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The isolated negatively charged silicon vacaney) in the hexagonal lattices ofH- and 8H-SiC has been
studied by electron paramagnetic resonatieeR). The local structure was suggested to h@yesymmetry
from the isotropicg value within the resolution of the conventional X-band measurements, from the isotropic
295j hyperfine interaction of the next-nearest-neighbor silicon atoms and from the absence of the zero-field
splitting with the high spin state &= 3/2. From the!3C hyperfine spectrum of the nearest-neighbor carbon
atoms, the two kinds o¥g; denotedVgi(l) and Vg;(ll), respectively have been distinguisheds;(l) and
Vg(Il) are assigned to be arising from hexagonal $iteand quasicubic sitesk(in 4H-SiC, k; andk, in
6H-SIC), respectively. In bots(1) andVg,(1l), from the 3C hyperfine interactions, the symmetry has been
revealed to beC,, with the arrangement of the four nearest-neighbor carbon atoms slightly distorted from a
regular tetrahedron.
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[. INTRODUCTION nations of the dangling bond orbitals of four atoms around
the vacancy. Under th&,; symmetry, the defect molecular

The isolated lattice vacancy is one of the most fundamenerbitals split into ana; singlet and a, triplet* With five
tal intrinsic defects in semiconductor crystals. In the struc-electrons, the electronic configuration of the ground state is
ture determination at the atomic level, for which electronaftg. With the three unpaired electrons occupying each of
paramagnetic resonan¢EPR) is the principal experimental three different orbitals of the threefold degenergtestate,
tool, a sufficient concentration of vacancies is produced athe repulsion among the highly localized three electrons is
radiation damages by irradiation with high energy electronsminimized by allowing the electrons to stay far apart. The
The vacancy usually introduces electrical levels into the forground state is the orbitally nondegenerétg state which is
bidden gap, and can exist in different charge states. Theot subject to a Jahn-Teller distortion. The negatively
charge state determined by the number of electrons trappedarged silicon vacancy V) in 3C-SiC (T3, Egq
in the vacancy can be varied by the position of the Fermi=2.40 eV) (Ref. 5 and the neutral Ga vacancyg,) in
level which is controlled by the kind and the concentration ofGaP T3, Ey=2.26 eV) (Refs. 6 and Y were also deter-
major impurities and by the dose of the electron irradiation.mined to haveT 4 symmetry.

The important factors which govern the geometric and For Vg, in the hexagonal lattices of H-SiC (Cg,, Eq
electronic structures of vacancies are the degree of the lattice 3.28 eV) and &1-SiC (Cgv , Eg=3.10 eV), from the EPR
structure relaxation attainable and the electron-electron intespectra which have isotropig values and do not exhibit
action. Thus, even among the isoelectronic vacancies, diffezero-field splitting(ZFS), the deviation from the regular tet-
ent symmetries and different spin states emerge in differerfiahedron has not been revealed by the conventional X-band
semiconductor crystals due to the difference in both th&EPR measurements.In the T4 symmetry, all threeAMg
strength of the bonding and the degree of the delocalizatiorr + 1 transitions ofS=3/2 are superimposed since the ZFS
of the wave function. An interesting example is the nega-vanishes®''The effective spin o= 3/2 was determined by
tively charged vacancy\(") in silicon (E;=1.1 eV) and in  the ?°Si (1=1/2, natural abundance 4.63%6NDOR mea-
diamond E4=5.5 eV). In silicon,V~ hasC,, symmetry surement of the next-nearest-neighlfiNN) silicon atoms
with S=1/2.* The energy stabilization is achieved by the since the ENDOR frequencigsy=|M sA¢+0nB,B| do de-
symmetry-lowering distortion due to Jahn-Teller effect,pend on the effective spi&® The high spin state was as-
while the electronic repulsion is lowered by an extensivecribed to an electronic configuration aft3 of T4 symmetry.
delocalization. The extent of the wave function along theFurthermore, theoretical studies also supported the stability
[110] chain was confirmed by electron nuclear double resoef the high spin state§=3/2) and theT4 symmetry>
nance(ENDOR) measurementsOn the other handy ™ in We have recently demonstrated in tfig,, center in
diamond hasry symmetry with a high spin ground stat8 ( n-type 4H-SiC (n-4H-SIiC) that the high spin state &
=3/2) 2 The conservation of th&, symmetry with the high =3/2 is also realized in a negatively charged silicon vacancy
spin ground state 08=3/2 is understood from the simple having C5, symmetry*® The EPR spectrum ofy,, does
model of defect molecular orbitals, which are linear combi-exhibit a fine structure although the ZFS is smalD (
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|=35.1 MHz). Since the central line of the fine structure was
hidden underneath the strong signal\&f;, the spin multi-
plicity of S=3/2 was determined by the nutation method of
the pulsed EPR technique. The measurement of't8ehy-
perfine interactions of the nearest-neighlidN) carbon at-

PHYSICAL REVIEW B 68, 165206 (2003

(a) (b)

LS
QO Silicon
@ Carbon

oms identified that th&,, center is an analog of a single S
silicon vacancy and revealed that the arrangement of the NN
carbon atoms is slightly distorted from a regular tetrahedron.
The concentration of th&,,,, center is lower by~40 times
than that ofVg; in n-4H-SiC irradiated with 3-MeV elec-
trons at 330 K. The symmetry lowering which is manifested
in the ZFS is likely to be caused by a perturbation of the
crystal field, presumably by the presence of an accompany-
ing impurity or defect. The triply degeneratg state of an
electronic configuratioraitg underT4 symmetry splits into

a; ande by the distortion toC3, . The high spin configura- ©)

tion [aje® or e?a}j] which reduces the electron repulsion 8 [0001]
energy is preferred rather than the low spin configuration (c-axis)
expected from the symmetry-lowering crystal field alone. o

The orbitally nondegenerat®A, which is not subject to a o - '

Jahn-Teller distortion is derived from the configuratias?

ande’a; . TTTTTTT
A small deviation from an ideal tetrahedron in the atomic 8
arrangements of the SjGetrahedron in #- and eH-SiC
was revealed from the high-precision x-ray structure oo o -
determinatiort*1° The example of thd\,, center indicates €. o Joo o

that the spin quartet state bf5; in the hexagonal polytypes C3,°
might not necessarily require th&; symmetry. In our

present work, we have measured the angular dependence of FIG. 1. (a) The_crystal structure_ ofH-SiQ with thg positions of
the 13c (1=1/2, natural abundance 1.1%yperfine lines of the hexagonalh) site and the quasicubi&) site for silicon.(b) The

the four NN atoms ol = in 4H-SiC and in 64-SiC. since crystal structure of B-SiC with the positions of the hexagonl)
Si )

the 13C hyperfine interactions are most crucial in a structura'c 219 the two quasicubid{ andk,) sites for silicon.(c) Two
determination of th ilicon vacan Wimbauetal. r magnetically distinguishable orientations of tetrahedron consisting
ete 230 0 .e S CQ X acancy. aueral. g' of NN carbon atoms. The coordinate system used for the principal
portec_i the"C hyperfine Sp"t_t'”gs Of_the NN atoms ¥fg; '_n directions of the spin-Hamiltonian parameters and the magnetic
4H-SIiC W_hean the magnetic field is parallel to tieeaxis field directions is included? is the angle from thg0001] axis. ¢ is
(1[30001] aX|§). They measured the angu!ar dgpendence of th,e angle from th1100] axis in the(0001) plane.
C hyperfine lines of a NN atom which is located along
[0001] (to be denoted the axial carbon atprhowever, the gap or the efficiency of doping, usqally qlepend on the site
angular dependence of theC hyperfine lines of the three Which they occupy. EPR spectra at inequivalent sitesHn
NN atoms in the basal plango be denoted basal carbon SIC have been distinguished for impurities such as group-Iii
atomg was not reported. We have revealed that the symmedtoms; === group-V atoms,>?°"** and transition metal
try of Vg, in both 4H-SiC and 64-SiC is indeedCg, from ~ '0NS-"

the detailed measurements of thi€ hyperfine interaction of In the hexagona_(nH-)S|C_ _crystals, It Is expected th_at
the NN atoms. there should b@&/2 kinds of silicon vacancies corresponding

SiC has many polytypes differing in the stacking Se_to n/2 inequivalent sites of silicon. Recently, two EPR spec-

; : : ; tra arising fromVg; in 4H-SiC were resolved at the W band
uence of Si-C bilayers. Technologically important polytypes Si
d y gica’y Imp pOYYP (95 GH2 by the difference in thegy value?® One with the

are -, 4H-, and &H-SiC. In the cubic lattice of G-SiC, ) . : b
each silicon and carbon has one site. In performing a detaile§otroricg value ofg(k) =2.0032 was assigned to bg; at
local structure determination of defects and impurities in thdN€ quasicubic site and the other with a slightly anisotrgpic
hexagonalnH-)SiC crystals, we need to consider that therevalue  with 9\\(h)_:9(k)_0-09004 and gi(h)zg_(k)
aren/2 inequivalent sites for each silicon and carbon sublat-—0-00002 was assigned to b&; at the hexagonal site. In
tice. In 4H-SiC, each silicon and carbon has two inequiva-the X band(9.5 GH2 EPR spectra o¥/g; in n-4H-SiC and
lent sites with either a hexagon@) or quasicubiak) char-  n-6H-SIiC, the primary lines and th&'Si hyperfine lines of
acter as shown in Fig.(4). In 6H-SiC, each silicon and NNN atoms are not sufficient to resolve the vacancies at
carbon has one hexagonl) site and two quasicubick¢  different sites of silicon. In our present work, from the
and k,) sites, as shown in Fig.(). The identification of hyperfine spectrum of the NN atoms, the two kindsvgf,
impurities at the inequivalent lattice sites is important be-denotedVg;(l) and Vg(Il), respectively have been distin-
cause the properties, such as their energy levels in the bargished. It will be shown tha¥gi(1) is arising fromVg;- at

Silicon vacancy
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the hexagonal site andg(1l) from Vg, at the quasicubic orientations qf a tetrahedron consisting of four carpon atoms
sites. around the silicon vacancy, there are altogether eight carbon
atoms, two axial carbon atoms labeled C1 and,CGind six
basal carbon atoms labeled C2-C4 and C2'.
Il. EXPERIMENT With Bg|[[0001], for both T4 andCg, symmetry, two sets

13, : ; ; ; ; in -
The samples used in our experiments were single crystan the “°C hyperfine lines with the intensity ratio 1:3 corre-

i i i - ni ding to the axial and the basal carbon atoms are ex-
line n-type 4H- and 6H-SiC (Nippon Steel: nitrogen dopant 5PN _ :
with the carrier concentrations of-1x101/cn?, The Pected: For botiTy andCs, symmetries, the™C hyperfine

sample whose thickness is 1.5 mm was cut into the apprd? atrix (A*®C) of the axial carbon atoms is uniaxial around
priate size (3 mm 15 mm) for our EPR measurements in (0001, with the maximum hyperfine splitting &[ 0001

the X band. The crystals ofr- and 6H-SiC were irradiated 2nd With the minimum aB,1[000]. Since two axial car-

by 3-MeV electrons with total fluencies 0b410%e/cn? and bon atoms C1 and Clare not magnetically distinguishable,

1X 10'%/cn?, respectively. The sample was placed on athe hyperfine line arising from the two axial carbon atoms

water-cooled holder and was kept below 330 K during thedoes not split upon rotation. For boffy and C, symme-

electron irradiation. The samples oH4SIC were annealed tries, the six basal carbon atoms are symmetry related. In the

at 573 K by a muffle furnace so as to decrease the interfefotation withByL [1100], the **C hyperfine line of the basal
ence with the unidentified signals. The line positions of thecarbon atoms splits into, at most, three lines with the inten-
continuous waveécw) EPR spectra were measured at roomsity ratio 1:1:1. Upon rotation witlB,L[1120], the'3C hy-
temperature on a Bruker Elexsys E500 X-band spectrometgrerfine line of the basal carbon atoms splits into four lines
by using the amplitude of 100-kHz field modulation of 0.01 with an intensity ratio 1:2:2:1 at an arbitrary orientation.
mT. The*C hyperfine lines oW/g; in 4H-SiC were measured These patterns of the rotational plots of the line positions of
with the microwave power of 0.2W by using the spherical the basal carbon atoms are similar whether the local arrange-
cavity (Bruker ER4122SHQQ, = 8600, TEy;; mode. The ~ ment of each of two sets of four carbon atoms C1-C4 and
13C hyperfine lines olVg,; in 6H-SIC were measured with C1'-C4’ is an ideal tetrahedron or a slightly distorted tet-
the microwave power of W by using the optical trans- rahedron withCsz, symmetry. InC3, symmetry, since the
mission cavity (Bruker ER41040R,Q,=4000, TE,,, axial carbon atoms and the basal carbon atoms are not sym-

moda. The calibration of the magnetic field was carried outmetry related, it is expected that the principal values\tiC

by measuring simultaneously at room temperature thé&hould be different between the axial and basal carbon at-
sample and the perylene cation in conc,S@, (g oms. In theC,, symmetry, theA*C of the basal carbon
=2.002569 0.000006)(Refs. 26 and 27sealed in the cap- atoms is nearly uniaxial. The principal axis with the largest
illary which was co-mounted with the sample. In estimatingPrincipal value is, herein, termed the unique axis. In@hg

the spin concentration &fg;, the signal intensity obtained by symmetry, the unique axis is in a (1@ plane. An orienta-
double integration of the first derivative signal was comparedion which exhibits the maximum hyperfine splitting with the
with that of the EPR signal of éf in a single crystal of unique axis parallel td, is included in the rotation with
ruby?® comounted with the sample. The relative intensity Fa-BOL[11§0]. The minimum hyperfine splitting of the basal
tio between the'C hyperfine line and the primary line was carbon atoms occurs either witB, perpendicular to the

estimatec_i by usingzthe signal _intensitit_as ob_tained byunique axis in a (1TQ) plane or WithBO||[11§0]. In the
(peak heightk (AByp)”. In measuring the line width, the a4em of the rotational plots of the line positions, it is ex-
modulation amplitude of 0.008 mT was used. pected that theC,, symmetry should be revealed by the
difference in both the maximum hyperfine splitting and the
IIl. RESULTS AND DISCUSSION minimum hyperfine splitting between the axial and the basal
carbon atoms. The deviation from an ideal tetrahedron might
be also evidenced by the deviation of the angle between the
In conventional X-band EPR measurements\&f, of  unique axis of A*°C of the basal atoms and the axis
4H-SiC and 64-SiC, from the primary lines with the isotro- ([0001]) from an ideal tetrahedral angle.
pic g value and from the absence of the ZFS although with
S=3/2, the deviation from an ideal tetrahedron in the ar-
rangement of the four carbon atoms around the silicon va- The EPR spectrum of the electron irradiatedtH-SiC
cancy has not been revealed. We have measured the angutgnen the magnetic field is parallel to thexis (B[ 0001])
dependence of thé3C hyperfine lines of nearest-neighbor is shown in Fig. 2. In the central part of the spectrum, the
carbon atoms in the X-band EPR spectra in a high resolutiostrong primary line labeleca with the linewidth AB,
condition by using small amplitud®.01 mT) of 100-kHz  =0.022 mT ofVg; (g=2.0028) (Ref. 13 is observed. The
field modulation. satellite lines labelet) andc arise from?°Si (1=1/2, natural
Here, we describe the features of angular dependence abundance 4.6832Phyperfine interactions of NNN atonds,
the'*C hyperfine lines expected for the two cases in whichtheb lines from the configurations with off%Si nucleus in 12
the local arrangement of the four carbon atoms around thsilicon atoms of the NNN shell, and the lines from the
silicon vacancy ha3y andC5, symmetries, respectively. As configurations with two?°Si nuclei in the NNN shell. The
illustrated in Fig. 1, in the two magnetically distinguishable hyperfine splitting of 0.298 mT agrees with that was

A. Angular dependence of*3C hyperfine lines

1.4H-SiC
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FIG. 2. The EPR spectrum of the electron-irradiatetype
4H-SiC taken with the magnetic field along tf@001] axis at room
temperature. The microwave frequency, the microwave power, and
the amplitude of the 100-kHz field modulation were 9.457 GHz,

0.2 uW, and 0.01 mT, respectively. The lower spectrum is the ex-

panded spectrum. FIG. 4. The EPR spectrum of the electron-irradiatetype

4H-SiC taken with the magnetic field perpendicular[@D01] at
reported® The relative intensity ratios df/a andc/a, 0.252  room temperaturea) The spectrum taken WitB|[[1120]. (b) The
and 0.038, respectively, agree with thdfe273 and 0.037, expanded spectrum ¢&). (c) The spectrum taken witB||[ 1100].
respectively calculated from the natural abundance of sili- (d) The expanded spectrum @f).
con isotopes? The spin concentration ofg; was estimated

7,
to be 5<10"7cn. The 13C hyperfine spectrum of the axial and the basal

carbon atoms &8[ 0001] was reported by Wimbauet al®
In our spectrum shown in Fig. 2, tlieande lines correspond
to the 13C hyperfine lines from basal carbon atoms and axial
carbon atoms, respectively. In our spectrum taken with a
high resolution, we note that tltHlines consist of two sets of
lines labeledd, andd,, . Thus, we could resolve two kinds of
Vg;, to be denoted/ (1) and Vg (Il), respectively. At some
orientations where the interfering signals did not overlap, it
is noticeable that thesE'C hyperfine lines accompany weak
satellite lines arising from the configurations with of#C
atom in the NN shell and on#’Si atom in the NNN shell, at
the line positions of the same hyperfine splittif@298 mT)
and with the same relative intensity ratib/é) as the pri-
mary linea. In the spectrum shown in Fig. 2, the satellite
lines accompanied with the low fieklline are labeled’.
Upon rotation withBy1 [ 1100], each ofd, andd,, lines at
B[[0001] splits into three lines with the intensity ratio
1:1:1.(labeledf,, g,, andh, for the three lines frond,, and
FIG. 3. The EPR spectrum of the electron-irradiatetype fi, gu, andhy fpr the three. lines frond, , respectively. In
4H-SIC taken with the magnetic field directiod€75°, ¢=90°)  the spectrum with the rotation angle 75° fr¢@001] shown
at room temperature. The microwave frequency, the microwavé? Fig. 3, the low field components of the satellite linfés
power, and the amplitude of the 100-kHz field modulation werebeledf andfy, respectively corresponding td lines of the
9.457 GHz, 0.2uW, and 0.01 mT, respectively. The lower spec- primary linea are noticed in botHf, andf, lines. This ori-
trum is the expanded spectrum. entation is a typical example that has been used to estimate

Magnetic field [mT]
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FIG. 5. Angular dependence of the line positions\&§; in
4H-SiC. The crystal was rotated with the magnetic field in the FIG. 6. Angular dependence of the line positions \&g, in

— . o o . 6. i
(1100) plane. In the magnetic field directiod,(¢=90°), 6=0 4H-SiC. The crystal was rotated with the magnetic field in the
for Bo|[0001] and #=90° for By[1120]. See the text for the (1170) plane. In the magnetic field directior,( =0°), §=0°

marks representing the line positions observed. for Bo|[0001 and 6=90° for BOH[lTOO]. See the text for the
marks representing the line positions observed.

gthe concentration ratio betwe¥ig;(1) andVg(ll). In the . i

_ ) — . perfine splitting of the basal carbon atoms observed at the
rotation with By [1120], each of thed, and d, lines at  \hique axis direction is slightly smaller than that of the axial
Bg/|[000]] splits into four lines with the intensity ratio carbon atoms. Furthermore, Whé}aH[llEO] at which the
1:2:2:1 at an arbitrary angleiThe spectrum obtained Wltrhxial carbon atoms labeleglexhibit the minimum hyperfine
Bo|[1120] and that withBy[[1100] are shown in Fig. 4. As  gsplitting and the basal carbon atoms labetg@xhibit the
shown in Fig. 4, a small splitting in theline was observed inimum one of the rotation WittBoL[1100], their line
at prientations argunB@.[OOQl], which evidenced that the positions do not superimpog€ig. 5. Both the number of
e line does consist of two lines denotey and e, corre-  equivalent carbon atoms at special orientations and the pat-
sponding to Vg(l) and Vg(ll), respectively. With tern of the roadmap obtained by the angular dependence of
Bo|[1100], the 13C hyperfine spectrum of the basal carbonthe line positions indicate that botig(I) and Vg(ll) do
atoms in each olg(l) and Vg(ll) has two sets with an haveCg, symmetry. _ _ _
intensity ratio 2:4. The sets with the larger intensity are la- The signal intensity ratios of the axigthe e line at
beledj, andj,, respectively(Fig. 4, while the other sets Bol[0001]) and the basalthe d, andd, lines atBy||[ 0001])

13 . . . . .
with the smaller intensity were interfered with signals from ~ C hyperfine lines with respect to the primary lit@ are
unidentified centers. shown in Table I. The values listed as the observed ratios

The angular dependence of the line positionsiig hy- ~ Were obtained as the average among the ratios measured at

o ) . i several orientations where tHéC hyperfine lines were rela-
perfine lines measured upon rotation wilhl [1100] is yp

shown in Fig. 5. The angular dependence of the line IOOSi'yvely free from the interference of the unidentified signals.

tions of 13C hyperfine lines upon rotation wi,L[1120] is 2.6H-SiC
shown in Fig. 6. In Figs. 5 and 6, each of the points lrgarked The EPR spectrum dfg; in the electron irradiated-type
with filled triangles(the primary ling, open squarelihe “C g gic when the magnetic field is parallel to ticeaxis
hyperfine line of axial carbon atoms 9§ (1)], filled squares (B4|[0001)) is shown in Fig. 7. The spin concentration of
[the °C hyperfine line of axial carbon atoms dfg(I1)], Vg, was estimated to bex110'¥/cnr®. In the central part of
open circle[the °C hyperfine line of basal carbon atoms of thel spectrum, the strong primary line labetethe linewidth
Vsi()], and filled circles[the *°C hyperfine line of basal AB,,=0.030 mT) accompanied with the characteristic sat-
carbon atoms oWVg(Il)] represents an EPR line position gjjite lines labelecb and ¢ arising from the2°Si hyperfine
observed in the spectra. interactions of NNN atoms is observed. Thevalue was
The plots of the line positions upon the rotation with determined to be 2.00280.0001, that is the same as that of
BolL[1120] shown in Fig. 6 indicate that the maximum hy- Vg; in 4H-SiC.
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TABLE I. The signal intensity ratio of thé3C hyperfine lines of
the NN carbon atoms compared to the primary line.

Calculated Observed comment
4H-SiC
Vg Axial 3C 0.005 0.002 Ref. 8
Basal *°C 0.015 0.004

Vgi(l, I Axial BC 0.005 0.0040.002 This work
Basal 1°C 0.015 0.012-0.003

I Axial 13C 0.002+0.001
Basal 1°C 0.005+0.002
I Axial 13C 0.002+0.001
Basal *°C 0.007=0.002
3C-SiC
Vs 0.022 0.018:0.005 Ref. 5
6H-SiC

Vg(l, 1)  Axial ¥*C 0.005 0.0040.002  This work
Basal 1°C 0.015 0.012:0.003

I Basal °C 0.003+0.002

I Basal *°C 0.009+0.002

As for the '3C hyperfine lines of the NN carbon atoms,
Schneideet al. reported thes axis splitting for the axial and
the basal carbon atonisn Fig. 7, the °C hyperfine lines
arising from the axial carbon atoms are labededikewise,

a
b|l b
Cl lC
lf !
M/I/JW X 20

1 d\ld f
e dﬂddI IdH e
' 335 3% | 337

Magnetic field [mT]

FIG. 7. The EPR spectrum of the electron-irradiatetype
6H-SiC taken with the magnetic field along tf@001] axis at room
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6 [degrees]

PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP P PP PP PP PP Py

335 335.5 336 338.5 387
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FIG. 8. Angular dependence of the line positions\4§; in
6H-SIC. The crystal was rotated with the magnetic field in the
(1100) plane. In the magnetic field directiod,(¢$=90°), 6=0°
for By|[0001] and §=90° for By|[1120]. The filled triangles and
the filled squares represent the resonant primary lines and the axial
13C hyperfine lines, respectively. The filled and open circles repre-
sent théC hyperfine lines of the basal carbon atoms/gf(I) and
those ofVg(ll), respectively.

in 4H-SiC, the 13C hyperfine lines arising from the basal
carbon atoms are resolved into two sets labeledndd,, ,
respectively. Thus, our high resolutiddC hyperfine spectra
taken with the magnetic field modulation of 0.01 mT could
distinguish two kinds ofVg;, to be denotedVgi(l) and
Vg;(ll), respectively.

The EPR spectra were recorded at 2.5° intervals with the
crystal rotated around1100], with Byl [1100] at room
temperature. The angular dependence of the line positions of
the *°C hyperfine lines is shown in Fig. 8. Each point repre-
sents the line position observed. In the rotation with
B,L[1100], each ofd, andd, line atB||[000]] splits into
three lines at an arbitrary angle. In the rotation with
Byl [1100], the e line could not be resolved into two lines
corresponding td/gi(I) and Vg;(ll). In obtaining the EPR
parameters from the fitting of the line positions, we assumed
that thee, and g, lines superimposed. The signal intensity
ratios of the axial and the ba&3C hyperfine lines with re-
spect to the primary line are included in Table I.

B. EPR parameters
The spin Hamiltonian parameters were obtained by fitting

temperature. The microwave frequency, the microwave power, angb_served _fielq strengths and microwave frequencies to the
the amplitude of the 100-kHz field modulation were 9.424 GHz,sSpin Hamiltonian,
2 uW, and 0.01 mT, respectively. The lower spectrum is the ex-

panded spectrum.

Hs= 8.5 9-B+S D-S+35- Azel —gp1scB,l-B, (1)
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where electron spi$=3/2 and*3C nuclear spin=1/2. 8.  value (A*C|=80.1 MHz and A'C,=34.0 MHz) of

is the Bohr magneton and, is the nuclear magneton. The AC(C1) of Vg(l) and A®C(C1) of Vg(Il) obtained in
nuclear Zeeman matrix was taken as isotrop@,i{-  this work is in good agreement with the reported values
=1.40483) g, D, andA denote they matrix, the ZFS tensor, (A'*C;=80.1 MHz andA™*C, =33.9 MHz).

and the hyperfine matrix, respectively. The ZFS mamix

was set to zero matri©. The least squares fitting was car- C. Structure and silicon sites ofVg;

ried out by using computer prograePR.FORIn which the The wave function of the unpaired electron is described

resonant magnetic fields are calculated by the exact diaggy a linear combination of atomic orbitalCAO) approxi-
nalization of the spin Hamiltonian matrix. The spin Hamil- mation

tonian parameters were obtained by using a crystal coordi-
nate system in which the axis is[0001] and thex axis is
[1100].

It should be noted that one rotation wily in the (1_100) where the summation is over the surrounding carfsennp:
plane or in the (11@) plane is sufficient to determing’3C ~ 2s, 2p) and silicon(ns np: 3s, 3p) atoms on which the
of the axial carbon atom C1 when the symmetry of the vaunpaired electrons are delocalized. The fractional unpaired

cancy belongs to th€,, point group. In the case of the basal electron population #%2) on the atom concerned and the hy-
carbon atomsA'C of C2 which is one particular carbon brid ratio (8%/«?, wherea?+ 8?=1) are estimated from the

atom located on (11®) plane can be determined by apply- hyperfine parameters. In the estimatiom? & ao=Ais,
ing the appropriate symmetry transformations to utilize thenizﬁizbc):Aamso), we used a,=3776.92 MHz, andb,
line positions of other carbon atoms as the line positions of= 107.39 MHz for *3C.3%3! The results are listed in Table
C2 that should be obtained by the rotation in different planeslil. In the wave function of the unpaired electron ¥§; of
Thus, A'C of the basal carbon atom C2 can be determinediH-SiC, the fraction which localizes on the four NN carbon

from one rotation withB, in the (1100) plane or in the atoms is 63.4% and 63.6% fafg(l) and Vg(ll), respec-

(1150) plane. By applying the appropriate symmetry trans-ively. In the wave function of the unpaired electron\; of
formations, the parameters belonging to other basal carbodH-SIiC, the fraction which localizes on the four NN carbon
atoms can be obtained. For obtainig'*C(C1) and atoms is 63.6% and 65.1% fofg(l) and Vg(ll), respec-
AC(C2) of bothVg(l) and Vg(Il) in 4H-SiC, we used tively. As for the 12 NNN silicon atoms, the hyperfine split-
the line positions of both the rotation i, [1100] and f[ing ob_ser\{ec_i as the sate!lite lines of the primary line was
that with BoL [ 1120]. For obtainingA¥(C1) andA¥(C2) isotropic within the resolution of our measurements and the

- . . : , anisotropic part which is arising from the contribution qf 3
of both V(1) and V(1) in 6H-SIC, we used the line po- iar couid not be measured. Mg; of both 4H-SiC and

sitions of the rotation wittB,L [1100]. For the least squares gH-SjC, the sum of the contribution of thesrbital of 12
fitting, the line positions read from the spectra taken at everyNN silicon atoms is estimated to be 2.3% by usig=
2.5° were used. _ o _ —4594.12 MHz for?°si.
~ Theg matrix was obtained from the fitting of the primary  From the pattern of the rotational plots, it is determined
lines. In both Vgi(l) and Vg(ll) in both 4H-SIC and  that hothVg(l) and Vg(ll) in both 4H-SiC and 64-SiC
6H-SIiC, theg matrix was isotropic within a relative accu- pgye aC,, symmetry. With aC,, symmetry, the axial car-
racy of 0.0001. Recently, the difference gnvalue between  pon atom and basal carbon atom are not symmetry related.
Vg; at the quasicubic siteg(k) =2.0032, isotropicandVs;  The deviation from an ideal tetrahedral symmetry is con-
at the hexagonal siteg, (h) —g;(h)=0.00003 in 4H-SiC  firmed by the fact that, as seen from Table Il, the principal
was resolved by the measurement at the W H86dGH2.°  values ofA'3C(C1) are not the same as the principal values
The maximum difference in the line positionsy(k)  of A3C(C2). From the small difference of the principal val-
—g)(h)=0.00004 is estimated to be 0.0066 mT at the X yes of A3C between the axial carbon atoms and the basal
band which is much smaller than the linewidtAR,, carbon atoms, it is inferred that the distortion of the structure
=0.022 mT atB/|[0001]). from T4 to Cy, is considered to be very small. The polar

The EPR parameters obtained from the fitting of the |ineang|e 6 of the unique axis of thet3c hyperfine matrix of
positions of H- and 64-SiC are summarized in Table Il. basal carbon atoms, 110.0°, 110.0°, 109.2°, and 109.1° for
The root-mean-squarems) error estimates for principal val- v (1) in 4H-SiC and in 64-SiC andVg(ll) in 4H-SiC and
ues and principal directions are included. The solid curves iy gH-sic, respectively, is deviated from an ideal tetrahedral
Figs. 5, 6, and 8 are calculated by using the parameters olpgle (109.47°). ThéC hyperfine spectra confirm that the
tained. In Table Il, the number of measured line positions\N atoms are four carbon atoms arranged in a configuration
used and the rms field deviatiorsT) achieved are listed for - ¢|ose to regular tetrahedron and that these carbon atoms have
each fitting of the axial®C hyperfine lines olVg(l), the g relatively large spin density. We note that the contribution
basal **C hyperfine lines oVg(l), the axial *C hyperfine to the wave function of the unpaired electron from the
lines of Vg(I1), and the basal*C hyperfine lines o¥/g(ll). atomic orbital of carbon is almost purely, as shown in

In Table Il, the reported values &3C of Vg;in 4H-SiC  Table IIl. The dominant structure relaxation Wy; is likely
(Ref. 8 are included. It should be noted that the averagedo be outward displacements of the NN atoms.

‘I’ZEi 7i( @i @nsit BiPnpi), (2
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TABLE Il. EPR parameters of the negatively charged silicon vacancies in SiC.

Polytype g Principal valuegMHz) Principal directions N2 rmg (mT) Comment
4H-SiC
Vg 2.0034£0.0001 AC(C1)=80.1 [000q (6=0°) Ref. 8
A, C(C1)=33.9 Axially symmetric
Vgi(l) 2.0028+0.000F A|C(C1)=80.2-0.1 [o00 (#=0°) 175 0.01 This work
A C(C1)=33.2-0.1 Axially symmetric
A,C(C2)=76.3£0.1 0=110.0°+0.1°, ¢=0° 252 0.01
A,C(C2)=28.3+0.1 0=90°, ¢=90°
A,C(C2)=28.2£0.1 0=20.0°+0.1°, ¢=0°
Vg(Il) 2.0028+0.000F AC(C1)=80.1x0.1 [000 (6=0°) 169 0.01 This work
A C(C1)=33.8-0.1 Axially symmetric
AC(C2)=79.4£0.1 0=109.2°+0.1°, ¢p=0° 285 0.01
A,C(C2)=31.4+0.1 0=90°, ¢=90°
A,C(C2)=31.2£0.1 0=19.2°+0.1°, ¢p=0°
Tyvoa 2.0029£0.0001 A|C(C1)=80.3x0.1 [0001] (6=0°) 61 0.01 Ref. 13
A C(C1)=34.8-0.2 Axially symmetric
A,C(C2)=75.8£0.4 0=107.5°£0.3°, ¢=0° 175 0.03
A,C(C2)=31.3£0.2 0=17.5°+0.3°, ¢=0°
A,C(C2)=27.2£0.6 0=90°, ¢=90°
6H-SiC
Vgi(h) 2.0028£0.000F AC(C1)=80.0£0.1 [0001] (6=0°) 86 0.01 This work
A C(C1)=32.8:0.1 Axially symmetric
A,C(C2)=75.8£0.1 0=110.0°+0.1°, ¢=0° 174 0.01
A,C(C2)=28.4+0.1 0=90°, ¢=90°
A,C(C2)=28.2£0.1 0=20.0°+0.1°, ¢p=0°
Vgi(l) 2.0028£0.000F A|C(C1)=80.0£0.1 [0001] (#=0°) 86 0.01 This work
A, C(C1)=32.8+0.1 Axially symmetric
A,C(C2)=80.3+0.1 0=109.1°+0.1°, ¢=0° 145 0.01
A,C(C2)=31.6+0.1 0=90°, ¢=90°
A,C(C2)=31.4+0.1 6=19.1°+0.1°, $=0°
3C-SiC
Vg; 2.0029£0.0001 AC(C1)=80.4 [111] Ref. 5

A, C(C1)=33.0

Axially symmetric

&The number of the measured line positions.
PRoot-mean-square field deviation.
‘In our work, theg value was determined by measuring simultaneously with the reference sample.

While theC5, symmetry is revealed by thEC hyperfine  since only|3/2, 1/2<|3/2, —1/2) transition is excited by the
interactions of the NN atoms, the ZFS has not been observedicrowave pulse with the3/2, =3/2<|3/2, +1/2) transi-
by conventional, cw EPR technique. By using the nutationtions being located away from tha/2, 1/2 <|3/2, —1/2)
method of pulsed EPR technique, the presence of ZRGjn transition by at least-B; due to the ZFS. In slightly dis-
in 4H-SiC was reveale We showed that the primary line torted configuration, thé8/2, =3/2)e|3/2, +1/2) transitions
of Vg; in 4H-SIC consists of all threaMg=*+1 transitions  which are likely to be broadened by a distribution of ZFS
of S=3/2 of non-distorted configuration ai§,Mg)=|3/2,  presumably due to local strains are too broad to be observed
1/2)<|3/2, —1/2) transition of slightly distorted configura- as separate signals. Thus, the magnitude of ZFS is distributed
tion. The nutation frequency of non-distorted configurationfrom a value smaller tha®; to one larger tharB;. The
of which threeAMg==*1 transitions are superimposed or criterion of whether configurations are nondistorted or dis-
are located within the extent of the excitation bandwidth oftorted in the nutation experiments depends on the relative
the microwave pulseRB;~0.3 mT) isw;=gBB,/#. The  magnitude betwee[D| andB;.
nutation frequency of slightly distorted configuration ie In 4H-SIC, there are two types of silicon sites, one with
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TABLE lll. Hyperfine and orbital parameters fg;. the axial carbon atomA3C(C1) are similar amonyg; in
- ——  3C-SiC, V5{(l, II) in 4H- SIC, Vg(I, Il) in 6H-SIC, and
Aiso (MHZ)  Aaniso (MH2) n Bla Tyoa in 4H-SIC. From the similarity ofA¥C(C1) and

4H-SIiC A3C(C2) betweer T, andVg(l, II), the arrangement of
A¥C(C1):l  48.9+0.4 15704 0159 113 foyr carbon atoms around the vacancyTip,, is similar to
ARC(CL):Il 49.2£0.4 15704 0159 112 that of the isolated negatively charged vacaney(l,ll).
Ac(c2):l 44304 16.0-0.4 0161 127 Thus, the small ZFS ofT,,, is ascribed to additional
ABc(C2):1 47.3+04 16.0-0.4 0.162  11.9  symmetry-lowering crystal field caused by possible presence
of an accompanying nonparamagnetic impurity or defect lo-
6H-SIiC cated at some distance alof@p01].*®
Alc(C1) 48.5-0.2 15.7- 0.2 0159  11.4 From the 3C hyperfine interaction of the NN carbon at-
ABC(C2):I 44.2+0.2 15.8-0.2 0159 126 oms, the symmetries df (1) and Vg(ll) both in 4H-SiC
ABC(C2):1l 47.8-0.2 16.3-0.2 0.164 12.0 andin 6H-SiC are determined to b@;,. UnderT4 symme-

try, the high spin ground stdt&, (S=3/2) arises from elec-
tronic configurationa?ts. Under theC,, symmetry, thet,
triplet splits intoa; and a doublet. The high spin ground
state A, (S=3/2) which is an orbitally non-degenerated
state free from Jahn-Teller distortion is derived from the con-
Sgurations @))e? ande?(a}).13%2So far, the single vacan-

hexagonal charactgh) and the other with cubic character
(k), with the population ratio of 1:1. In#8-SiC, there are
three types of silicon sites, one with a hexagonal charact
() and the_other .tWO with a cubic charac_té«l( k_Z)' with cies which haveS=3/2 ground state are limited to those
the pgpulatlon ratio of 1:1:1_. Novy, we assign ‘L‘Mgi(l) and having T4 symmetry excepl ., in 4H-SiC.23 The lowering

the V(1) spectra to these inequivalent silicon sites. In bothof the crystal field inTy.,, was ascribed to the possible pres-
4H-SiC and 61-SiC, the difference in the principal values ence of an impurity or defect at some distance alm@ﬂ_
betweenA'C(C1) andA'¥C(C2) is smaller inVg(ll) than  In our present work, it is revealed that isolated vacaxigy

in Vgi(1). The polar angle? of the unique axis oA™C(C2) in the hexagonal lattices ofH-SiC and @4-SiC does have

is closer to tetrahedral angle (109.47°)Mg;(11)(109.2° in S=3/2 ground state although witlC;, symmetry. Thus,
4H-SiC and 109.1° in BI-SiC) than inVg(l) (110.0° in  threefold degenerate, state under tetrahedral symmetry is
4H-SiC and 110.0° in BI-SiC). Thus, the deviation from an not necessarily required to attain the high spin conflguratlon
ideal tetrahedron is smaller Mg(ll) than in Vg (l). It is  Of S=3/2. Our example in which three parallel spins are

H H ’
likely that the vacancy at the hexagonal silicon site should bé)CCUP'ed ina; ande underGC,, symmetry d.em(.)nstrates .the
mportant role of electron-electron interaction in determining

more distorted than t_he vacancy at the quasicubic _silicon S.it(%he electronic state of vacancies of wide-gap semiconductor
As seen from Figs. 2-4, the concentration ratloCrystals such as SiC.

[Vsi(I) V[ Vs() ] in 4H-SiC obtained from the intensity ra- g intensity ratio of thé*C hyperfine line relative to the
tio between the correspondingC hyperfine lines di/di,  primary line listed in Table | is slightly smaller than that is
en/e, fu/fy, 9u/gy, andjy /j,) is ~1.4. The concentration  cgcylated from the natural abundanc&®t In Vg (I, 1) in
ratio [V(I1) J/[Vsi(1) ] in 6H-SIC obtained from the inten-  4.sic, the ratio[ Vg (Il) /[ Vs(l)] obtained from th&C
sity ratio between the correspondtfig hyperfine lines of  hyperfine lines of the axial carbon atoms is slightly smaller
the basal carbon atomsl(/d, in the case of the axis spec- than that obtained from the 13C hyperfine ~ lines
trum shown in Fig. Yis ~3.0. Since the deviation from an of the basal carbon atoms. The concentration ratio
ideal tetrahedron o¥ (1) is larger than that o¥/g(1l), and [Vs(I) 1/[Vs(l)] was obtained as the average among the
since the concentration rati&/g;(l) [/[ V(1) ] in 6H-SICis  peak hight ratios at several orientations. For the axial carbon
nearly twice as large as that inHASIC, we assume that atoms ofVg(l, Il) in 4H-SiC, the number of orientations
V(1) and V() are vacancies at the hexagonal silicon site\yhere thé3cC hyperfine lines ol g;(I) and Vg(ll) were re-
and at quasicubic sit®), respectively. In the case that the soved is limited. Since the signals from non-identified cen-
EPR spectra of impurities at all three different sites ofters interfered with the weak®C hyperfine lines at several
6H-SIC are resolved, the difference of the EPR parametergrientations and moreover the splitting of the line positions
between the hexagonal anq quqsm_ublcziltes is much 'arg%tweenvgi(l) and V5 (Il) is small, measuring thé3C hy-
than that between two quasicubic sitéS~**In our case of perfine lines accurately was not easy. The fact that the ratio
Vg; in 6H-SIC, the_dlffgren_ce of the EPR parameters beTVgi(ll)]/[Vgi(l)] obtained from th&C hyperfine lines of
tween the two quasicubic sites was too small to be resolveg1e basal carbon atoms iH4SiC (1.4 is larger than that is
by cw EPR met?od. o _ s calculated from the population ratio of silicon atoms between

In Table II, A¥C of Vg; in 3C-sic® andA™C(C1) and  pexagonal and cubic sités.0) might suggest the difference
?313C(C2) _Of Tvoa In 4H-SiC (Ref. 13 are included. The in thermal stability betweels(I) and Vg(ll).

C hyperfine matrix of the basal carbon atoﬁ“]?C(CZ) of Even if the ZFS is vanishing, the high spin state might be
Vsi(Il) in 4H- and @4-SiC is closer to that o¥/; in 3C-SIiC  getected by the splitting of hyperfine lines in the cw EPR
than that ofVg(l) in 4H- and 64-SiC. This fact supports measurements. From the second order perturbation treat-
the assignment tha¥g(1) is at hexagonal silicon site and ment, the line positio of the |[S,;Ms—1,m,)<|S,Mg,m;)
V(1) is at quasicubic sites). The 1°C hyperfine matrices of transition is given
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1 - vacancy withS= 3/2, the important role of electron-electron
9BeB=hv+Km+ 5 — |Aqf?mi+A,m (2Ms—1) interaction to attain the high spin configuration is demon-
strated.
1
a2
+ §A3[I (I+1)—m ]] ' ) ACKNOWLEDGMENTS
Details of the coefficients in Eq3) are given in the Appen- This work was performed under the management of FED

dix. In the case o8=3/2, it is expected that the hyperfine as a part of the METI ProjectR&D of Ultra-Low-Loss
line should split into three lines. However, in our case, thePower Device Tehnologig¢supported by NEDO.
maximum magnitude of the splitting is estimated to be 0.005
mT which is smaller than the linewid{®.022 mT in 4-SiC APPENDIX
and 0.030 mT in 61-SiC).

The coefficients in Eq(3) are given as follows?

IV. SUMMARY - ~
|A|?=(k-A-A-k)—K?, (A1)

The angular dependence of théC hyperfine lines of the
isolated negatively charged vacancygf) in electron- A,=detA/K, (A2)
irradiated 4-SiC and 61-SiC has been measured by the
X-band cw EPR meth(zd. In bOthI:ﬂrSIC and G-I-S|C, two As=TrA-A—(K-A-A-Kk), (A3)
kinds of Vg;, denotedVg;(l) and Vg(Il), respectively, have
been distinguished. The;, symmetry with the arrangement k=A-g-h/gK, (A4)
of the four nearest-neighbor carbon atoms slightly distorted
from a regular tetrahedron has been revealed in Mai(l) K2=h.g-A-A-g-h/g?, (A5)
andVg(Il).

From the difference in the degree of distortion from an 92=h-3-g-h. (A6)

ideal regular tetrahedron betweéfy;(l) and Vg;(ll) and

from the difference in the concentration ratio The symbolsA, g, andh represent the hyperfine matrix, the
[Vsi(ID 1/[Vsi() ] between #H-SiC and 64-SiC, Vgi(l) and g matrix, and the unit vector that is parallel to the static field
V(1) are assigned to be arising from hexagonal fifeand B, respectively. The deét in Eq. (A2) and the TA in Eq.
quasicubic sites) (k in 4H-SIC, k; andk, in 6H-SIiC), re-  (A3) indicate the determinant ¢k and the trace o, re-
spectively. By revealing th€;, symmetry of the isolated spectively.
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