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Silicon vacancy related TV2a center in 4H-SiC

N. T. Son, Z. Zolnai,* and E. Janze´n
Department of Physics and Measurement Technology, Linko¨ping University, SE-581 83 Linko¨ping, Sweden
~Received 19 June 2003; revised manuscript received 10 September 2003; published 21 November 2003!

Electron paramagnetic resonance~EPR! was used to study the TV2a center in 4H-SiC, which was previously
attributed to the isolated Si vacancy but with different charge states: neutral, single negative, and triple
negative, corresponding to different spin statesS51, S53/2, andS51/2, respectively. The TV2a EPR spectra
observed in dark and under light illumination in as-grown high-purity semi-insulating 4H-SiC in the absence of
the negatively charged Si vacancy (VSi

2) provide direct evidence confirming the spin triplet (S51) ground state
of the center. A model with a triplet ground state and a singlet excited state is proposed to explain previously
obtained results. The TV2a center can be detected in as-grown material annealed at 1600 °C.
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I. INTRODUCTION

In irradiated n-type 4H- and 6H-SiC, several opticall
detected magnetic resonance~ODMR! spectra, labeled TV1x ,
TV2x, and TV3x ~with x5a,b), are often detected by mon
toring a near-infrared photoluminescence~PL! band, which
consists of zero-phonon lines~ZPL’s! at 1.438 eV~labeled
V1) and 1.352 eV (V2) in 4H-SiC and 1.433 eV (V1),
1.398 eV (V2), and 1.368 eV (V3) in 6H-SiC.1 These
ODMR centers haveC3v symmetry and an isotropicg value
close to 2.003. These spectra were also observed by ele
paramagnetic resonance~EPR! by several groups in 4H- an
6H-SiC.2–5 One of these ODMR spectra, TV2a , is related to
the ZPLV2 at 1.352 eV in 4H-SiC.1 In these works,1–5 these
spectra were suggested to originate from spin triplet st
(S51). The spectra were first observed by Vainer and Il
in slightly n-type 6H-SiC~Ref. 4! ~labeledP3 andP5) and
were attributed to the far-distance vacancy pairs (VSi-VC)
with different zero-field splitting~ZFS! parameterD depend-
ing on the distance between the two vacancies. Based on
hyperfine ~HF! structure due to the interaction with 12 S
atoms in the next nearest neighbor~NNN! shell, the spin
state, the correspondence between the number of the Z
~two in 4H- and three in 6H-SiC! and the number of in-
equivalent lattice sites in each polytype, and the poss
level position in the band gap of 6H- and 4H-SiC, So¨rman
et al.1 attributed the centers to the neutral isolated silic
vacancy (VSi

0 ) at the quasicubic and hexagonal lattice sit
In a Zeeman study by Wagneret al.,6 no splitting of any
ZPL’s in the magnetic field up to 5 T has been detect
indicating that the corresponding PL transitions are betw
the singlet states. The triplet spectra seen in ODMR w
therefore tentatively explained as being detected indire
via an excited triplet state located between the ground
excited singlet states.6 However, recent EPR observations
the same spectra in 4H- and 6H-SiC under equilibrium c
ditions at low temperatures~1.2 to 4 K!3,5 suggesting that the
spectrum must arise from the ground state.

Recently, complete ligand hyperfine tensors of the in
action with four C atoms in the nearest neighbor~NN! shell
have been determined,2,7–9supporting the isolated silicon va
cancy model. There is an ambiguity about the spinS51 of
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the TV2a center since its EPR spectrum always appears
gether with the strong signal atg;2.003 of the undistorted
negatively charged silicon vacancy (VSi

2),10–12 which may
hide the central line of a possibleS53/2 spin. Recently, the
spin stateS53/2 was indirectly determined for the TV2a cen-
ter in 4H-SiC by pulsed EPR,7 whereas the high-field pulsed
EPR study by Orlinskiet al.3 suggested a spinS51, in
agreement with So¨rmanet al.1 In a magnetic circular dichro-
ism of the absorption~MCDA! and MCDA-detected EPR
~MDCA-EPR! study of 6H- and 15R-SiC, Lingneret al.13

observed the same PL band, but the MCDA-EPR spect
measured on theV3 ZPL at 1.369 eV in 6H-SiC consists o
only one line withg52.005. This leads to a suggestion th
the ground state of the silicon vacancy in SiC is triple ne
tive (23) with S51/2.13 Clarifying the spin state of the
TV2a center is important for understanding the electro
structure of this fundamental defect.

In this paper, we present our EPR studies of the TV2a
center in as-grown semi-insulating~SI! 4H-SiC. This center
was observed in all the SI SiC wafers grown by hig
temperature chemical vapor deposition~HTCVD!, whereas
the VSi

2 signal could not be detected in any sample. In t
absence of theVSi

2 signal, the TV2a spectrum with only two
lines was detected, confirming the spinS51 of the center.
Based on our photo-EPR studies we will show that the TV2a
spectrum arises from a triplet ground state with a posit
ZFS parameterD. The model will then be used to explai
the Zeeman result in Ref. 6. The annealing behavior of
TV2a center in as-grown material is presented.

II. EXPERIMENTS

In irradiated materials, the TV2a spectrum always appear
together with the dominating signal ofVSi

2 , which has almost
the sameg value and similar HF structures. This makes t
direct determination of the spin of the TV2a center is difficult.
In order to avoid the interference of theVSi

2 signal, in this
study we used as-grown semi-insulating~SI! 4H-SiC sub-
strates grown by HTCVD.14 The typical concentration o
some common residual impurities in HTCVD wafers me
sured by secondary ion mass spectrometry~SIMS! is
N(nitrogen);7.631015 cm23, N(boron);1.231015 cm23,
©2003 The American Physical Society11-1
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N(aluminum);6.631013 cm23, and N(vanadium);8.0
31012 cm23.14 In this material, intrinsic defects are used
compensate nitrogen donor to obtain SI properties. The
sistivity of the SI material at room temperature is in t
ranger.109 V cm. EPR measurements were performed
a BrukerX-band (;9.47 GHz) EPR spectrometer. In phot
EPR measurements, a xenon lamp with a power of 150
was used as the excitation source. Appropriate lo
wavelength-passed and short-wavelength-passed optica
ters were used to form band-passed filters at different wa
lengths.

III. RESULTS AND DISCUSSION

The sample was mounted and cooled down to 77 K in
dark to obtain equilibrium conditions. Figure 1~a! shows the
EPR spectrum measured in dark at 77 K for the magn
field B along thec axis. As indicated in Fig. 1~a!, the EPR
signals of the positively charged carbon vacancy (VC

1) ~Ref.
15! and a new center, labeled SI-9, are predominant. Ano
line, labeled SI-4, also appears in this region ofg52 ~Fig.
1!. The SI-4 spectrum hasC3v symmetry and theg values
are gi52.004060.0002 and g'52.002460.0002.16 The
SI-9 center in Fig. 1 hasC3v symmetry with theg values
gi52.001760.0002 andg'52.002160.0002. We will not
discuss further the SI-4 and SI-9 centers in this paper
addition to these signals, two weak lines at;335.42 mT and
;340.40 mT were detected@Fig. 1~a!#. Under illumination
by light with photon energieshn>1.4 eV (l<890 nm), the
intensity of these two lines increase by two orders of m
nitude. Figures 1~b! and 1~c! show the spectra measured f
B parallel and perpendicular to thec axis, respectively, with
a dramatic enhancement in intensity of these two lines un
light illumination with l>630 nm (hn<1.97 eV). @Light

FIG. 1. EPR spectra in SI 4H-SiC grown by HTCVD measur
for the magnetic fieldB along thec axis and at 77 K~a! in dark;~b!
and ~c! under illumination with light of wavelengthl>630 nm.
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with this wavelength was used in order to suppress theVC
1

~Ref. 17! and SI-4 signals.# The angular dependence stud
shows that these two lines belong to a spinS51 center with
an isotropicg value g52.002860.0001 and a ZFS param
eterD546.7531024 cm21 ~or 70.160.2 MHz). Within ex-
perimental error, bothg andD values of this center are iden
tical to that of the TV2a center measured by Mizuochiet al.7

In this as-grown high-purity material, the linewidth~the
distance between the maximum and minimum of the fi
derivative EPR line! is only ;0.039 mT and a well-resolved
isotropic HF structure is observed@Fig. 1~b!#. The splitting
between the linesb is 0.305 mT, which is a half of the
splitting between the linesc ~0.61 mT!. The intensity ratios
between the HF lines and the main line areb/a50.25 and
c/a50.03 if comparing the amplitude (b/a50.26 andc/a
50.034 if comparing the integrated intensity!. This HF
structure is clearly the same structure due to the HF inte
tion with one and two29Si atoms~nuclear spinI 51/2 and a
natural abundance of 4.67%! among 12 NNN Si atoms a
observed for the TV2a center in Refs. 1 and 7. The observe
intensity ratios are in good agreement with the calcula
ones:b/a50.273 andc/a50.037. From the sameg andD
values and the NNN29Si HF structure~within experimental
errors!, it is evident that we have observed the TV2a center.
As can be seen in Figs. 1~b! and 1~c!, it is clear that the TV2a

spectrum consists of only two lines. There is no third cen
line of a possible spinS53/2 corresponding to the previ
ously assumed transitionu3/2,11/2&↔u3/2,21/2&, which
may be hidden by the strongVSi

2 signal always present in
n-type irradiated material. The TV2a and TV3a spectra in 6H-
SiC with clearly only two lines each have previously be
observed in ODMR using resonant excitation at the cor
sponding ZPL’sV2 and V3.1 From the observations by
ODMR1 and EPR in this work, it is clear that the TV2a spec-
trum arises from a spin triplet state (S51).

We observed the TV2a spectrum in all the studied sample
~from few tens of different low dopedn-type or SI wafers
grown by HTCVD!, but could not detected the undistorte
(Td symmetry,S53/2) VSi

2 signal7,11 in any sample even o
n-type conductivity. We found that the TV2a signal is often
much weaker in slightlyn-type samples than that in SI wa
fers. The failure in detection of theVSi

2 signal cannot be due
to the measuring conditions since this center can easily
observed either in the dark or under light illumination. A
also shown in Ref. 7, illuminating with a very powerful las
~up to 10 W! increases the TV2a signal ~up to the intensity
level of VSi

2 line! but does not reduce theVSi
2 signal. The

absence of the undistorted (Td symmetry,S53/2) VSi
2 signal

in our case also suggests that TV2a is not theVSi
2 center with

the spinS53/2 andC3v symmetry as suggested in Ref. 7
Both the low- and high-field lines of the TV2a spectrum

have the same phase corresponding to the absorption o
crowave~MW! when measuring in the dark@Fig. 1~a!#, but
have opposite phases under light illumination@Figs. 1~b! and
1~c!#. This can be explained by the energy-level scheme
lustrated in Fig. 2. Since the spectrum can be observe
dark and at low temperatures@even at 1.2–4 K~Refs. 3 and
1-2
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5!# the triplet state must be the ground state. Under equ
rium conditions, all the statesuS,M s& of the triplet ~the sin-
glet u1,0& and doubletsu1,21& and u1,11&) are populated
and the MW absorption occurs in both transitio
u1,0&↔u1,11& and u1,21&↔u1,0&. In low-frequency
(X-band! EPR experiments, the splitting of these sublev
under the magnetic field is very small. At elevated tempe
tures, e.g., at 77 K as in our case, the difference in the po
lation at these levels should be also small. Therefore,
EPR signal measured in the dark is rather weak@Fig. 1~a!#.
Under illumination by light with the photon energies
;1.352 eV~the energy of the ZPLV2 in 4H-SiC! or higher,
electrons from the sublevels of the triplet ground state
pumped to the excited state of the center. The excited e
trons rapidly relax down to the singlet (S50) excited state
and then radiatively recombine to the singletu1,0& level in the
ground state, giving rise to the ZPL observed in PL. O
this singlet-singlet optical transition is allowed, while th
optical transitions from the singlet excited state to theu1,
11& and u1,21& sublevels of the ground states are forb
den. As a result, under light illumination only the singl
ground stateu1,0& is populated, whereas theu1,11& and u1,
21& states become empty~Fig. 2!. Under this condition, the
MW absorption transitionu1,0&→u1,11& and the MW emis-
sion transitionu1,0&→u1,21& will occur, giving rise to the
EPR absorption and emission lines. Therefore, two EPR l
always have opposite phases. Since only the singlet sta
populated under illumination, differences in population
sublevels of the triplet state become much larger compa
to the case of equilibrium condition~in dark!. This explains
the dramatic increase of the EPR signal~approximately two
orders of magnitude! under illumination.

As can be seen in Fig. 1, the EPR absorption gives ris
the low-field line. Therefore, the ZFS parameterD must be
positive in this case. Since the transitions from the sing
(S50) excited state to theu1,11& and u1,21& sublevels of
the triplet ground state are forbidden, only one ZPL line c
responding to the singlet-singlet transition can be detec
This explains why no splitting of the ZPL under the magne
field could be observed in Zeeman experiments.6 It should be
noticed that our model with the triplet ground state and
singlet excited state is the only alternative which could

FIG. 2. The energy-level scheme for the TV2a center in 4H-SiC.
Under illumination by light with the photon energyhn>1.4 eV,
only the singletu1,0& state is populated while theu1,11& and u1,
21& states are empty since only the optical transition from
singlet (S50) excited state to the singlet sublevelu1,0& of the triplet
ground state is allowed, giving rise to the ZPL~at 1.352 eV for the
V2 ZPL! in PL. The low- and high-field EPR lines correspond
the MW absorption and emission, respectively.
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plain the observed spin of the center and the Zeeman res
This is not an exceptional case for the TV2a center but should
be a typical property for all the spinS51 centers with a
triplet ground state and a singlet excited state. TheVC-CSi
pairs ~or P6/P7 centers4! in 6H-SiC ~Ref. 18! are typical
examples. TheVC-CSi centers have the spinS51 and each
configuration of these paired defects is related a ZPL of a
band in the near-infrared spectral region.18 Zeeman studies19

showed that none of these ZPL’s split under the magn
field. In the case of spinS53/2 ground state as suggested
Ref. 7, there would be more than one optical transition fr
the excited state~regardless of its spin multiplicity! to the
statesu3/2,23/2&, u3/2,21/2&, u3/2,11/2&, and u3/2,13/2&
of the quartet ground state detected in PL and hence
splitting of the ZPL under magnetic field would be obser
able. The explanation for the nonsplitting of the ZPL usi
an additional nonradiative level in between the excited a
ground states, and assuming the same splitting in the tri
excited state and triplet ground state in Ref. 3, is also
satisfactory. It is possible in principle but difficult to hav
such coincidences of the energy levels in different SiC po
types. Even for the cases of both the excited and gro
triplet states having the same splitting, all the sublevels
the ground state will be populated under light illuminatio
since more than one optical transition from the excited trip
state are allowed. This would lead to no difference in t
intensity of the TV2a signal when measuring in the dark o
under light illumination, which is in disagreement with th
observation in Ref. 7 and in our work~the intensity of TV2a
signal increases by about two orders of magnitude un
light illumination!. It should be noticed that terms ‘‘low-field
line’’ and ‘‘high-field line’’ are applicable for the anglesu of
the magnetic field in the range 0 – 54.74°~with respect to the
direction of thec axis!. For a spinS51 center, the splitting
induced by the crystal field becomes zero at the anglu
554.74° and the corresponding energy term,@D(3 cos2 u
21)#, changes to the opposite sign afterward. Therefore
angles in the range 54.74° – 90° the ‘‘high-field’’ line wi
becomes the ‘‘low-field’’ line and vice versa.

In Ref. 13, a very broad, structureless MCDA-EPR li
with a g value of 2.005 was detected at theV3 ZPL at 1.359
eV in 6H-SiC. A similar spectrum was also detected
15R-SiC.13 For some unknown reasons, the ZPLV2 related
to the TV2a center was not observed in their MCDA expe
ments. The MCDA-EPR spectrum is completely differe
from that observed in EPR and ODMR. As can be seen
Fig. 2 of Ref. 13, the asymmetric MCDA-EPR line has
linewidth at half maximum of about 50 G, which is large
than the largest splitting induced by the crystal field of t
TV3a and TV3b centers in 6H-SiC@;20 G for TV3a and
;40 G for TV3b ~Ref. 1!#. If the TV3a and TV3b centers were
actually observed in their experiments, both the low- a
high-field lines should be well inside the broad MCDA-EP
line at all the angles of the magnetic field and cannot
resolved. The assignment of such a broad MCDA-EPR l
to a single line from a spinS51/2 center in Ref. 13 is irrel-
evant. We believe that the broad MCDA-EPR line is due
the unresolved lines of the TV3a and TV3b centers.

It is also possible that the MCDA-EPR signal is related

e

1-3



ro
rs
R
is

e
fe
o
.5
y

-
a
n

c-
g

o
e
d
ri

on
ion

m
th

p
a

a

in a
m

wn
t at
or
ct
wn
d
he
in-

-

the
e in
ss in

a
is

ra-
-
m

I
s-

the
e

as-
om
let
plit-
es.
n

of

C.

SF

T-

M

E.

T

v,

ig,

a
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other defects but not to theV3 PL line. In MCDA-EPR mea-
surements, the sample is excited by light from a monoch
mator after going through different polarizers and filte
Such excitation is usually very weak. In some MCDA-EP
experiments, additional laser light in the visible region
also used.18 If the additional visible light is used, then th
absorption and emission processes occur also to other de
present in the sample. In irradiated material, there are str
and broad MCDA lines appearing in the region of 1.45–1
eV ~Refs. 13 and 20! and their broad phonon bands ma
overlap with theV1-V3 lines and contribute to the MCDA
EPR signal. We know from our ODMR experiments th
whenever above band gap light is used for excitation, the
broad ODMR line~the middle line seen in the ODMR spe
tra in Ref. 1 and related to a so-called lifetime limitin
defect21! with an isotropicg value of 2.0160.01 will be
detected together with vacancy-related signals. It is also p
sible that the MCDA-EPR line detected in Ref. 13 is relat
to this defect but not to theV3 ZPL. The data from EPR an
ODMR experiments are more reliable. In the ODMR expe
ments using resonance excitation,1 a laser line from a tunable
Ti-doped sapphire laser was tuned exactly to excite only
transition corresponding to one ZPL and no other absorpt
occurred. The observed ODMR1,8,9 and EPR~Refs. 2, 7, and
our work! spectra show clear HF structures, which una
biguously confirm the presence of a silicon vacancy in
defect.

Figure 3 shows the EPR spectrum in a SI 4H-SiC sam
annealed at 1600 °C for 30 min in Ar gas. The spectrum w
recorded forB along thec axis and under white light illumi-
nation. The TV2a signal reduces but can be seen with its cle
HF structure. In addition to TV2a , the signals ofVC

1 and SI-9

*Present address: Research Institute for Technical Physics and
terials Science, P.O. Box 49, H-1525 Budapest, Hungary.

1E. Sörman, N. T. Son, W. M. Chen, O. Kordina, C. Hallin, and
Janze´n, Phys. Rev. B61, 2613~2000!.

2N. Mizuochi, J. Isoya, S. Yamasaki, H. Takizawa, N. Morishita,
Ohshima, and H. Itoh, Mater. Sci. Forum389–393, 497 ~2002!.

FIG. 3. EPR spectrum in a SI 4H-SiC sample annealed
1600 °C for 30 min measured for the magnetic fieldB along thec
axis under white light illumination.
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centers were also detected. The annealing was performed
CVD system so the sample was slowly cooled down fro
1600 °C. The observation of the TV2a center after annealing
at such high temperatures is unexpected since it is kno
from previous studies that the center is annealed ou
around 750 °C~Ref. 1! and has a similar annealing behavi
as theVSi

2 signal.10 From this annealing behavior and the fa
that theVSi

2 signal has not been detected in any as-gro
sample, it is possible that the TV2a center may be not relate
to the isolated silicon vacancy as generally believed. T
recent observation of the ligand HF structure due to the
teraction with four nearest C neighbors2,7–9 is strong support
for the isolatedVSi model, but still cannot rule out the pos
sibility of long-distance pairs along thec axis, which are
possible in hexagonal SiC polytypes. To our knowledge,
VSi

2 signal has not been observed by magnetic resonanc
as-grown materials. Its absence may be due to the proce
which a Si vacancy traps one of its C neighbors to form
VC-CSi pair.18 The energy barrier required for this process
about 1.7 eV,18 which corresponds to the annealing tempe
ture;750 °C of the silicon vacancy.10 This process can hap
pen during the cooling down of the crystal after growth fro
the growth temperature~normally above 2200 °C in HTCVD
or in sublimation techniques!. In fact, we observe the EPR
spectra of theVC-CSi pairs as the dominating signals in S
SiC wafers grown by HTCVD and by physical vapor tran
port ~PVT! ~see also Refs. 22 and 23!.

In summary, we have observed the EPR spectrum of
TV2a center in as-grown SI 4H-SiC grown by HTCVD in th
absence of the undistortedVSi

2 signal. The spectrum with
only two lines confirms the spinS51 of the center. The TV2a
spectrum arises from a spin triplet ground state, and its
sociated PL line corresponds to the radiative transition fr
a singlet excited state to the singlet sublevel of the trip
ground state. The obtained result also explains the nons
ting of the ZPL’s of the center in previous Zeeman studi
The TV2a center is present in all as-grown SI material grow
by HTCVD with the concentration comparable to that
shallow dopants~N and B! and may play an important role in
carrier compensation processes. The TV2a signal reduces sig-
nificantly but can still be detected after annealing at 1600 °
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