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Silicon and carbon vacancies in neutron-irradiated SiC: A high-field electron
paramagnetic resonance study
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Electron-paramagnetic-resonan@PR and electron-spin-ech(ESE) studies have been performed that
show that isolated/s;~, V&, andV. vacancies are the dominant intrinsic paramagnetic defects in SiC treated
by room-temperature neutron irradiation with doses up t& &6 2. This conclusion is supported by the
observation of high concentrations of all these defects in 4H- and 6H-SiC that are almost proportional to the
irradiation dose. The 95-GHz EPR spectra at 1.2 K prove that the ground smgeam‘rresponds t&=1 and
that the zero-field splitting parameté@r is positive. A possible energy-level scheme and optical pumping
process which induces the spin polarization of the ground triplet state otgthacancy in SiC is presented.

In the EPR spectra df ;" in 4H-SiC an anisotropic splitting of the EPR lines is observed. This splitting is
assumed to arise from small differences in ¢hiensor of the quasicubigk) and hexagonalh) sites. Aniso-

tropic EPR spectra witS:% that are related to the carbon vacancy have also been observechiirtheiated

SiC crystals. The hyperfingnf) interaction with the first shell of Si atoms is almost identical to that observed
in electron-irradiated SiC crystals. The observed additional 6.8-G hf splitting with 12 carbon atoms in the
second shell is considered as a confirmation for the isolated carbon vacancy model.
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I. INTRODUCTION The dominant EPR spectrum with an isotrogjidactor
g=2.0032, that can be observed in electron-, neutron-, or
Silicon carbide(SiC) is a promising wide band-gap semi- proton-irradiated SiC crystals up to room temperature, was
conductor for applications in high-frequency, high- attributed to the negatively charged isolated silicon vacancy
temperature, high-power, and radiation-resistant electroniyg,~ with S=2.5681The anisotropic hyperfinénhf) struc-
devices. The main doping method is by ion implantation betyre caused by the interaction with the four nearest-neighbor
cause very high temperatures are needed for doping of Sigarhon atomsthe first shell and the almost isotropic hyper-
by diffusion. The ionic implantation produces unwantedsine structure caused by the interaction with 12 next-nearest-
damages in the SiC lattice that are difficult to repair, becausﬁeighbor silicon atomgthe second shélwere observed in

some defects remain even after a 2000 °C anneal. Therefogﬁe EPR spectra. No site dependence was detected-for
the investigation of the radiation defects in SiC is of great P ' P elfc

) S i o ~ " The experimental results are supported by theoretical
importance also in view of the potential application of SiC- . 8 . -

. S - . calculations® that predict that the ground state 6§~ cor-
based devices for operation in radiation surroundings.

. . . . 3
Th . f h N responds to a high-spin configuration wishk- 5.
€ primary defects that can be produced in binary com The second type of EPR spectra, observed by several

pound SiC are vacancies, interstitials, and antisites. In con- 470-11; . - , : )
trast to silicort the primary defects in SiC seem to be stable9"0UPS; is a triplet center $=1) with an isotropicg
at, and even far above, room temperature. These primargactorg=2.0032 and a site-dependent zero-field splitting pa-

defects are present at the various sites in the different poly@meterD. In Refs. 7, 9, and 10 these spectra were detected
types that arise from differences in the stacking sequence ¢&y ODMR by monitoring the zero-phonon lin¢&PL’s) at
the Si and C layers. The hexagonal 4H and 6H polytypes aré.438(labeledV1) and 1.352 eV¥2) in 4H-SiC and 1.433
the most common and most appropriate for applications. V1), 1.398 ¥/2), and 1.368 eVV3) in 6H-SiC. The num-
4H-SiC two nonequivalent crystallographic positions exist,ber of ZPL's corresponds to the number of inequivalent lat-
one hexagonal and one quasicubic site, calleahd k, re-  tice sites in these polytypes. The authors of Refs. 9 and 10
spectively. In 6H-SiC three nonequivalent positions arewere the first to attribute these EPR spectra to the neutral
formed, one hexagonal and two quasicubic ones, cdiled isolated Si vacancy\(gi). This assignment was based on the
ki, andk,. observed characteristic hf structure with the 12 Si atoms of
Two important experimental tools for the identification the second shell that resembled the hf structure for the nega-
and study of the defects in SiC are electron-paramagnetitively charged isolated silicon vacan®l; . Further support
resonancéEPR and optically detected magnetic resonancefor this assignment was supplied later by the observation of
(ODMR).>"'?EPR investigations have revealed the presencéhe hf interaction with the four nearest carbon atdfBor
of only two charge states of the Si vacan&f!Very so- 4H-SiC the zero-field splitting parametBrwas found to be
phisticated EPR investigations also show the existence d2x10 *cm ! and 1310 % cm™?! for the h (ZPL V2)
Si-related Frenkel pairs in Sit.The identification of carbon and k (V1) sites, respectively. For 6H-Si(dD=42.8
vacancies is presently still under debate. x10 % cm ! and 9104 cm™1 for the h (V2) andk sites
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(V1, V2 lines; the two sitek; andk, were not resolved by as a function of the magnetic field. EPR measurements were
EPR. The site identification was made by assuming that aalso performed on Bruker-680 X-ban®.4 GH2 and
defect at a hexagonal site experiences a stronger axial crystél-band (94.9 GH2 continuous wavegcw) EPR spectrom-
field than a defect on a quasicubic site and that consequenthters.
the zero-field splitting for the hexagonal site is larger than The samples, in the shape of platelets, had dimension of
that for the quasicubic site. about 3x4x0.4mn? for X-band and sizes of 0:30.4

In the case 01\/‘%i there exist two opposite points of view X 0.5 mn? for W-band EPR experiments. The samples were
concerning the spin multiplicity of the ground state. Basedoriented for rotation in thg11-2Q plane. All calculations
on experimental studies either a singfet® or a triplet!  were made using the computer packagBUAL EPR written
ground state was suggested. This problem has been the suty Grachev, which performs numerical diagonalization of the
ject of several theoretical studies and a ground state %ith spin Hamiltonian matri%?
=0, as well asS=1,%1"has been predicted.

It is clear that more experimental information is needed to
solve the problems concerning the silicon vacancies in SiC. [ll. RESULTS AND DISCUSSION
First, it is of importance to confirm which spin multiplicity

. 0 Several EPR and ESE spectra were detected in neutron-
corresponds to the ground state of the neutral isolated silicon =" : .
vacancyV3. Moreover, it would be attractive to determine g(r)%d;?ttid t4H- ?dng 6Hk;S|Cr:Vcr5/?t?I3. The rd%milrr:arf]: sﬁp')?elc&t)ra at
the sign of the zero-field splitting paramet@y i.e., the or- at could be observed for doses ranging 1ro

9 2 : - 0 :
dering of the spin sublevels, and the details of the optical101 cm arehattrlb_uted tq/sépgnd Vsi vac?nmebs. At low .
pumping process which induces the spin polarization of thé€MPerature the anisotropic spectra of carbon vacancies

. . _ 0
triplet state. Second, with regard Y, it is interesting to  Were detected together with the signals\f~ andVs;
check whether there is a site dependence ofjttensor and Figure 1a) shows cw W-band EPR spectra observed at

whether a zero-field splitting can be observed for this centef00M témperature in GH'SLC cr}/zstals irradiated by fast neu-
Preliminary results of an EPR study of the isolated silicontfons "g'th ?Zdose of 810" cm™? (1) and with a dose of
vacancies inn-irradiated 4H-SiC that solved part of these 1% 10 cm “ (2a, 2b, and 2c Spectrum 1 was recorded for
problems were presented in Ref. 18. the magnetic field parallel to the axis (Bllc). Spectra 2a, _
The studies of the carbon vacancies in SiC published sgP. and 2c were recorded for angles between the magnetic
far*'8-2have led to contradicting conclusions. The spectrafi€!d and thec axis of 5°, 55°, and 90°RL c), respectively.
reported by Itohet al® were suggested to belong to a  'here are two dominant types of EPR spectra observed in
hydrogen-related deféétwhereas the spectra observed bythe two types of crystals in Fig.(@. The central signal,
the authors of Refs. 18—20 seem to belong to the positivelynarked by the oblique solid arrow, is accompanied by a set
charged isolated carbon vacandy'. Here we present more of hyperflne lines W|th_ a splitting of 0.29 mT and an intensity
extensive results than in our previous publicatfoof an ~ ratio to the central line of about 0.3. These two hf lines
EPR study on the carbon vacancy riirradiated SiC. The correspond to the interaction with 12 equivalent Si atoms of
observed EPR spectra exhibit parameters characteristic féhe second shg,-ll. This spesctrum is attributed toVae' va-
the V¢ center. Importantly the hf structure of the 12 carbontancy withS=3 andD=0." The second EPR spectrum in-
atoms of the second shell, that can be considered as a cofficated by the double arrows is attributed to W vacancy
firmation of V¢, has been observed. In addition, the high(S=1) in the hexagonalh) and quasicubick k,) sites.

concentration o¥/¢ centers that observed imirradiated SiC ~ The horizontal bars of the same level mark the lines that
excludes its extrinsic character. belong to the same center. For 6H-SiC there are two sets of

doublets with splittings foB|Ic of about 9.0 and 1.9 mT. The
intensity of the inner doubletkg, k, siteg is two times

larger than that of the outer doublétsite). In addition there

The samples used in this study were Lely-gromtype  are unidentified lines witts=; and with an anisotropig

4H-SiC and 6H-SiC with concentrations of uncompensatedensor that are indicated by solid vertical arrows and by
nitrogen in the range £6-10" cm 3. These samples were brackets. These lines will be discussed later.
irradiated at room temperatu(®T) with neutrons with doses Figure Xb) shows cw W-band EPR spectra observed at
ranging from 1&°to 107° cm™2. No annealing treatment was room temperature in 4H-SIC crystals irradiated by fast neu-
applied. trons with a dose of X 10 cm 2. The spectra were re-
The experiments were performed at 1.2—300 K on ecorded with the magnetic field parallel and perpendicular to
home-built, pulsed EPR spectrometer operating at a microthe ¢ axis. Like in Fig. 1a) the oblique solid arrow indicates
wave frequency of 94.9 GHZ The main advantages of this the position of the central line of thés;~ vacancy 6=3)
spectrometer are the high resolution in both the EPR and th@nd the double arrows indicate the positions of the lines of
electron-nuclear double resonan@\NDOR) measurements the V&, vacancy 6=1) in different sitesh andk). For 4H-
and, owing to the split-coil configuration of the supercon-SiC there are two sets of doublets with equal intensity and
ducting magnet, the possibility to perform a complete orien-splittings of about 4.7 and 2.8 mT, respectively. The high-
tational study. The pulsed electron-spin-e¢B&B-detected gain spectrum(x20) shows the hf structure for the triplet
EPR spectra were measured using a two-pulse echo expestate VY, vacancy in 4H-SiC. One can see that the spectra
ment, in which the electron-spin-echo intensity is monitoredconsist of a central line and two satellites with a splitting of

Il. EXPERIMENT
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E FIG. 2. Angular dependences of ESE spectra observed at 94.9
- GHz in n-irradiated 4H-SiCQ(dose of 18° cm™2) at 190 K (a) and
4=V 300K 1.2 K (b). The experimental spectra are shown with steps of 12°.
. . ; , . . } The angled=0° corresponds to the magnetic field parallel to the
3354 3356 3358 axis. The theoretical angular dependences are shown only fér the

site. The open circles on the curpghown only in(a)] correspond to
the magnetic-field values of the peaks of the resonances on the
FIG. 1. () cw W-band(94.0 GH2 EPR spectra observed at 300 baseline of each spectrum. Solid lines correspond to the positions of
K in 6H-SiC crystals irradiated by fast neutrons with doses of 5the experimental EPR lines, the dashed line shows the positions of
X 10" cm~2 (spectrum 1 and of 1x 10" cm™2 (spectra 2a—2c the EPR lines that are not observable due to the low temperature.
Spectrum 1 was recorded with the magnetic field parallel tocthe The vertical double arrows indicate the positions of the lines for the
axis (Blic). Spectra 2a, 2b, and 2c were recorded with angles beVs; vacancy in theh andk sites forBlic (top of the figure and for
tween the magnetic field and tieeaxis of 5°, 55°, and 90°EL c), B.L ¢ (bottom. Some of unidentified lines of centers WE?F% and
respectively. The double vertical arrows indicate the positions of thén anisotropiq tensor are indicated by solid vertical arrows.
lines for thevgi vacancy §=1) in the hexagonalh) and quasicu-
bic (k,k,) sites. The horizontal bars connected to the double arParameters ranging from almost zero to about 508 G.
rows mark the lines that belong to the same center. The obliqud hus theD parameter cannot be directly linked to the struc-
solid arrow indicates the position of the central line of tig~ ture of the vacancy. What is more, there is a peculiarity in the
vacancy 6=32,D=0). Some of unidentified lines wits=3 and  value of theD parameters in 4H- and 6H-SiC. TBeparam-
an anisotropig tensor are indicates by solid vertical arrows and by eter for theh site in 6H-SiC is almost two times larger than
brackets(b) cw W-band(94.0 GH2 EPR spectra observed at 300 K that of 4H-SiC in spite of the fact that the axial crystal field
in 4H-SIiC crystals irradiated by fast neutrons with a dose of lin 4H-SiC is larger. Some of the unidentified lines wih
X 10'® cm™2. The spectra were recorded for the orientati@®is =1 and an anisotropig tensor are indicated by solid arrows.
andB.Lc. The double arrows indicate the positions of the lines for |t is clear that in SiC crystals irradiated at room tempera-
the_Vgi vacancy in hexagongh) and quasicubi@k) sites._The high- ture with neutrons with doses ranging from 40to
gain spectrum(xZO)_ shows thg hf structu_re with _12 Si of the_ sec- 109 cm~2 the Vg~ and Vgi vacancies are present at high
ond shell for the triplet stat¥; vacancy in 4H-SIC. The oblique ., cantrations. We believe that the triplet EPR signals in
solid arrow indicates .the pqsﬂpn of the central Ilnelof g Figs. 1a) and (b) belong to the same centers as those de-
vacancy. .Some of un'd?m.'f'ed lines Of.ceme.rs Witk z and an tected in the ODMR measurementihie sameD and the
anisotropicg tensor are indicated by solid vertical arrows. second-shell Si hf structure paramejeaad that were attrib-
about 0.3 mT and an intensity ratio to the central line ofuted to thev2, vacancy. Our first aim is to decide whether the
about 0.3. Such satellites were observed fontge vacancy observed triplet spectra belong to the ground state or to an
[Figs. (@ and(b)] and were related to the hf interaction with excited state oi/gi. To this end EPR experiments were per-
12 Si atoms. Thus the typical aspect of the EPR spectra dbrmed at very low temperatures and in complete darkness to
the silicon vacancy is the isotropic hf structure from 12 sili- exclude the possibility of a thermal or optically excited trip-
con atoms of the second shell with a splitting of about 0.3et state. Figure 2 shows the angular dependences of the
mT. In the irradiatedneutron, electron, protgr8iC samples ESE-detected EPR spectra observed at W 8A® GH2
one can detect more then 30 triplet centers with diffe@nt in n-irradiated 4H-SiC (18 cm™2) at 190 K(a) and 1.2 K

Magnetic Field (mT)
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(b). The experimental spectra are showp fqr steps of 12°. The @ 4HSIiC 300K
angle#=0° corresponds to the magnetic field parallel to the Vi(h)
c axis. The theoretical dependences are shown only fohthe ivsf(k)
position. The open circles on the curlgown only in Fig. _ "Blle
2(a)] correspond to the magnetic-field values of the peaks of é
the resonances on the baseline of each spectrum. The solid : 30°
lines correspond to the positions of the experimental EPR §
lines, and the dashed line indicates the position of the EPR g 60°
lines that are not observable due to the low temperature. The 2
vertical double arrows indicate the positions of the lines for & Bic
the V2, vacancy in thé andk sites forBI|c (top of the figure
andlforBLc (bo_ttom). Some of the u_n|d_ent|f|ed Imes_ with V(b
S=3 and an anisotropig tensor are indicated by solid ar- Vo
rows. Similar dependences of the ESE-detected EPR spectra - —
were observed for th¥2; vacancy in 6H-SiC. At 1.2 K only 33560 33563 33566 33569
one line was also observed for the triplet state of each site in .
6H-SIiC (h, k;, andk,). @)V.‘ES-SIC 12K

The triplet EPR signals are very strong at onv tempera- = s — T Ve®)
ture. Thus we conclude that we are dealing with a triplet ‘g
ground state. It should be noted that in the EPR spectra at 1.2 Je N
K the intensities of the fine-structure components differ § -
strongly due to the extreme difference in the populations of g 30
the triplet sublevels at this low temperature and the large Lg 60°
Zeeman splitting. This result allows us to decide thatEhe 2] v

0 . . . . M s() Bic

parameter of th&/g; vacancy is positive in 4H-SiC and 6H- >
SiC for all the sites. The main conclusion is that the ground , —Va(k)

state of the\/‘s’i vacancy in SiC corresponds to a triplet state. 33869 33872 33875 3387.8
In the samen-irradiated SiC crystals ESE-detected EPR
lines of other triplet centers were observed. The spectra were
observed at 1.2 K without illumination and can be described F|G. 3. (a) cw W-band(94.9 GH2 EPR spectra of th&/g”
with an axial spin Hamiltonian foB=1 with the principal  vacancy observed at 300 K in-irradiated 4H-SiC (dose of
axis along thec axis and with parameter®©=400 10'® cm2) for several orientations of the magnetic field with re-
x10 % cm ! and g=2.003. In addition less intense ESE spect to thec axis including the orientations paralleb€0°) and
spectra of triplet centers also with parameters of about perpendicular §=90°) to thec axis. The central line and two hf
400x 10 # cm™* but with the principal axes not oriented satellites are shown for theandk sites. The intensity ratio of the
along thec axis were observed at 1.2 K without illumination. central line to that of the satellites corresponds to the interaction
This spectrum seems to belong to the same type of centergth 12 silicon nuclei of the second shefb) W-band(94.9 GH2
observed by Vainer and II'thand labeled by them aB6. ESE spectra of th¥/g;” vacancy observed at 1.2 K mirradiated
These authors observed this spectrum only under illuminadH-SiC (dose of 167 cm™?) for several orientations of the mag-
tion of the sample and they suggeé[eluht it belongs to an netic field \omth respect to _the axis |nclud|ng the or_lentatlons par-
excited triplet state similar to the case of th§; vacancy. allel (9=07) and perpendicular=90°) to thec axis.
Since we observe the spectrum with similar parameters at the
very low temperature of 1.2 K without illumination we con- shell. A very small splitting is observed of the central line
clude that this center has a triplet ground state with a positivéhat is most pronounced for the magnetic field parallel to the
D parameter. Vainer and IlI'thattributed these spectra to the ¢ axis and that is caused by a small difference in the
triplet excited state of the Si-C divacancy, but recently thesevalues of theh and k sites. The spectra are slightly aniso-
spectra were assigned to the excited state to the/gpair  tropic with ag-tensor anisotropy of about 18. This anisot-
by Lingneret al? ropy is too small to be detected at X band, that is why as yet
Next, we consider the negatively charged,” vacancy. no site dependence of the EPR spectra of\tge vacancy
Here we used 95-GHz EPR to find a site dependence in th@as observed.
EPR spectra. Figure(® shows cw 95-GHz EPR spectra of  The splitting shown in Fig. @) is assumed to arise from
the Vg~ vacancy observed at 300 K mirradiated 4H-SiC  small differences in thg tensor of the quasicubic and hex-
(10* cm~?) for several orientations of the magnetic field agonal sites. The factor for thek site g (k) is found to be
with respect to the axis, including the orientations parallel isotropic withg(k) =2.0032 and the factor of theh site is
(6=0°) and perpendiculard=90°) to thec axis. The cen- found to be slightly anisotropic witlg, (h)-g(k)=0.000 04
tral line and two hf satellites are shown for thendk sites. andg, (h)-g(k)=0.00002. These differences tmfactors
The intensity ratio of the central line to the satellites corre-can be measured with a much higher precision than the ab-
sponds to the interaction with 12 silicon nuclei of the secondsolute g values due to the lack of a precise and reliaple

Magnetic Field (mT)
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marker for high-frequency EPR. The site identification has
been made assuming that a defect at the hexagonal site ex-
periences a stronger axial crystal field than a defect in the
guasicubic site. It should be noted that to detect the sign and
value of these small changes in the position of the line in
high magnetic fields we used as a marker the EPR signal of
theVg~ vacancy im-irradiated cubic 3C-SiC. In this crystal
the g tensor is assumed to be isotropic. The 3C-SiC sample
was placed in the cavity simultaneously with the hexagonal
4H-SiC sample. It was found that tlgetensors of theVg;™
vacancy in 3C-SiC and of thég;~ vacancy in the cubic site

in 4H-SIC practically coincide.

The EPR measurements at 95 GHz allows us to check the
assignment of the spin multiplicity o¥s;” and Vgi. With
regard to Vg, the 2°Si ENDOR measurements on
n-irradiated 4H-SiC by Wimbauegt al® at 9.5 GHz supply
evidence thatS=2. However, as shown in this paper the
EPR spectrum oY/~ overlaps with the strong signal of the
carbon vacancy and one cannot exclude that%i$ EN-

DOR signals at least partly belong to the carbon vacancy.
With regard tovgi the observed orientational dependence of
the two EPR lines does not prove unambiguously Sratl &10) J\F
because the strong signalgt2 of Vg may hide the cen- —
tral line of a possiblés=2 spin. In our opinion there is little 3340 3360 3380 3400

doubt about the assignment &=1 to Ve because the Magnetic Field (mT)

ODMR spectra of Sananet al,® which are characterized by

exactly the sam® values as the EPR spectra, do not show a FIG. 4. cw X-band EPR spectra observed at 40 K-iradiated
signal aroundg=2. To support the assignment 83 to  4H-SiC(dose of 18° cm™2) with the magnetic field parallé) and
Ve, S=1to Vgi and S=% to Vs~ we have measured the perpendicula(b) to thec axis. The double vertical arrows indicate
pulse length needed for the optimum echo signals in our ESEhe positions of the lines for theg; vacancy §=1) in theh site.
experiments. This pulse length is determined by the matriX he oblique solid arrgw indicates the position of the central line of
element ofS, which describes the transition between thetheVsi vacancy 6=3,D=0). The vertical solid arrows mark the
magnetic sublevels for the systems wik % 1, and%. By gentral lines of th_e carbpn vacanm_é_. ForBllc the posn_lon of this
expressingS, in terms of the raising and lowering operators line almost comcm!es wnh the p05|t|9n of the ce.ntra.tl Ilpe of we
and using the expressions given in Ref. 24 one finds immevacancy. _The vertical sqlld arrow W|th an asterisk |nd|ca_tes one of
diaely hat s mat element i the cascb 1 s afactor U2 0 158 9 e W merseion v 10 S someo e
V2 larger than forS=%. For S=2 the matrix elements are a '

1 . . asterisk, because this line is masked by the signal oitje va-
factorv3 or 2 larger than foiS=3;. We do find these ratios cancy. The high-gain spectru@x 10) shows the hf structure forc

when (?omparlng the F{U'SG Iesngthsoneeded for the Maximurgysed by the interaction with ori&Si) and with three(3Si) non-

Ele signals of theVs;™ (S=3), Vg (S=1), andVc (S equivalent Si atoms in the first shell faific and the hf interaction

=3) centers. with one Si atom in the first she{llSi) for B.Lc. At the bottom of
Figure 3b) shows W-band ESE-detected EPR spectra ob¢a) and (b) the simulated spectra are presented. The low-intensity

served at 1.2 K im-irradiated 4H-SiC (18 cm™?) for sev-  lines labeled by diamonds in the high-gain spectrumB4€ is

eral orientations of the magnetic field with respect to ¢the caused by the hf interaction with one C in the first shell of\he

axis including the magnetic field paralle€0°) and per- vacancy.

pendicular §=90°) to thec axis. The spectra are similar to

those in Fig. 8) but now they are recorded by ESE detec- Figure 4 shows the cw X-band EPR spectra observed at

tion at low temperature. A very small splitting is present at40 K in n-irradiated 4H-SiC (18 cm™?) with the magnetic

Blic similar to that in Fig. 8a) caused by the difference in field parallel(a) and perpendiculafb) to thec axis. One can

the g tensors of the quasicubic and hexagonal sites. In parsee several groups of signals, two of which were presented

ticular we could not detect any change in the position of thealready in previous figures. The double vertical arrows indi-

ESE-detected EPR lines caused by a small but finite zercsate the positions of the lines for th&; vacancy 8=1) in

field splitting. At 94.9 GHz and 1.2 K we can only observe the h site. The oblique solid arrow indicates the position of

theMg=— 2 Mg=—1 transition of thisS=2 spin system the central line of th&/g~ vacancy 6=3,D=0). In addi-

because of the large population difference of the sublevel§on new anisotropic lines, a central line accompanied by hf

which makes the experiment very sensitive to the presence structure components, are observed. The vertical solid ar-

a fine-structure splitting. We conclude that theparameter rows mark these lines which are attributed\Mtg. For Blic

must be<5x10° cm 1. the position of the central line almost coincides with the

(@ 4H-SiC |V, 40K
Bllc

ve(isy
—; x10)

EPR signal (arb. units)

V(1Si)

EPR signal (arb. units)

(x10)
J\/.
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position of the central line of thés;~ vacancy. The principal contribution of the spin-orbit COUPJL”Q to thie tensor and

values of theg tensor for the central line ag=2.0032 and  the g-tensor shiftAg;; =g;; —2.0023;

9, =2.0048. _ _ o Dij=3\Agj; , (1)
The vertical solid arrow with an asterisk indicates one of

two hf lines with a separation from the central line of aboutWhere A is the spin-orbit coupling constant. Equati¢h)

3.4 G. This separation does practically not depend on th&hereforg serves to give a rough esfimate O.f the _spm—orblt
. . S contribution to the observed valuesDf The spin-orbit cou-
orientation. ForBlic this line is almost not observable be-

cause of the overlap with the signal of thg,” vacancy. The 'i“;g m_tP EGCFE" rb(?dr: ?;Ob'tal OWsi anqtr\]/ SSI— 1|str:akert1 ask

position of the second line is indicated only by an asterisk, cm - For IeVg; vacancy wi e €g tensor

because this line is masked by the signal of thg va- was fo(ur)]d to be |sotr(§)p4|c, |.e|igu—th|<|10 and altlzcord-
. . . ing to (1) D<1.45x10 " cm™*. This value is small com-

cancy. The intensity ratio of the hf component to the Central ' -~

line |)'/5 about 0.07.yThis hf componentpis assumed to aris ared to the observed zero-field splitting parametéor the

¢ the hf interacti ith 12 C at tth d shell andk sites in 4H-SiC and 6H-SiC and thus we conclude
rom the ht interaction wi atoms ot the second Shellyat in the case o2, the main contribution t® is caused by

This is. considered as an argument thqt this spectrum belongﬁe dipole-dipole interaction. For thég~ it was found that
to the isolated carbon vacancy. The simulated spectra for th —g, =2x10"5 and according tq1) we predictD=2.9

hf interaction with 12 equivalent C atoms are presented a 10 4 cm™ . Experimentally it was found thd is smaller
the bottom of Figs. @) and(b). The value of the hf interac- than the IineWidth of about 0.5 G or 0BL0" 4 cm~L. This

tion used for the simulation was 6.4 G. difference may be partly caused by the reduction of the ef-
The high-gain spectrur<10) shows the hf structure for fective spin-orbit coupling parametex from its atomic

V¢ due to the interaction with on@Si) and with threg3S)  ygJye.

nonequivalent Si atoms in the first shell #lic, and the hf As demonstrated above the two types of vacancies in SiC,

interaction with one Si atom in the first shellSj) for BLc. Vg and V., have different properties. The same difference

The high-gain spectrum shows the hf structure with oneshould apply to the behavior of divacanciés chains of

(64.2-G splitting and three(38.6-G splitting nonequivalent  vacancies of various lengthim SiC. In the carbon-site diva-

Si atoms in the first shell. Further the hf interaction with onecancy the Si-dangling bonds around each carbon vacancy are

Si (44.2-G splitting in the first shell forBL c is observable. rather extended and therefore one may expect, like in the

The lines caused by hf interaction with the other three Scase of the divacancy in silicdd,that in addition to the

atoms that are not equivalent are not resolved and ar@nisotropy associated with the vacancy-vacancy direction in

masked by the wings of thés;~ line and the signals df'gi- the lattice, an additional distortion will be present caused by

The assignment of the hf lines is marked in the figure. At thdhe Jahn-Teller effect. Watkins and CorBetbserved a low-
bottom the simulated spectra are presented with the intensi§Pin 9round state witls=3 for both singly positive and

of the hf lines multiplied by 10. The intensity of the observed ingly negative charge states of the d'V"’PC""“CV in silicon. The
hf signals for the interaction with three Si atoms are less theﬁ)bservatlolns were 3x;?lla|[|1_eﬁ b)é_assu_mlngf t?]e presencde' of a
those simulated because of small misorientations of the cryﬁz?crgeitr:y;)zﬁintggg;nnéneerg; \I/?;O;g(r)rgguiotneo?uorlgr%ir;lilgg
tal Wh'(.:h resul_t n a_broadenmg of the hf I|r_1es. i ¢ only bonds between neighboring Si atoms. In contrast, the dan-
the hf interaction with one Si atom was simulated.

> ; ; . gling bonds around the silicon vacancy are strongly localized

~Theg tensor and hf splitting for the interaction with four a4 1he neighboring C atoms and the single negatively charged
Si atoms in the first shell are almost identical to the params;jicon vacanc§ shows no symmetry lowering and behaves
eters which were described by Satal™ and Bratus' |ike the negatively charged vacancy in diamond where a
et al?° for electron-irradiated 4H-SiC crystals and that Werehigh-spin, orbital singlet state occurs.Similar high-spin
attributed by these authors to a carbon-vacancy-related d@onfigurations(with S=1 andS=2) were observed for di-
fect. For the isolated carbon vacancy, as it was mentioned, aggcancies and chains of vacancies of various lengths in
additional hf structure is observed owing to the interactiongiamond?® The zero-field splitting parametedd was ex-
with 12 carbon atoms in the second shell. We consider thig|ained by assuming direct dipole-dipole interaction between
result as a confirmation to assign this EPR spectrum to thgjstant carbon vacancies. The same situation seems to be
isolated carbon vacancy which we speculate to be in thgresent for silicon divacancies in SiC where many triplet
positive charge stateVc"). The low intensity lines labeled states for divacancies were obser’iddbecause high-spin
by diamonds in the high-gain spectrumifc [Fig. 4a)] are  states give rise to the lowest total energies. The silicon-
caused by the hf interaction with one C in the first shell ofcarbon divacancy which was observed in $iRefs. 3 and %
the Vg~ vacancy. The intensities of the EPR spec#§,  has also a triplet ground state but in this case the situation is
Vi, andV¢ are comparable and almost proportional to thenot so clear. Thus one should expect that together with a
irradiation dose. Thus we conclude that these three spectfarge variety of divacancies witb=1 many EPR spectra
belong to intrinsic defects. with S= 3 should be observable that could be connected with

To evaluate the contributions to the fine-structure paramearbon divacancies or more complicated carbon-vacancy-
etersD for Vg, and Vs~ we consider the magnetic dipole- related defects. Unfortunately, in this case all the lines are
dipole interaction between the electron spins and the spirelose tog=2 and the only hope to separate them is by using
orbit interaction. There is a simple relation between thehigh-frequency EPR techniques.
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been extensive discussions about the electronic structure of
3E{ the (N-V) defect and its charge state®?It is now generally
believed that the charge state iN-{V)~ and that there are

~ 1
! A six valence electrons. From the similarity with th&; va-
/ cancy it is clear that the same energy-level scheme can be
Ll realized with four valence electrons. Thus it is not excluded
¥ ¥ that (N-V)* with a configuration isoelectronic wgi ex-

plains the electronic properties of thBl{V) defect. Such a
four-electron configuration looks more natural and seems to
be consistent with all the experimental data.

A TERETID-0

IV. CONCLUSION

FIG. 5. Suggested energy-level scheme of\‘/fgevacancy in . . .
SiC. The double line of the upper sublevels for f#feand 3E states EPR and ESE studies show that the isolated vacancies

indicates that these levels are doubly degenerate. FoPBhstate  Vsi V¢, andV (most probably the charge stateg™) are

only the lower three levels are indicated. The populations of thdhe dominant intrinsic paramagnetic defects generated by
ground-state energy levels under optical pumping are indicated bgeutron irradiation of SiC to doses up to'1@m 2. The
different numbers of filled circles. The population of the metastablehigh concentrations of these defects, that are almost propor-
level 1A is indicated by an open circle to show that its population istional to the irradiation dose, support the contention that all
much higher than the population of tAE levels. The radiative and spectra belong to intrinsic defects. The simultaneous obser-
nonradiative transitions are indicated by solid and dashed linesyation of all these defects in high-dosérradiated SiC crys-
respectively. tals shows that the energy-level positions of these defects pin
the Fermi level near the middle of the band gap of SiC. This
finding is a confirmation of the suggestion that the two
charge states of the silicon vacancy that are observed by EPR
are separated by one unit of charge.

In Fig. 5 a possible energy-level scheme of ¥g va-
cancy in SiC is presented. TH&\ ground state, théE ex-

cited stqte and the “metastablé’A state are |nd|gated. The The W-band EPR spectra observed in complete darkness
double line of the upper sublevels for tiA and 3E states
and at the very low temperature of 1.2 K show that the

indicates that these levels are doubly degenerate. Because ot

O . . . g
the orbital degeneracy thtE excited state has a complicated ground state oWg; is a triplet state. The zero-flgld splitting
structure where spin-orbit, crystal-field, and spin-spin interParameter are found to be positive. A possible energy-

actions as well as strain in the crystal play a role. For thiéeveI scheme and optical-pumping process which induces the

reason only the lower three levels are indicated. The popula2PIn Polarization of the ground triplet state of the; va-
tions of the energy levels of the ground state under opticaf@"Cy in SiC is presented. This scheme is similar to that for
pumping are indicated by different numbers of filled circles.th® well-known (-V) defect in diamond. We suggest that
The population of the “metastable” levéiA is indicated by ~ the dominant N-V) defec+t in diamond may correspond to a
an open circle to show that its population is higher than the?0Sitively chagged N-V)" state, iso-electronic to the iso-
population of the3E levels. The radiative and nonradiative lated neutraVg; vacancy. _ _ o
transitions are indicated by solid and dashed lines, respec- N the EPR spectra ¢fg;~ in 4H-SIiC an anisotropic split-
tively. ting of the EPR lines is observed. This splitting is assumed to
The main difference between this scheme and the diad@fise from small differences in theetensor of the quasicubic
grams considered in earlier papet lies in the assign- (k) and hexagonah) sites. Theg tensor for thek siteg (k) is
ments of triplet spin character to the ground- and excitedound to be isotropic witlg(k) =2.0032 and the tensor of
state manifold. The EPR spectrum exhibits spin polarizatiorihe h site is found to be slightly anisotropic wit; (h)
(non-Boltzmann distribution of the populatiofisn the illu-  =9(k)+0.000 04 andy, (h)=g(k)+0.00002. Pulsed EPR
minated samples, indicating optical pumping among the spifineasurements at 95 GHz confirm that the spin multiplicity of
sublevels of the triplet ground state. This observed spin poVsi iS S=3 in agreement with the results of ENDOR
larization can be explained either by a rotation of the spinmeasurementsand thatS=1 for V. The fine-structurd
axes in the excited triplet state or via intersystem crossingarameter folg;~ is close to zeroD<0.5x10 % cm™?).
via a metastable singlet state as indicated in Fig. 5. The fact Anisotropic EPR spectra witls=; that are related to
that no Zeeman shift or splitting was observed in the opticatarbon vacancies were also observednirradiated SiC
experiments of Wagneet al!° can also be explained with crystals. The hf interaction with the first shell of Si atoms is
the scheme of Fig. 5. This effect is absent when the Zeemaalmost identical to that observed in electron-irradiated SiC
splitting in the triplet ground state and excited triplet statecrystals. The additional 6.8-G hf structure with 12 carbon
are similar as is the case if thg factors are close tgg  atoms in the second shell that is presented in this paper can
=2.0 within about 10%. The energy-level scheme presentetie considered as a confirmation for the isolated carbon-
in Fig. 5 is similar to the scheme for the nitrogen-vacancyvacancy model. The charge state of the carbon vacancy
(N-V) defect in diamond®3°Here it was finally established seems to b& ¢, but one cannot exclude the possibility of a
that the ground state is also a triplet state. There have alstegative charge state.
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