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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-resonance~EPR! and electron-spin-echo~ESE! studies have been performed that
show that isolatedVSi

2, VSi
0 , andVC vacancies are the dominant intrinsic paramagnetic defects in SiC treated

by room-temperature neutron irradiation with doses up to 1019 cm22. 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 state ofVSi

0 corresponds toS51 and
that the zero-field splitting parameterD is positive. A possible energy-level scheme and optical pumping
process which induces the spin polarization of the ground triplet state of theVSi

0 vacancy in SiC is presented.
In the EPR spectra ofVSi

2 in 4H-SiC an anisotropic splitting of the EPR lines is observed. This splitting is
assumed to arise from small differences in theg tensor of the quasicubic~k! and hexagonal~h! sites. Aniso-
tropic EPR spectra withS5

1
2 that are related to the carbon vacancy have also been observed in then-irradiated

SiC crystals. The hyperfine~hf! 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.

DOI: 10.1103/PhysRevB.67.125207 PACS number~s!: 71.55.2i, 61.72.Ww
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I. INTRODUCTION

Silicon carbide~SiC! is a promising wide band-gap sem
conductor for applications in high-frequency, hig
temperature, high-power, and radiation-resistant electro
devices. The main doping method is by ion implantation
cause very high temperatures are needed for doping of
by diffusion. The ionic implantation produces unwant
damages in the SiC lattice that are difficult to repair, beca
some defects remain even after a 2000 °C anneal. There
the investigation of the radiation defects in SiC is of gre
importance also in view of the potential application of Si
based devices for operation in radiation surroundings.

The primary defects that can be produced in binary co
pound SiC are vacancies, interstitials, and antisites. In c
trast to silicon1 the primary defects in SiC seem to be stab
at, and even far above, room temperature. These prim
defects are present at the various sites in the different p
types that arise from differences in the stacking sequenc
the Si and C layers. The hexagonal 4H and 6H polytypes
the most common and most appropriate for applications
4H-SiC two nonequivalent crystallographic positions ex
one hexagonal and one quasicubic site, calledh and k, re-
spectively. In 6H-SiC three nonequivalent positions a
formed, one hexagonal and two quasicubic ones, calleh,
k1 , andk2 .

Two important experimental tools for the identificatio
and study of the defects in SiC are electron-paramagn
resonance~EPR! and optically detected magnetic resonan
~ODMR!.2–12 EPR investigations have revealed the prese
of only two charge states of the Si vacancy.5,6,8–11Very so-
phisticated EPR investigations also show the existence
Si-related Frenkel pairs in SiC.12 The identification of carbon
vacancies is presently still under debate.
0163-1829/2003/67~12!/125207~8!/$20.00 67 1252
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The dominant EPR spectrum with an isotropicg factor
g52.0032, that can be observed in electron-, neutron-
proton-irradiated SiC crystals up to room temperature, w
attributed to the negatively charged isolated silicon vaca
VSi

2 with S5 3
2 .5,6,8,11The anisotropic hyperfine~hf! struc-

ture caused by the interaction with the four nearest-neigh
carbon atoms~the first shell! and the almost isotropic hyper
fine structure caused by the interaction with 12 next-near
neighbor silicon atoms~the second shell! were observed in
the EPR spectra. No site dependence was detected forVSi

2.
The experimental results are supported by theoret
calculations5,8 that predict that the ground state ofVSi

2 cor-
responds to a high-spin configuration withS5 3

2 .
The second type of EPR spectra, observed by sev

groups,4,7,9–11 is a triplet center (S51) with an isotropicg
factorg52.0032 and a site-dependent zero-field splitting p
rameterD. In Refs. 7, 9, and 10 these spectra were detec
by ODMR by monitoring the zero-phonon lines~ZPL’s! at
1.438~labeledV1) and 1.352 eV (V2) in 4H-SiC and 1.433
(V1), 1.398 (V2), and 1.368 eV (V3) in 6H-SiC. The num-
ber of ZPL’s corresponds to the number of inequivalent l
tice sites in these polytypes. The authors of Refs. 9 and
were the first to attribute these EPR spectra to the neu
isolated Si vacancy (VSi

0 ). This assignment was based on t
observed characteristic hf structure with the 12 Si atoms
the second shell that resembled the hf structure for the n
tively charged isolated silicon vacancyVSi

2. Further support
for this assignment was supplied later by the observation
the hf interaction with the four nearest carbon atoms.13 For
4H-SiC the zero-field splitting parameterD was found to be
2231024 cm21 and 1331024 cm21 for the h (ZPL V2)
and k (V1) sites, respectively. For 6H-SiCD542.8
31024 cm21 and 931024 cm21 for the h (V2) andk sites
©2003 The American Physical Society07-1
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(V1, V2 lines; the two sitesk1 andk2 were not resolved by
EPR!. The site identification was made by assuming tha
defect at a hexagonal site experiences a stronger axial cr
field than a defect on a quasicubic site and that conseque
the zero-field splitting for the hexagonal site is larger th
that for the quasicubic site.

In the case ofVSi
0 there exist two opposite points of view

concerning the spin multiplicity of the ground state. Bas
on experimental studies either a singlet4,9,10 or a triplet11

ground state was suggested. This problem has been the
ject of several theoretical studies and a ground state witS
50,14,15 as well asS51,16,17 has been predicted.

It is clear that more experimental information is needed
solve the problems concerning the silicon vacancies in S
First, it is of importance to confirm which spin multiplicit
corresponds to the ground state of the neutral isolated sil
vacancyVSi

0 . Moreover, it would be attractive to determin
the sign of the zero-field splitting parameterD, i.e., the or-
dering of the spin sublevels, and the details of the opt
pumping process which induces the spin polarization of
triplet state. Second, with regard toVSi

2, it is interesting to
check whether there is a site dependence of theg tensor and
whether a zero-field splitting can be observed for this cen
Preliminary results of an EPR study of the isolated silic
vacancies inn-irradiated 4H-SiC that solved part of thes
problems were presented in Ref. 18.

The studies of the carbon vacancies in SiC published
far5,18–20have led to contradicting conclusions. The spec
reported by Itohet al.5 were suggested to belong to
hydrogen-related defect19 whereas the spectra observed
the authors of Refs. 18–20 seem to belong to the positiv
charged isolated carbon vacancyVC

1. Here we present more
extensive results than in our previous publication20 of an
EPR study on the carbon vacancy inn-irradiated SiC. The
observed EPR spectra exhibit parameters characteristic
the VC center. Importantly the hf structure of the 12 carb
atoms of the second shell, that can be considered as a
firmation of VC, has been observed. In addition, the hi
concentration ofVC centers that observed inn-irradiated SiC
excludes its extrinsic character.

II. EXPERIMENT

The samples used in this study were Lely-grownn-type
4H-SiC and 6H-SiC with concentrations of uncompensa
nitrogen in the range 1016– 1017 cm23. These samples wer
irradiated at room temperature~RT! with neutrons with doses
ranging from 1015 to 1020 cm22. No annealing treatment wa
applied.

The experiments were performed at 1.2–300 K on
home-built, pulsed EPR spectrometer operating at a mi
wave frequency of 94.9 GHz.21 The main advantages of thi
spectrometer are the high resolution in both the EPR and
electron-nuclear double resonance~ENDOR! measurements
and, owing to the split-coil configuration of the superco
ducting magnet, the possibility to perform a complete orie
tational study. The pulsed electron-spin-echo~ESE!-detected
EPR spectra were measured using a two-pulse echo ex
ment, in which the electron-spin-echo intensity is monitor
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as a function of the magnetic field. EPR measurements w
also performed on Bruker-680 X-band~9.4 GHz! and
W-band ~94.9 GHz! continuous wave~cw! EPR spectrom-
eters.

The samples, in the shape of platelets, had dimensio
about 33430.4 mm3 for X-band and sizes of 0.330.4
30.5 mm3 for W-band EPR experiments. The samples we
oriented for rotation in the$11-20% plane. All calculations
were made using the computer packageVISUAL EPR written
by Grachev, which performs numerical diagonalization of t
spin Hamiltonian matrix.22

III. RESULTS AND DISCUSSION

Several EPR and ESE spectra were detected in neut
irradiated 4H- and 6H-SiC crystals. The dominant spectra
300 K that could be observed for doses ranging from 1015 to
1019 cm22 are attributed toVSi

2 andVSi
0 vacancies. At low

temperature the anisotropic EPR spectra of carbon vacan
were detected together with the signals ofVSi

2 andVSi
0 .

Figure 1~a! shows cw W-band EPR spectra observed
room temperature in 6H-SiC crystals irradiated by fast n
trons with a dose of 531015 cm22 ~1! and with a dose of
131019 cm22 ~2a, 2b, and 2c!. Spectrum 1 was recorded fo
the magnetic field parallel to thec axis (Bic). Spectra 2a,
2b, and 2c were recorded for angles between the magn
field and thec axis of 5°, 55°, and 90° (B'c), respectively.

There are two dominant types of EPR spectra observe
the two types of crystals in Fig. 1~a!. The central signal,
marked by the oblique solid arrow, is accompanied by a
of hyperfine lines with a splitting of 0.29 mT and an intens
ratio to the central line of about 0.3. These two hf lin
correspond to the interaction with 12 equivalent Si atoms
the second shell. This spectrum is attributed to theVSi

2 va-
cancy withS5 3

2 andD50.8 The second EPR spectrum in
dicated by the double arrows is attributed to theVSi

0 vacancy
(S51) in the hexagonal~h! and quasicubic (k1 ,k2) sites.
The horizontal bars of the same level mark the lines t
belong to the same center. For 6H-SiC there are two set
doublets with splittings forBic of about 9.0 and 1.9 mT. The
intensity of the inner doublet (k1 , k2 sites! is two times
larger than that of the outer doublet~h site!. In addition there
are unidentified lines withS5 1

2 and with an anisotropicg
tensor that are indicated by solid vertical arrows and
brackets. These lines will be discussed later.

Figure 1~b! shows cw W-band EPR spectra observed
room temperature in 4H-SiC crystals irradiated by fast n
trons with a dose of 131018 cm22. The spectra were re
corded with the magnetic field parallel and perpendicular
thec axis. Like in Fig. 1~a! the oblique solid arrow indicate
the position of the central line of theVSi

2 vacancy (S5 3
2 )

and the double arrows indicate the positions of the lines
the VSi

0 vacancy (S51) in different sites~h andk!. For 4H-
SiC there are two sets of doublets with equal intensity a
splittings of about 4.7 and 2.8 mT, respectively. The hig
gain spectrum~320! shows the hf structure for the triple
stateVSi

0 vacancy in 4H-SiC. One can see that the spec
consist of a central line and two satellites with a splitting
7-2
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about 0.3 mT and an intensity ratio to the central line
about 0.3. Such satellites were observed for theVSi

2 vacancy
@Figs. 1~a! and~b!# and were related to the hf interaction wi
12 Si atoms. Thus the typical aspect of the EPR spectr
the silicon vacancy is the isotropic hf structure from 12 s
con atoms of the second shell with a splitting of about
mT. In the irradiated~neutron, electron, proton! SiC samples
one can detect more then 30 triplet centers with differenD

FIG. 1. ~a! cw W-band~94.0 GHz! EPR spectra observed at 30
K in 6H-SiC crystals irradiated by fast neutrons with doses o
31015 cm22 ~spectrum 1! and of 131019 cm22 ~spectra 2a–2c!.
Spectrum 1 was recorded with the magnetic field parallel to thc
axis (Bic). Spectra 2a, 2b, and 2c were recorded with angles
tween the magnetic field and thec axis of 5°, 55°, and 90° (B'c),
respectively. The double vertical arrows indicate the positions of
lines for theVSi

0 vacancy (S51) in the hexagonal~h! and quasicu-
bic (k1 ,k2) sites. The horizontal bars connected to the double
rows mark the lines that belong to the same center. The obl
solid arrow indicates the position of the central line of theVSi

2

vacancy (S5
3
2 ,D>0). Some of unidentified lines withS5

1
2 and

an anisotropicg tensor are indicates by solid vertical arrows and
brackets.~b! cw W-band~94.0 GHz! EPR spectra observed at 300
in 4H-SiC crystals irradiated by fast neutrons with a dose o
31018 cm22. The spectra were recorded for the orientationsBic
andB'c. The double arrows indicate the positions of the lines
theVSi

0 vacancy in hexagonal~h! and quasicubic~k! sites. The high-
gain spectrum~320! shows the hf structure with 12 Si of the se
ond shell for the triplet stateVSi

0 vacancy in 4H-SiC. The oblique
solid arrow indicates the position of the central line of theVSi

2

vacancy. Some of unidentified lines of centers withS5
1
2 and an

anisotropicg tensor are indicated by solid vertical arrows.
12520
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parameters ranging from almost zero to about 500 G2–4

Thus theD parameter cannot be directly linked to the stru
ture of the vacancy. What is more, there is a peculiarity in
value of theD parameters in 4H- and 6H-SiC. TheD param-
eter for theh site in 6H-SiC is almost two times larger tha
that of 4H-SiC in spite of the fact that the axial crystal fie
in 4H-SiC is larger. Some of the unidentified lines withS
5 1

2 and an anisotropicg tensor are indicated by solid arrow
It is clear that in SiC crystals irradiated at room tempe

ture with neutrons with doses ranging from 1015 to
1019 cm22 the VSi

2 and VSi
0 vacancies are present at hig

concentrations. We believe that the triplet EPR signals
Figs. 1~a! and ~b! belong to the same centers as those
tected in the ODMR measurements~the sameD and the
second-shell Si hf structure parameters! and that were attrib-
uted to theVSi

0 vacancy. Our first aim is to decide whether th
observed triplet spectra belong to the ground state or to
excited state ofVSi

0 . To this end EPR experiments were pe
formed at very low temperatures and in complete darknes
exclude the possibility of a thermal or optically excited tri
let state. Figure 2 shows the angular dependences of
ESE-detected EPR spectra observed at W band~94.9 GHz!
in n-irradiated 4H-SiC (1018 cm22) at 190 K ~a! and 1.2 K

e-

e

r-
e

r

FIG. 2. Angular dependences of ESE spectra observed at
GHz in n-irradiated 4H-SiC~dose of 1018 cm22) at 190 K ~a! and
1.2 K ~b!. The experimental spectra are shown with steps of 1
The angleu50° corresponds to the magnetic field parallel to thec
axis. The theoretical angular dependences are shown only for th
site. The open circles on the curve@shown only in~a!# correspond to
the magnetic-field values of the peaks of the resonances on
baseline of each spectrum. Solid lines correspond to the position
the experimental EPR lines, the dashed line shows the position
the EPR lines that are not observable due to the low tempera
The vertical double arrows indicate the positions of the lines for
VSi

0 vacancy in theh andk sites forBic ~top of the figure! and for
B'c ~bottom!. Some of unidentified lines of centers withS5

1
2 and

an anisotropicg tensor are indicated by solid vertical arrows.
7-3
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~b!. The experimental spectra are shown for steps of 12°.
angleu50° corresponds to the magnetic field parallel to t
c axis. The theoretical dependences are shown only for thh
position. The open circles on the curve@shown only in Fig.
2~a!# correspond to the magnetic-field values of the peaks
the resonances on the baseline of each spectrum. The
lines correspond to the positions of the experimental E
lines, and the dashed line indicates the position of the E
lines that are not observable due to the low temperature.
vertical double arrows indicate the positions of the lines
theVSi

0 vacancy in theh andk sites forBic ~top of the figure!
and for B'c ~bottom!. Some of the unidentified lines with
S5 1

2 and an anisotropicg tensor are indicated by solid a
rows. Similar dependences of the ESE-detected EPR sp
were observed for theVSi

0 vacancy in 6H-SiC. At 1.2 K only
one line was also observed for the triplet state of each sit
6H-SiC ~h, k1 , andk2).

The triplet EPR signals are very strong at low tempe
ture. Thus we conclude that we are dealing with a trip
ground state. It should be noted that in the EPR spectra a
K the intensities of the fine-structure components dif
strongly due to the extreme difference in the populations
the triplet sublevels at this low temperature and the la
Zeeman splitting. This result allows us to decide that theD
parameter of theVSi

0 vacancy is positive in 4H-SiC and 6H
SiC for all the sites. The main conclusion is that the grou
state of theVSi

0 vacancy in SiC corresponds to a triplet sta
In the samen-irradiated SiC crystals ESE-detected EP

lines of other triplet centers were observed. The spectra w
observed at 1.2 K without illumination and can be describ
with an axial spin Hamiltonian forS51 with the principal
axis along the c axis and with parametersD>400
31024 cm21 and g52.003. In addition less intense ES
spectra of triplet centers also withD parameters of abou
40031024 cm21 but with the principal axes not oriente
along thec axis were observed at 1.2 K without illuminatio
This spectrum seems to belong to the same type of cen
observed by Vainer and Il’in4 and labeled by them asP6.
These authors observed this spectrum only under illum
tion of the sample and they suggested4 that it belongs to an
excited triplet state similar to the case of theVSi

0 vacancy.
Since we observe the spectrum with similar parameters a
very low temperature of 1.2 K without illumination we con
clude that this center has a triplet ground state with a posi
D parameter. Vainer and Il’in4 attributed these spectra to th
triplet excited state of the Si-C divacancy, but recently th
spectra were assigned to the excited state to the CSi-VC pair
by Lingneret al.23

Next, we consider the negatively chargedVSi
2 vacancy.

Here we used 95-GHz EPR to find a site dependence in
EPR spectra. Figure 3~a! shows cw 95-GHz EPR spectra o
the VSi

2 vacancy observed at 300 K inn-irradiated 4H-SiC
(1018 cm22) for several orientations of the magnetic fie
with respect to thec axis, including the orientations paralle
(u50°) and perpendicular (u590°) to thec axis. The cen-
tral line and two hf satellites are shown for theh andk sites.
The intensity ratio of the central line to the satellites cor
sponds to the interaction with 12 silicon nuclei of the seco
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shell. A very small splitting is observed of the central lin
that is most pronounced for the magnetic field parallel to
c axis and that is caused by a small difference in thegi

values of theh and k sites. The spectra are slightly anis
tropic with ag-tensor anisotropy of about 1025. This anisot-
ropy is too small to be detected at X band, that is why as
no site dependence of the EPR spectra of theVSi

2 vacancy
was observed.

The splitting shown in Fig. 3~a! is assumed to arise from
small differences in theg tensor of the quasicubic and hex
agonal sites. Theg factor for thek site g ~k! is found to be
isotropic withg(k)52.0032 and theg factor of theh site is
found to be slightly anisotropic withgi (h)-g(k)50.000 04
and g' (h)-g(k)50.000 02. These differences ing factors
can be measured with a much higher precision than the
soluteg values due to the lack of a precise and reliableg

FIG. 3. ~a! cw W-band ~94.9 GHz! EPR spectra of theVSi
2

vacancy observed at 300 K inn-irradiated 4H-SiC ~dose of
1018 cm22) for several orientations of the magnetic field with r
spect to thec axis including the orientations parallel (u50°) and
perpendicular (u590°) to thec axis. The central line and two h
satellites are shown for theh andk sites. The intensity ratio of the
central line to that of the satellites corresponds to the interac
with 12 silicon nuclei of the second shell.~b! W-band~94.9 GHz!
ESE spectra of theVSi

2 vacancy observed at 1.2 K inn-irradiated
4H-SiC ~dose of 1018 cm22) for several orientations of the mag
netic field with respect to thec axis including the orientations par
allel (u50°) and perpendicular (u590°) to thec axis.
7-4
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marker for high-frequency EPR. The site identification h
been made assuming that a defect at the hexagonal site
periences a stronger axial crystal field than a defect in
quasicubic site. It should be noted that to detect the sign
value of these small changes in the position of the line
high magnetic fields we used as a marker the EPR signa
theVSi

2 vacancy inn-irradiated cubic 3C-SiC. In this crysta
the g tensor is assumed to be isotropic. The 3C-SiC sam
was placed in the cavity simultaneously with the hexago
4H-SiC sample. It was found that theg tensors of theVSi

2

vacancy in 3C-SiC and of theVSi
2 vacancy in the cubic site

in 4H-SiC practically coincide.
The EPR measurements at 95 GHz allows us to check

assignment of the spin multiplicity ofVSi
2 and VSi

0 . With
regard to VSi

2, the 29Si ENDOR measurements o
n-irradiated 4H-SiC by Wimbaueret al.8 at 9.5 GHz supply
evidence thatS5 3

2 . However, as shown in this paper th
EPR spectrum ofVSi

2 overlaps with the strong signal of th
carbon vacancy and one cannot exclude that the29Si EN-
DOR signals at least partly belong to the carbon vacan
With regard toVSi

0 the observed orientational dependence
the two EPR lines does not prove unambiguously thatS51
because the strong signal atg52 of VSi

2 may hide the cen-
tral line of a possibleS5 3

2 spin. In our opinion there is little
doubt about the assignment ofS51 to VSi

0 because the
ODMR spectra of So¨rmanet al.,9 which are characterized b
exactly the sameD values as the EPR spectra, do not show
signal aroundg52. To support the assignment ofS5 1

2 to
VC, S51 to VSi

0 and S5 3
2 to VSi

2 we have measured th
pulse length needed for the optimum echo signals in our E
experiments. This pulse length is determined by the ma
element ofSx which describes the transition between t
magnetic sublevels for the systems withS5 1

2 , 1, and3
2. By

expressingSx in terms of the raising and lowering operato
and using the expressions given in Ref. 24 one finds im
diately that this matrix element in the case ofS51 is a factor
& larger than forS5 1

2 . For S5 3
2 the matrix elements are

factor) or 2 larger than forS5 1
2 . We do find these ratios

when comparing the pulse lengths needed for the maxim
ESE signals of theVSi

2 (S5 3
2 ), VSi

0 (S51), and VC (S
5 1

2 ) centers.
Figure 3~b! shows W-band ESE-detected EPR spectra

served at 1.2 K inn-irradiated 4H-SiC (1018 cm22) for sev-
eral orientations of the magnetic field with respect to thc
axis including the magnetic field parallel (u50°) and per-
pendicular (u590°) to thec axis. The spectra are similar t
those in Fig. 3~a! but now they are recorded by ESE dete
tion at low temperature. A very small splitting is present
Bic similar to that in Fig. 3~a! caused by the difference i
the g tensors of the quasicubic and hexagonal sites. In
ticular we could not detect any change in the position of
ESE-detected EPR lines caused by a small but finite z
field splitting. At 94.9 GHz and 1.2 K we can only obser
the MS52 3

2 ↔MS52 1
2 transition of thisS5 3

2 spin system
because of the large population difference of the suble
which makes the experiment very sensitive to the presenc
a fine-structure splitting. We conclude that theD parameter
must be,531025 cm21.
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Figure 4 shows the cw X-band EPR spectra observe
40 K in n-irradiated 4H-SiC (1018 cm22) with the magnetic
field parallel~a! and perpendicular~b! to thec axis. One can
see several groups of signals, two of which were presen
already in previous figures. The double vertical arrows in
cate the positions of the lines for theVSi

0 vacancy (S51) in
the h site. The oblique solid arrow indicates the position
the central line of theVSi

2 vacancy (S5 3
2 ,D>0). In addi-

tion new anisotropic lines, a central line accompanied by
structure components, are observed. The vertical solid
rows mark these lines which are attributed toVC. For Bic
the position of the central line almost coincides with t

FIG. 4. cw X-band EPR spectra observed at 40 K inn-irradiated
4H-SiC~dose of 1018 cm22) with the magnetic field parallel~a! and
perpendicular~b! to thec axis. The double vertical arrows indicat
the positions of the lines for theVSi

0 vacancy (S51) in theh site.
The oblique solid arrow indicates the position of the central line
theVSi

2 vacancy (S5
3
2 ,D>0). The vertical solid arrows mark the

central lines of the carbon vacancyVC . ForBic the position of this
line almost coincides with the position of the central line of theVSi

0

vacancy. The vertical solid arrow with an asterisk indicates one
the two lines of the hf interaction with 12 C atoms~12C! in the
second shell. The position of the second line is indicated only by
asterisk, because this line is masked by the signal of theVSi

2 va-
cancy. The high-gain spectrum~310! shows the hf structure forVC

caused by the interaction with one~1Si! and with three~3Si! non-
equivalent Si atoms in the first shell forBic and the hf interaction
with one Si atom in the first shell~1Si! for B'c. At the bottom of
~a! and ~b! the simulated spectra are presented. The low-inten
lines labeled by diamonds in the high-gain spectrum ofBic is
caused by the hf interaction with one C in the first shell of theVSi

2

vacancy.
7-5
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position of the central line of theVSi
2 vacancy. The principa

values of theg tensor for the central line aregi52.0032 and
g'52.0048.

The vertical solid arrow with an asterisk indicates one
two hf lines with a separation from the central line of abo
3.4 G. This separation does practically not depend on
orientation. ForBic this line is almost not observable be
cause of the overlap with the signal of theVSi

2 vacancy. The
position of the second line is indicated only by an asteri
because this line is masked by the signal of theVSi

2 va-
cancy. The intensity ratio of the hf component to the cen
line is about 0.07. This hf component is assumed to a
from the hf interaction with 12 C atoms of the second sh
This is considered as an argument that this spectrum bel
to the isolated carbon vacancy. The simulated spectra for
hf interaction with 12 equivalent C atoms are presented
the bottom of Figs. 4~a! and~b!. The value of the hf interac
tion used for the simulation was 6.4 G.

The high-gain spectrum~310! shows the hf structure fo
VC due to the interaction with one~1Si! and with three~3Si!
nonequivalent Si atoms in the first shell forBic, and the hf
interaction with one Si atom in the first shell~1Si! for B'c.
The high-gain spectrum shows the hf structure with o
~64.2-G splitting! and three~38.6-G splitting! nonequivalent
Si atoms in the first shell. Further the hf interaction with o
Si ~44.2-G splitting! in the first shell forB'c is observable.
The lines caused by hf interaction with the other three
atoms that are not equivalent are not resolved and
masked by the wings of theVSi

2 line and the signals ofVSi
0 .

The assignment of the hf lines is marked in the figure. At
bottom the simulated spectra are presented with the inten
of the hf lines multiplied by 10. The intensity of the observ
hf signals for the interaction with three Si atoms are less t
those simulated because of small misorientations of the c
tal which result in a broadening of the hf lines. ForB'c only
the hf interaction with one Si atom was simulated.

The g tensor and hf splitting for the interaction with fou
Si atoms in the first shell are almost identical to the para
eters which were described by Sonet al.19 and Bratus’
et al.20 for electron-irradiated 4H-SiC crystals and that we
attributed by these authors to a carbon-vacancy-related
fect. For the isolated carbon vacancy, as it was mentioned
additional hf structure is observed owing to the interact
with 12 carbon atoms in the second shell. We consider
result as a confirmation to assign this EPR spectrum to
isolated carbon vacancy which we speculate to be in
positive charge state (VC

1). The low intensity lines labeled
by diamonds in the high-gain spectrum ofBic @Fig. 4~a!# are
caused by the hf interaction with one C in the first shell
the VSi

2 vacancy. The intensities of the EPR spectraVSi
0 ,

VSi
2, andVC are comparable and almost proportional to t

irradiation dose. Thus we conclude that these three spe
belong to intrinsic defects.

To evaluate the contributions to the fine-structure para
etersD for VSi

0 and VSi
2 we consider the magnetic dipole

dipole interaction between the electron spins and the s
orbit interaction. There is a simple relation between
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contribution of the spin-orbit coupling to theD tensor and
the g-tensor shiftDgi j 5gi j 22.0023,25

Di j 5
1
2 lDgi j , ~1!

where l is the spin-orbit coupling constant. Equation~1!
therefore serves to give a rough estimate of the spin-o
contribution to the observed values ofD. The spin-orbit cou-
pling in the carbon orbital ofVSi

0 and VSi
2 is taken asl

529 cm21.26 For the VSi
0 vacancy withS51 the g tensor

was found to be isotropic, i.e.,ugi2g'u,1025 and accord-
ing to ~1! D,1.4531024 cm21. This value is small com-
pared to the observed zero-field splitting parameterD for the
h and k sites in 4H-SiC and 6H-SiC and thus we conclu
that in the case ofVSi

0 the main contribution toD is caused by
the dipole-dipole interaction. For theVSi

2 it was found that
gi2g'5231025 and according to~1! we predictD>2.9
31024 cm21. Experimentally it was found thatD is smaller
than the linewidth of about 0.5 G or 0.531024 cm21. This
difference may be partly caused by the reduction of the
fective spin-orbit coupling parameterl from its atomic
value.

As demonstrated above the two types of vacancies in S
VSi and VC, have different properties. The same differen
should apply to the behavior of divacancies~or chains of
vacancies of various lengths! in SiC. In the carbon-site diva
cancy the Si-dangling bonds around each carbon vacancy
rather extended and therefore one may expect, like in
case of the divacancy in silicon,27 that in addition to the
anisotropy associated with the vacancy-vacancy directio
the lattice, an additional distortion will be present caused
the Jahn-Teller effect. Watkins and Corbett27 observed a low-
spin ground state withS5 1

2 for both singly positive and
singly negative charge states of the divacancy in silicon. T
observations were explained by assuming the presence
symmetry-lowering Jahn-Teller distortion of the surroundi
lattice in order to gain energy via formation of dimerlik
bonds between neighboring Si atoms. In contrast, the d
gling bonds around the silicon vacancy are strongly localiz
at the neighboring C atoms and the single negatively char
silicon vacancy8 shows no symmetry lowering and behav
like the negatively charged vacancy in diamond where
high-spin, orbital singlet state occurs.17 Similar high-spin
configurations~with S51 andS5 3

2 ) were observed for di-
vacancies and chains of vacancies of various lengths
diamond.28 The zero-field splitting parameterD was ex-
plained by assuming direct dipole-dipole interaction betwe
distant carbon vacancies. The same situation seems t
present for silicon divacancies in SiC where many trip
states for divacancies were observed2–4 because high-spin
states give rise to the lowest total energies. The silic
carbon divacancy which was observed in SiC~Refs. 3 and 4!
has also a triplet ground state but in this case the situatio
not so clear. Thus one should expect that together wit
large variety of divacancies withS51 many EPR spectra
with S5 1

2 should be observable that could be connected w
carbon divacancies or more complicated carbon-vacan
related defects. Unfortunately, in this case all the lines
close tog52 and the only hope to separate them is by us
high-frequency EPR techniques.
7-6
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In Fig. 5 a possible energy-level scheme of theVSi
0 va-

cancy in SiC is presented. The3A ground state, the3E ex-
cited state and the ‘‘metastable’’1A state are indicated. Th
double line of the upper sublevels for the3A and 3E states
indicates that these levels are doubly degenerate. Becau
the orbital degeneracy the3E excited state has a complicate
structure where spin-orbit, crystal-field, and spin-spin int
actions as well as strain in the crystal play a role. For t
reason only the lower three levels are indicated. The pop
tions of the energy levels of the ground state under opt
pumping are indicated by different numbers of filled circle
The population of the ‘‘metastable’’ level1A is indicated by
an open circle to show that its population is higher than
population of the3E levels. The radiative and nonradiativ
transitions are indicated by solid and dashed lines, res
tively.

The main difference between this scheme and the
grams considered in earlier papers4,9,10 lies in the assign-
ments of triplet spin character to the ground- and exci
state manifold. The EPR spectrum exhibits spin polarizat
~non-Boltzmann distribution of the populations!4 in the illu-
minated samples, indicating optical pumping among the s
sublevels of the triplet ground state. This observed spin
larization can be explained either by a rotation of the s
axes in the excited triplet state or via intersystem cross
via a metastable singlet state as indicated in Fig. 5. The
that no Zeeman shift or splitting was observed in the opt
experiments of Wagneret al.10 can also be explained with
the scheme of Fig. 5. This effect is absent when the Zee
splitting in the triplet ground state and excited triplet sta
are similar as is the case if theg factors are close tog
52.0 within about 10%. The energy-level scheme presen
in Fig. 5 is similar to the scheme for the nitrogen-vacan
(N-V) defect in diamond.29,30Here it was finally established
that the ground state is also a triplet state. There have

FIG. 5. Suggested energy-level scheme of theVSi
0 vacancy in

SiC. The double line of the upper sublevels for the3A and 3E states
indicates that these levels are doubly degenerate. For the3E state
only the lower three levels are indicated. The populations of
ground-state energy levels under optical pumping are indicate
different numbers of filled circles. The population of the metasta
level 1A is indicated by an open circle to show that its population
much higher than the population of the3E levels. The radiative and
nonradiative transitions are indicated by solid and dashed li
respectively.
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been extensive discussions about the electronic structur
the (N-V) defect and its charge state.31,32 It is now generally
believed that the charge state is (N-V)2 and that there are
six valence electrons. From the similarity with theVSi

0 va-
cancy it is clear that the same energy-level scheme can
realized with four valence electrons. Thus it is not exclud
that (N-V)1 with a configuration isoelectronic toVSi

0 ex-
plains the electronic properties of the (N-V) defect. Such a
four-electron configuration looks more natural and seem
be consistent with all the experimental data.

IV. CONCLUSION

EPR and ESE studies show that the isolated vacan
VSi

2, VSi
0 andVC ~most probably the charge state isVC

1) are
the dominant intrinsic paramagnetic defects generated
neutron irradiation of SiC to doses up to 1019 cm22. The
high concentrations of these defects, that are almost pro
tional to the irradiation dose, support the contention that
spectra belong to intrinsic defects. The simultaneous ob
vation of all these defects in high-dosen-irradiated SiC crys-
tals shows that the energy-level positions of these defects
the Fermi level near the middle of the band gap of SiC. T
finding is a confirmation of the suggestion that the tw
charge states of the silicon vacancy that are observed by
are separated by one unit of charge.

The W-band EPR spectra observed in complete darkn
and at the very low temperature of 1.2 K show that t
ground state ofVSi

0 is a triplet state. The zero-field splittin
parametersD are found to be positive. A possible energ
level scheme and optical-pumping process which induces
spin polarization of the ground triplet state of theVSi

0 va-
cancy in SiC is presented. This scheme is similar to that
the well-known (N-V) defect in diamond. We suggest th
the dominant (N-V) defect in diamond may correspond to
positively charged (N-V)1 state, iso-electronic to the iso
lated neutralVSi

0 vacancy.
In the EPR spectra ofVSi

2 in 4H-SiC an anisotropic split-
ting of the EPR lines is observed. This splitting is assumed
arise from small differences in theg tensor of the quasicubic
~k! and hexagonal~h! sites. Theg tensor for thek siteg ~k! is
found to be isotropic withg(k)52.0032 and theg tensor of
the h site is found to be slightly anisotropic withgi (h)
5g(k)10.000 04 andg' (h)5g(k)10.000 02. Pulsed EPR
measurements at 95 GHz confirm that the spin multiplicity
VSi

2 is S5 3
2 in agreement with the results of ENDO

measurements,8 and thatS51 for VSi
0 . The fine-structureD

parameter forVSi
2 is close to zero (D,0.531024 cm21).

Anisotropic EPR spectra withS5 1
2 that are related to

carbon vacancies were also observed inn-irradiated SiC
crystals. The hf interaction with the first shell of Si atoms
almost identical to that observed in electron-irradiated S
crystals. The additional 6.8-G hf structure with 12 carb
atoms in the second shell that is presented in this paper
be considered as a confirmation for the isolated carb
vacancy model. The charge state of the carbon vaca
seems to beVC

1 , but one cannot exclude the possibility of
negative charge state.
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