with the defect itself, has been reported for irradiated
act also with the NNN silicon atoms and if the interaction 3C! 6H2 and 4H (Ref. 7 SiC. Considering the creation
with these NNN's is assumed to be equivalent, the hyperfinggficiency, the spin state, and all the aspects of the hyperfine
structure will consist of pairs of hyperfine satellites with aninteraction, the authofsproposed a negatively charged sili-
energy splitting ofA, 2A, 3A, etc. These pairs then corre- ¢on vacancy model\(g). This model has now gained ac-
sponds to one, two, three, etc., nuclear-spin acti@atoms  ceptance. The number of NNN's are 12 in all three poly-
among the 12 NNN'’s. The probability for these NNN con- types, so if the interaction strength with the individual NNN
stellations is decreasing rapidly with the number8i and  is almost equal, the geometrical configuration of the NNN
is already neglectable for thre€Si. In short, such NNN- shell (there are two different in 6H and 4Hloes not have
related hyperfine satellites are expected to be equidistanany influence on the NNN hyperfine structure. This would
have smaller splittings than the NN-related satellites, and thexplain why the NNN hyperfine structure seems insensitive
statistical prediction of the intensity ratio of the five strongestto both the defect site and to polytype. Recent electron
lines are 3.7-28-100-28-3.7. nuclear double resonandENDOR) measurements on the
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4H polytype indicate that the true spin state of Mg is fa) (b)

S=32, as expected for an undistorted cerltefhat this T
charge state should have a high-spin ground state was al- ND — T, D:"W‘;" 2
ready predicted in the calculations by Larkins and Stoneham —'Si

in 1970 (Ref. 14 and has later been confirmed by more

refined calculation&>*® Ta

The intensity ratios and the splitting of the hyperfine 1.4 eV
structure of the signals from thég; are indeed very similar 2% — Vsi’
to what we observe for th€y,,, Ty24, andTy3, centers. To
be more specific, the intensity ratios and the equidistance of —_— Vg0
the satellites are as expected for interaction with a silicon AL = Vgt
NNN shell and the interaction strength is, in fact, the same as S VSiz+

for the silicon vacancy signaMg;) discussed above. None of P ——— ===
the common impurities in SiC, such as N, Al, B, Ti, V, or H,
would cause such a hyperfine pattern. The continuous in- FIG. 7. Schematic illustration showing the suggested electronic

crease of the ODMR and PL signal strength with irradiation, . \<itions related to the PL and ODMR signatsand the approxi-

dose and the insensitivity of the signal strength to the impuT‘nate positions of the various charge states of the silicon vacancy

rity content of the sample also indicate that the signal isp) implied by the combination of theoretical calculations and our

related to primary defects rather than impurities. In additiongsg results. ND stands for nitrogen donor, AL for acceptor level,
the annealing temperature of the PL band agrees well withng DL for donor level.

the observed annealing temperature in the various ESR
works on theVg; signall® close to the valence band. Conversion to the next charge
A quick review of the argumentation chain: The corre- State is expected to occur already 1740'° meV above the
spondence between the number of PL lines and the numb&alence band, i.e., well below any acceptor level. The
of inequivalent sites is characteristic for a recombination at anarked difference in PL intensity between and p-type
localized defectthat in general is sensitive to the immediate Samples indicates that the charge state we are dealing with
surroundings The correlation of the signal strength with has its stability interval above the acceptor levels, i.e., it is
irradiation dose but not with sample purity is typical for a Probably not the doubly positive charge state. This far, the
primary defect. The annealing temperature of the PL bandieutral and doubly negative charge states are therefore the
and the very characteristic hyperfine structure of the ODMRStrongest candidates. In our proposed model\thev2, and
signal strongly favors the silicon vacancy among the primaryv3 PL lines would then originate from internal transitions
defects. from an excited state of one of these charge states of the
The different PL lines can then be attributed to transitions at
B. Electronic structure the inequivalent sites in the SiC lattice. Note that an exci-
P ' . tonic model where a hole is coulombically attracted to the
The _S|m|Iar|t|es between the hyperfine patter[] o_f our prl'negatively charged vacancy is not applicable, since such a
mary triplet statédvia, Tyza, andTys, and theV; signal, e would be much less localized than the primary bound

the absence of central hyperfine interaction, and the relgsiectron and therefore would cause a weaker hyperfine inter-
tively high symmetry indicate that these triplet states areyiion than the observed.

related to the isolated silicon vacancy. The triplet state, how-  £rom the ODMR results alone it is not possible to sort out
ever, calls for another set of particles around the vacantyhe question about the charge state of the. The model
since the odd number of electrons\é; cannot form a spin-  requires that the excited states from which the PL and
triplet state. The hyperfine-interaction strength of the tripletsoppmRr signals originate lie in the band gap. The correspond-
are very similar to that of th¥g; signal. It is well known that  jng ground state must therefore, as indicated in Fig) e

the interaction strength of the triplet particles is the averaggocated at least 1.44 e{6H) below the conduction band. In

of the individual particles interaction strengthThis then  the illustration it is also assumed that the typeriplets are
indicates that we are dealing with another charge state of thg|ated to higher excited states. The ground states then actu-
vacancy where the localized electrons, which give rise to thejly have to be located more than 1.77 éH) below the
observed spin triplets, interact with the NNN's in a similar conduction band, since the excitation experiments show that
way as the electrons of thé;; state. Only a charge state with this energy is not sufficient to excite the typestates.

an even number of spin-active particles can form a triplet To get more information about the positions of these va-
state. Calculations on the 4H polytype indicate that the doueancy levels in the band gap we performed ESR measure-
bly positive (\/;2), the neutral vgi), and the doubly nega- ments on a series oFtype samples with different irradiation
tive charge state\(;) all have a level in the band gap®  doses, i.e., samples that are expected to have a systematic
ESR signals from the ground states of any of these othevariation of the Fermi level. The ESR signal from the nitro-
charge states of thég; have not been reported. From a the- gen donor could be detected in all the samples, indicating
oretical point of view only the doubly positive charge state isthat the Fermi level is still close to the donor level even in
expected to have a nonparamagnetic ground state, i.e., a siifte samples with the highest dose. On the other hand, it was
glet state, while the other two are expected to have tripleenly from the sample with the highest irradiation dose
ground state$>*6 The doubly positive charge state is, how- (10'8cm™?) that the well-known ESR signal from thég;
ever, only expected to be stable when the Fermi level is vergtate could be detected. If the dose is lower, as for the



PRB 61 SILICON VACANCY RELATED DEFECT IN 4H AND 6H SiC 2619

TABLE II. The spin Hamiltonian parameters of the triplet states detectable with above-band-gap excita-
tion and the correspondence to the PL lines for the two polytypes. Some results from the literature are also
included for comparison. The asterisks indicate higher accuracy sindg,the T,,, andTys, Signals can
be studied separately.

Triplet PL line
Polytype  states gll+0.002 gL+0.002 D (10 %eV)+0.2 A (10 8eV) label
4H Tvia 2.004 2.004 1.8 35 Vi
Tvib 2.004 2.004 25 Vi
Tyvoa 2.004 2.004 28.8° 35 V2
Tvop 2.004 2.004 15 V2
6H Tvia/Tvza 2.0035 2.0037 11.4 V3V1i
Tvip 2.0037 2.0041 25.5 Vi
Tvoa 2.0035 2.0038 53.1 35 V2
p3? 2.0026 2.0031 53.3 35
Tvop ~2.004 ~2.004 ~8.2 V2
Tyaa 2.0037 2.0038 11.4 35 V3
p52 2.0026 2.0031 11.2 3.7
Tvap 2.0038 2.0039 23.7 V3

%Reference 21.

samples that give the strongest ODMR signals! (& ?), andV3 lines in 6H are so similar that they cannot be distin-
there is no trace of this signal. As schematically shown inguished from one another. The triplet states from W&

Fig. 7(b), this indicates that the next stable charge statdines have a stronger axial character than those fronVthe
above the well-knowVg; state is located closely below the lines in both 4H and 6H. To be more specific, the zero-field
nitrogen donor level and that this state is ESR inactive. Sinceplitting of the magnetic sublevels of th&? triplets is 15
there are no indications of strong lattice distortion, we expectimes larger in 4H and 5 times larger in 6H. Considering the
a normal sequence of energy levéi® negatived behav-  6H polytype, this would then indicate that thel andV3

ior). This above-lying state then hosts more electr@ws or  |ines are from the cubic sites while thé2 line is from the
more. In perspective of the requirements from the suggeste@lexagonal one. When the two polytypes are compared, it is
model, it is then very improbable that this above-lying stateyeasonable to assume that the two lines, which both have a
is the origin of the PL and ODMR signals, since the excitedych stronger axial character of their corresponding ODMR
states would then have to be far up in the conduction bandsjgnais, should correspond to the hexagonal defect site. Since
This argument finally leaves us with the neutral charge statg,, energetical ordering of the PL lines is expected to be the

as the most probable origin. : :
) ; . . same in the two polytypé$the twoV1 lines should corre-
Working with the strongest signdthe Ty, in 6H), we spond to similar cubic sites. The fact that theite in 4H

—-10 i
have also been able to detect weak satelifeS—19 with mostly resembles thle; site in 6H finally enables us to sug-

the higher interaction strength expected for NN's, but we . . . .
have r?ot been able to stud;? the fEII angular dependence st the relations between the PL lines and the inequivalent
sites indicated in Table I.

these satellites like Itoh and his co-workers have don&/for
in 3C SiC® Because of the directed character of the four
bonds, the hyperfine satellites from the individual NN'’s are
separated at most angles. The expected intensity from a
single carbon-related satellite is then only 0.55% of the cen- Judging from the reported energy positions of the no-
tral peak. For the 6H polytype, data for thg; is only pub-  phonon lines the PL spectrum discussed here was already
lished with the magnetic field along tloeaxis of the crystaf.  observed in 1973 by Gorbaet al® in as-grown 6H SiC
In this direction the hyperfine-interaction strength of our sig-samples. Because of the similarity with the PL band that was
nals is about 30% weaker. Comparing with the spin-activesoon shown to correspond to titanium, they were led into
electrons ofVg; this then shows that the electrons in the speculations around various transition metals. This issue was
excited state of\/gi have a slightly weaker interaction with later resolved by Hagen and Kamenade in a very thorough
the NN shell but a similar interaction with the NNN shell. paper that convincingly showed that the band was not related
In the 6H crystal there are three inequivalent sites. Twao any common impurity.Both these research groups were
have a cubic configuration of the NNN shell, but differ in the lacking the vital pieces of information extractable from mag-
third-NN shell (these are usually called the andk, site9  netic resonance experiments.
and one has a hexagonal configuration of the NNN ghell As can be seen in Table Il, the spin Hamiltonian param-
It can be expected and it has also been shown for substitweters(g, D, andA) of Ty,, and Ty, are strikingly similar to
tional titanium and vanadium in SiRefs. 18 and 1pthat a  those of theP3 and P5 centers that Vainer and II'in ob-
defect at a hexagonal site experiences a stronger axial crysts¢rved by photoinduced ESR from thermally quenched and
field than one at a cubic site. The triplet states from\ie annealed 6H SiC samplés?? At first glance there is a dif-

C. Comparison with previously published results
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ference in the intensities of the hyperfine structure, but takbehavior, all the aspects of the hyperfine interaction, the
ing a closer look there seems to be a misleading mistakaumber of PL lines/triplet states, and the grouping of the
done in one of the figure captions. Bearing this in mind, ittriplet character have led us to suggest that the triplet signals
might well be that the hyperfine structure actually is veryare from the isolated silicon vacancy. The well knowg,
similar to what we observe. The3 andP5 are then prob-  state that is observed in ESR experiments cannot with its odd
ably the same defects as tfig;, and Tys,. Their analysis  ,ymper of electrons form a spin triplet. Both the higher and
of the hyperfine intensities seems too approximate and leaq§yyer electronic occupancies are possible candidates and
them to explain theP3, P5, and most of the other defects 4 OpMR results alone it is not possible to do a final
th"."t they observe with quels consisting of an 'nteracungassignment. Since complementary ESR measurements on the
silicon and carbon vacancies. 6H polytype indicate that the higher occupancy states are
located too close to the conduction band, Weor the V3
VI. SUMMARY state are more probable. Theoretical calculations indicate
that the doubly positive charge state has a stability interval

. that is too close to the valence band to explain the large
three no-phonon lines at 136&'3), 1398 ¥/2), and 1433 difference in PL intensity between- and p-type samples.

(V1) meV in 6H and two at 1352\2) and 1438 Y1) in ) . ; )
4H. The intensity of the bands is dramatically reduced after él’he no-phonon lines, observed in PL, would then originate

750°C anneal. Two different spin-triplet states can be de!'°™ internal transitions from an excited state\d}; at the

tected from each PL line by ODMR. These triplet states alfn€quivalent sites in 4H and 6H SiC. A comparison of the
have axial symmetryg values close to 2.004, and relatively character of the triplet states between the polytypes indicates

small D values. Spectral decomposition and excitation exIhat theV2 lines correspond to the hexagonal sites and the
periments show that each no-phonon line can be associatéfl andV3 to the cubic sites.

with one specific triplet state. These directly related triplet ~ This would then be the first time that a PL signal from the
states can be studied separately with resonant excitatiosilicon vacancy is identified. The localization of the spin-
Only then is the well documented hyperfine interaction of theactive electrons is similar to the negative charge state, but in
silicon vacancy in SiC resolvable. The fact that these signalsontrast to this state, both the PL and ODMR signals from
show up after high-energy particle bombardment, the insenthe inequivalent sites can be resolved and associated with the
sitivity of the intensity to the sample purity, the annealing respective site.

We report on a deep PL band in 6H and 4H SiC with
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