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Characterization of a silicon-related defect detected by its excited triplet state
in electron-irradiated 3C-SiC
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Using electron paramagnetic resonance (EPR) under band-gap illumination, we show experimental evidence
of a defect center in n-type cubic silicon carbide (3C-SiC) single crystal irradiated with 1-MeV electrons. This
defect is diamagnetic (S = 0) in its ground state and can be pumped into a paramagnetic (S = 1, Mg = 0) state
by above-band-gap photon excitation, where it is detected by EPR absorption and emission transitions Mg =
0 <> Mg = =+ 1. This defect is characterized by g = 2.0029, a zero-field splitting D = 24.6 x 10~* cm™!, and
a hyperfine interaction A = 2.61 x 10~* cm™'. By studying the annealing behavior of this defect localized at a
silicon site, we suggest that it is associated with the neutral silicon vacancy.
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I. INTRODUCTION

Silicon carbide (SiC) is a very promising material for
semiconductor device applications, which have to work under
extreme conditions. Due to its good thermal conductivity, high
radiation resistance, and high breakdown voltage, it is well
suited for demanding applications in harsh environments.!
Even though progress in crystal growth during the past years
has been able to reduce imperfections in SiC to a great
extent, many properties of native defects or those produced
by irradiation damage are still not well understood.

This paper focuses on a primary defect in SiC, which is
produced by high-energy particle bombardment. If the energy
of these particles is high enough, atoms in the lattice can
actually be kicked out of their sites. The primary defects
created in this way are generally vacancies and interstitials, but
in a binary compound like SiC, antisites can also be formed.
Therefore, a good knowledge of primary defects is especially
important for SiC. The bombardment of the material with
electrons or heavy ions creates a lot of defects in the material.
In contrast to silicon, these defects are stable in silicon carbide
at room temperature (RT),>” and some secondary defects
produced during a post-irradiation thermal annealing are stable
at least up to 2000 °C,*S that is, it is almost impossible to
get rid of them. They can be easily studied with a variety of
experimental techniques. Among these, electron paramagnetic
resonance (EPR) allowed us to identify a large number of
intrinsic point defects in SiC, as summarized in Table I for the
most common hexagonal polytypes (4H, 6H) and for the cubic
structure (3C).

EPR data were assigned to the Vg;Si; Frenkel pair in
the silicon sublattice of 300-keV electron irradiated 6H-SiC
single crystals.”® The charge state of this defect seems to be
dependent on the initial doping of the material, since these
authors suggested the one- and three-charge states in n-type
and p-type samples, respectively.

The negatively charged silicon vacancy Vg is a well-
known defect in 4H- and 6H-SiC.>*~'3 Basically, it is similar
to the V™~ center in diamond by its high spin (S=3/2)
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ground state.'* The effective spin § = 3/2 of Vg; in 4H-SiC
was confirmed by pulsed electron-nuclear double resonance
(ENDOR) measurements.'! The signal of Vgi in hexagonal
and cubic sites was observed in addition to that of V; in n-type
4H and 6H-SiC irradiated with high-energy protons (12 MeV)
for fluences ranging from 1 x 10'6 to 8 x 10'® cm=2.!5 The
lack of signal related to the nitrogen donor at low temperature,
associated with the simultaneous presence of the two charge
states of the silicon vacancy, indicates that irradiated crystals
are electrically compensated regardless of fluence. In proton-
irradiated n-type 6H-SiC samples at higher fluences, the
ionization level (—/0) of the silicon vacancy seems to govern
the position of the Fermi level, which is located close to
the middle of the gap.

TheTy, center can be detected by photoluminescence (PL),
which is called the V2 line (1.352 eV). The equivalence of
Tv>, and V2 was demonstrated by optically detected electron
magnetic resonance (ODMR).'""!> The determination of the
spin state S = 3/2 of the Ty, center by the nutation method in
pulsed EPR has revealed that Ty, belongs to a family of Vy;.
The complete analysis of the 7y,, spectrum was achieved by
using the signal enhancement due to electron-spin polarization
by light illumination.'"'® However, the central primary line
of Ty,, was often missing, because it was not enhanced by
illumination and was usually hidden underneath the vg; signal.
This led to the mistaken idea that Ty, originates from V(S)i with
§S=1.1°

The carbon vacancy is also a well-known primary defect
in SiC, which was essentially observed in its positive charge
state (V(Z, S = 1/2) by EPR in p-type 4H and 6H polytypes
irradiated with electrons. The EI5 and EI6 centers, found in
the 4H polytype,>!”!¥ have been established to be V{ at cubic
(k) and hexagonal (h) sites, respectively. Similarly, the Ky1/2
and Ky3 centers in 6H-SiC have been identified as V{ at two
cubic sites (k1, k2) and one hexagonal site, respectively.'” In
4H-SiC, the negatively charged carbon vacancy (V, S=1/2)
was also found.?”

EPR and ab initio supercell calculations suggest that
the P6/P7 centers, which were previously assigned to the
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TABLE I. Point defects identified by EPR measurements in 3C, 4H, and 6H-SiC irradiated with electrons (e™), protons (HT), or neutrons
(n). We mention which assignment has been already confirmed by theory (theor) or proposed by experimentalists (expt).

Point Polytype EPR signal Incident particle Irradiation energy Reference
defect (doping) MeV)
(VsiSii)™ (expt) 6H (p) e 0.3 7
(VsiSip)*~ (expt) 6H (n) e 0.35 8
Vg 3C (n), (p) T, e  Ht 1,2 29-31
(theor) 4H (n) n,e” >0.1,3 10,11
6H (n) e” 3 9,12
4H, 6H e e 3 11,13
VY, (theor) 4H (n) H* 12 15
6H (n) H* 12 15
V¢ (theor) 4H (p) EIS, EI6 e 25 5,17,18
6H (p) Kyl, Ky2, and Ky3 e~ 2 19
V¢ (theor) 4H (n) HEI1 e 35 20
(VsiVe)? (theor) 4H, 6H P6/P7 e 25 23
Cs; (theor) 6H (n) n 1 24
(Cy)y; (theor) 4H (n) HEIS5, HEI6 e 3 25
(VcCsi)™ (theor) 4H (p) HEI9/10 e 3 26
(VcCsi)™ (theor) 4H (n) HEI4/SI-5 e 3 27
(SicCs)* 3H (n), 6H (p) H* 6.3 28
(th) 4H (p) H* from 0.35 to 1 28
(VsiSi;)** (theor) 3C (n) LEl e 2 32

photoexcited triplet states of the carbon vacancy—antisite pairs
in the double positive charge state,'>? are related to the triplet
ground states of the neutral divacancy (VsiVe)?.? The spin
density is found to be located mainly on three nearest C
neighbors of the silicon vacancy, whereas it is negligible on
the nearest Si neighbors of the carbon vacancy.

An EPR spectrum with axial symmetry along the ¢ axis,
spin S = 1/2, and strong hyperfine interaction with one carbon
atom has been observed in neutron-irradiated and annealed
6H-SiC,'3C isotope enriched.”* The spectrum was identified
as arising from an isolated carbon atom presumably in Si
position, Cg;.

Umeda et al.”® identified the negatively charged dicarbon
antisite defect (Cy)g; in electron-irradiated n-type 4H-SiC by
means of combined EPR measurements and first- principles
calculations. The HEI5S and HEI6 EPR centers (S = 1/2; Cyy,
symmetry) are associated with cubic and hexagonal dicarbon
antisite defects, respectively. This assignment is based on a
comparison of the measured and calculated hyperfine tensors
of 3C and ?°Si atoms as far as the second neighborhood around
the defects. Theoretically, the dicarbon antisites are stable in
a single negative charge state under a wide range of n-type
samples.

The identification of the missing positively charged carbon
antisite—vacancy pairs (VcCs;)' has been assessed by means
of ab initio supercell calculations.’® These defects were also
detected in the negatively charged states.?’

Very recently, the nearest-neighbor antisite pair defects
in 4H-SiC, 6H-SiC, and 3C-SiC single crystals have been
identified using EPR spectroscopy in combination with a
nonperturbative ab initio scheme for the electronic g tensor.?®
Based on the theoretical predictions, the positively charged
defect has been found experimentally also in the cubic 3C-SiC

polytype where it is characterized by spin 1/2 and highly
anisotropic g values of g, =2.0030, g,, =2.0241, and
8.z = 2.0390 within C,;; symmetry. The exceptional large g
values are explained by details of the spin-orbit coupling
causing a strongly anisotropic quenching of the orbital angular
momentum of the p-like unpaired electron.

Only a few studies have been done in the cubic polytype
(3C-SiC) because of the difficulty in obtaining high-quality
materials. The negatively charged silicon vacancy (7} center)
was identified in n-type epilayers.??>° The T; symmetry of
this defect was confirmed by the angular dependence of '*C
hf lines of the nearest neighbors. In the 7; symmetry, all three
AMg = +£1 transitions of § = 3/2 are superimposed since
the zero-field splitting (ZFS) vanishes in cubic symmetry. In
arecent study, we deduced the threshold displacement energy
in the Si sublattice [ E4(Si)] from PL and EPR data of Vy; in n-
doped electron-irradiated 3C-SiC single crystals.* Concerning
p-type crystals, Itoh et al.’' simultaneously discovered the
negatively charged silicon vacancy, the carbon di-interstitial
defect (Cy,),", and two signals characterized by a dipole-dipole
interaction and attributed to vacancy-interstitial pairs.

The (V;Si;)>* Frenkel pair has been identified in n-type
3C-SiC after electron irradiation at low temperature (80—
100 K).*? The LE1 signal related to this defect, observed at low
temperature, disappears after warming up the samples to RT.
Supercell calculations of different configurations of silicon
vacancy-interstitial Frenkel pairs were performed showing
that pairs with a nearest-neighbor Si interstitial are unstable
whereas pairs with a second-neighbor Si; are stable. Compar-
ing the data obtained from EPR and supercell calculations, the
LE1 center is assigned to the Frenkel-pair between Vg; and a
second-neighbor Si; interstitial along the [100] direction in the
3+ charge state, (Vs;iSi;)**. This important result shows that
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in materials irradiated at low temperatures, Frenkel pairs are
dominating defects whereas EPR signals of single vacancies
are absent.

The present work specifically deals with photo-EPR mea-
surements performed in an n-type 3C-SiC single crystal
irradiated with 1-MeV electrons. After a brief description of
the experimental protocol, we characterize the properties of an
EPR-active center. From these results, the electronic structure
of the defect is discussed and a defect model is proposed.

II. EXPERIMENTAL PROCEDURE

The material investigated in this study was supplied by
the HOYA Company. This is a [100]-oriented 3C-SiC single
crystal grown epitaxially on a crystalline Si [111] substrate by
chemical vapor deposition. The sample characterized by EPR
measurements is 157-um-thick with a free-carrier concentra-
tion (Np — N4) of 8.4 x 10'> cm~3 due to nitrogen donors. By
use of a HF/HNOs 1:1 solution, the Si substrate was completely
etched away. The single crystal was finally polished at RT at
the NOVASIC Company by a mechanochemical process.

An irradiation at 300 K with 1-MeV electron at a flu-
ence of 1.3 x 10'® cm™2 was carried out along the [100]
crystallographic direction using a Van-de-Graaff acceler-
ator at the Laboratoire des Solides Irradiés (LSI, Ecole
Polytechnique, Palaiseau). The electron flux was kept below
1.8 x 10" cm™ s7! to minimize the sample heating. In the
present study, we have used a single fluence for which a high
number of paramagnetic centers (negative silicon vacancy)
are produced. By varying the electron fluence, we showed
previously that the threshold displacement energy (E,) in the
silicon sublattice is equal to 25 eV along the [100] axis.*
Considering an E; value of 20 eV in the carbon sublattice,**
calculations performed with SMOTT, POLY, and PENELOPE
computer codes suggest that the defect formation is quite
homogeneous throughout the sample thickness, the electrons
being transmitted through the samples.?>3°

The photo-EPR measurements were performed in a Bruker
ESP 300e X-band EPR spectrometer (operating at 9.6 GHz)
equipped either with a 3 kW high-pressure mercury vapor
lamp combined with interference filters for a wavelength range
of 380-1000 nm, or with a frequency-doubled YVO3:Nd3*+
laser operating at 530 nm. Spectra were fitted with different
Lorentzian- and Gaussian-shaped components. The concen-
trations of the various paramagnetic centers in the whole
irradiated crystal were determined by comparison with a
CuSOy reference sample.

III. RESULTS

The EPR spectra of the electron-irradiated sample recorded
at 100 K, in the dark and under laser illumination, are shown in
Fig. 1, when the static magnetic field is applied perpendicularly
to the [100] axis of the single crystal. Before photoexcitation
[Fig. 1(a)], the EPR signal exhibits the well-known 7 center,
which is formed by a central line with a hyperfine (hf) structure.
This signal is attributed to Vg; with an effective spin § =
3/2.%° The defect concentration is estimated to be 2.5 x
10'® cm~3, which is in quite good agreement with a production
rate of 1.7 x 1072 cm~! in 3C-SiC irradiated with 1-MeV
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FIG. 1. First derivative of the EPR spectrum at 100 K with B L
[100] of the n-type 3C-SiC sample irradiated with 1-MeV electron in
the dark (a) and under light illumination (b). In the latter case, a new
signal referred to as T is observed. (c) Integration of the spectrum

(b) [microwave attenuation = 50 dB (1 mW), modulation depth =
0.3 G)].

electrons.”” Two sets of lines split by 2.88 mT appear under
light illumination at 1 W cm™2, with significant microwave
attenuation to 50 dB [Fig. 1(b)]. Such a signal, arbitrarily
labeled as T, has not been previously observed in 3C-SiC,
either in n-type or p-type materials. It is detected at 4 K but the
best temperature interval for the observation of this new EPR
center is between 100 and 200 K. Indeed, the signal saturates
below 100 K and its hyperfine structure cannot be resolved
any further, whereas its intensity decreases drastically above
200 K.

Considering, for example, the low-magnetic-field compo-
nent of the Ty signal [Fig. 1(b)], we notice a symmetric
structure composed by a series of five lines with a splitting
of 144 uT. These are labeled a for the central line, b for the
two first adjacent ones, and ¢ for the two weak satellites (see
Fig. 2). The a/b and a/c ratios are equal to (0.274 4+ 0.03)
and (0.035 £ 0.004), respectively, which correspond to the
hf interaction of an unpaired electron with 12 neighboring
silicon isotopes (*°Si: § = 1/2, abundance 4.7%). The relative
intensity of the b line compared to a is indeed 12 times higher
than the relative abundance of 2°Si. Besides, the central line
a, with a linewidth of 92 uT, and the » and ¢ doublets are
correctly fitted by an interaction with zero, one, and two 295
nuclei in sites corresponding to the 12 equivalent neighboring
silicon atoms (Fig. 2). The experimental value of the hf
interaction |Asi|/gnvpun (Fig. 2) is equal to 287.3 uT (i.e.,
2.61 x 10~* cm™"). This value is close to that found for the
negatively charged silicon vacancy Vg; (2.73 x 107* cm™).
The *Si hf interaction in 12 equivalent silicon sites clearly
demonstrates that the T’y center arises from a defect at a silicon
site. Moreover, in spite of numerous signal accumulations, it
was not possible to identify any hf interaction with '*C atoms.
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FIG. 2. (Color online) Left: low-field component of the Ty signal
with B L [100]. Right: corresponding stick diagram calculated from
hyperfine interactions of an electron with zero, one, and two 281
nuclei located in 12 equivalent silicon sites.

This may be due to a strain broadening effect of the weak '*C hf
lines, produced by the mechanical stress on the 3C-SiC crystal
resulting from the growing procedure on the Si substrate.

From the integration of the first derivative EPR spectrum
(Fig. 1(c)), it can be seen that the low-magnetic-field compo-
nent of the signal results from a microwave absorption, while
the high-field component originates from a microwave emis-
sion, indicating that we are faced with an out-of-equilibrium
population of the spin states of this defect. To explain the
nature of this EPR signal, we performed a series of additional
measurements. First, we have to check that the two components
of the Ty doublet are related to the same point defect. Second,
we have to confirm that the signal Tx does not correspond to
Vj; in an excited state. Third, we must verify that no additional
line associated with the new EPR center is superimposed with
the 77 spectrum.

Intensities (in arbitrary units) of the 7} and T signals are
compared for different illumination values (Fig. 3). Actually,
since the Ty center is only observed by optical excitation, the
population of the Zeeman levels of this defect is highly in
nonequilibrium, in contrast to the 7} center. Hence, it is not
possible to compare the intensities of the Tx and 7 signals,
and no absolute concentration values of the Ty center can
reliably be given. Between each measurement taken during
a similar time interval, the sample was kept in the dark for
15 min. Results show that the intensity of the low- and high-
field components of Tx jointly increase with illumination up
to saturation at 1.25 W cm~2. This behavior is reversible since
a decrease of illumination implies an immediate decrease of
the intensity of the T’y signal. Besides, we notice that 7} is not
affected during measurements. These observations show that
the spectrum of T is only formed by two sets of lines related
to a unique point defect, distinct from the negatively charged
silicon vacancy Vg;.

Information about the electronic structure of the defect
associated with Ty is obtained from the angular dependence
measurements in the (011) plane of the crystal. Figure 4
illustrates the behavior of the central line (a) for each of the two
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FIG. 3. EPR intensities vs light intensity of the 7} center (circles)
and of the two components of Ty corresponding to microwave
absorption at low magnetic field (triangles) and microwave emission
at high field (squares).

components of Ty as a function of the angle (?0, [100]) formed
by the static magnetic field FB and the crystalline direction
[100]. Owing to line broadening, it was not feasible to follow
the angular variation of the 2°Si hf interaction because it was
unresolved when By deviates from the [100] axis_.)

The splitting of a lines is maximum when Bj is aligned
along [100], vanishes when the magnetic is parallel to the
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FIG. 4. (Color online) Angular dependence of the central line (a)
of the Ty signal. The angle is calculated between the magnetic field
and the [100] crystalline axis. The full line corresponds to the angular
dependence calculated with Eq. (1) for D =2.46 x 1073 cm™".
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[111] ternary axis, and is half the maximum value when ?0
is aligned along the [011] axis. This behavior is typical for a
traceless tensor such as the ZFS of an § = 1 state. The angular
dependence of the resonance field B, of the central lines
(corresponding to 100 % neighboring ?*Si nuclei) can thus be
written as

1 D )
Bies = — hv:I:E[3cos 0—1]1), €))]

where the isotropic g factor is equal to 2.0029 % 0.0001, up
defines the electronic Bohr magneton, D describes the ZFS,
and 6 represents the angle between EB and the [100] main
axis of the 3C-SiC crystal. For Tx centers with one and two
neighboring 2°Si nuclei, a hf term must be added in Eq. (1).
The angular dependence of the central line is typical of a
spin-triplet state S = 1 with an axial zero-field splitting D =
26.38 MHz (i.e., 24.6 x 10~* cm™!). For some orientations,
we observe two additional line doublets with profiles similar
to those observed in Fig. 1, due to the cubic symmetry of the
crystal. However, the angular dependence of the 2°Si hyperfine
lines could not be recorded because of the weakness of the
associated signal during the angular variation experiment. As
for 13Chflines, this likely originates from the strain broadening
effect due to the Si substrate.

We report in Fig. 5 the excitation spectrum of the T center
taken with the mercury vapor lamp. For each wavelength, we
adjusted the incident power density so that the illumination re-
ceived by the sample was kept constant during measurements.
We notice that photon energy equal to or larger than 2.23 +
0.05 eV is necessary to observe the Ty spectrum. The intensity

EPR intensity (arb. u.)

'l

1.7 19 21 23 2.5 2.7 29
Photon energy (eV)

FIG. 5. (Color online) Excitation spectrum of the Ty center taken
at 100 K using the mercury vapor lamp. Inset: the photon energy
emitted from the light source is plotted as a function of the EPR
intensity and compared to the band-gap value (E,) of 3C-SiC, equal
to 2.391 eV at 100 K (Ref. 37).
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FIG. 6. (Color online) Variations with annealing temperature (7)
of the intensities (/) of the T (diamonds), Ty (circles), and N° signals
(squares), normalized to the initial values (/y) recorded at 300, 100,
and 30 K, respectively. The red curve corresponds to the best fit of
the experimental points with Eq. (2).

of the signal increases up to a maximum at 2.55 + 0.04 eV
and then decreases for higher-energy values.

The annealing behavior of Tx, T} and the nitrogen (N )
signals is compared in Fig. 6. Let I be the intensity recorded
at low temperature before annealing and I(7) be the intensity
measured after isochronal annealing at the temperature 7. We
observe that the annealing behavior of the defect related to
Ty is divided into two stages. The first one, ranging between
100 and 250 °C, leads to a decrease of 35% of the initial
signal intensity. The second step, initiated at around 300 °C,
implies the annihilation of the EPR center at 350 °C. This
annealing kinetic is qualitatively similar to that of 7 center.
The concentration of negative silicon vacancies (77) decreases
by about 30% at 200 °C and then 15% at 350 °C. The
partial restoration of the N° signal is correlated with the
annealing behavior of 7| (Fig. 6). Indeed, 30% and 40%
of the original concentration of free carriers are recovered
after isochronal annealing at 250 and 350 °C, respectively.
Therefore, it seems that the Tx center does not play any
role in the electrical compensation of the sample. Besides,
a good fit of the experimental points, obtained with a sigmoid
curve of first order, allows us to evaluate the activation energy
E, =137+£0.15 eV for the thermal bleaching of the Ty
center above 250 °C:

I/1y = exp[—vota exp(—Ea/kpT)], @

where I is the EPR intensity, I is the value obtained prior to
the annealing experiment, vy is a frequency factor, ¢, is the
annealing time (1800 s), kp is the Boltzmann constant, and T’
is the annealing temperature.
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IV. DISCUSSION

This photo-EPR experiment allowed us to identify a new
center, labeled Ty, with characteristics summarized in Table II.
It has not been observed either in samples irradiated at RT
with electrons below E;(Si),>® or in materials irradiated with
12-MeV protons or with 132-MeV C* ions at fluences ranging
from around 2 x 10" to 4 x 10'® cm~2.

The angular dependence of the EPR lines (Fig. 4) shows that
itis associated with a point defect in an excited triplet spin state
(§ = 1). As illustrated in Fig. 7, the EPR transitions between
the Mg sublevels are |S,Mg) = |1,0) <> |1,+1) and |S,Mg) =
[1,0) < |1,—1) according to the selection rule AM¢ = £1.
The observation of an absorption signal at low magnetic field
and of an emission signal at high magnetic field shows that
the |1,0) spin state is more populated than the |1,—1) and
[1,4+1) ones, implying that the three states are not in thermal
equilibrium under illumination.

The direct optical transition from the S = 0 ground state
to a triplet state S = 1 is forbidden according to the electric-
dipole selection rule AS = 0. Thus the out-of-equilibrium
population of the excited |S,Ms) = |1,0) state is due to a
more complicated process, as illustrated in Fig. 7. It starts
with an optical transition from the ground state 1 to an excited
state 3, both with a spin S = 0, followed by an intersystem
crossing to the excited triplet state S = 1 (level 2). The
emission toward the ground state is spin forbidden, so that
the radiative lifetime 7,4 is sufficiently large to allow the
observation of the excited triplet state by EPR. However, a
weak radiative transition to the singlet ground state |0,0) is
allowed from the |1,41) and |1,—1) states, but not from the
|1,0) state.’® Therefore, the excited state |1,0) will maintain a
higher population, provided the spin lattice relaxation time 7
is larger than t,,4. According to this population difference, the
microwave field of EPR will induce a microwave absorption
[1,0) — |1,41) and a microwave emission |1,0) — [1,—1).
The fact that this population difference can be maintained
implies also that the excited triplet state (level 2) is not resonant
with the conduction band, and lies in the band gap, otherwise
we expect a loss of spin memory while the electrons thermalize
in the band. It should be noticed that such out-of-equilibrium
population of the |S = 1,Mg = 0,£1) excited states is one
of the mechanisms of optical detection of EPR. For example,
the EPR of the F center (F : neutral oxygen vacancy) in
CaO has been optically detected via the microwave-induced
change of the triplet-state phosphorescence.*® By modifying
the out-of-equilibrium populations of the triplet state, the
microwave induces a change of the emission intensities from
the |1,41) states.

Remembering that the hf pattern indicates that this defect
is located at a silicon site, and that the hf interaction and the g

TABLE 1II. Characteristics of the Ty center; T, and 7, corre-
spond to the measurement and annealing temperatures, respectively.
The negative sign of A corresponds to the nuclear momentum related
to silicon.

g S D(m™) Asi (em™") Tos K) T, (°C)

20029 1 246x107* =261 x107* 4-200 350
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FIG. 7. (Color online) Suggested energy-level scheme for the Ty
center.

factors are very close to those of the 7 center attributed to the
Vy; defect, it appears likely that the Tx center is the neutral
silicon vacancy defect Vgi .Ab initio calculations by Bockstedte
et al.*® performed in 3C-SiC within the framework of the
density-functional theory localize the (0/+4) ionization level
of Vg; at Ey + 0.18 eV above the maximum of the valence
band (Ey). A recent study using the multiconfigurational self-
consistent-field method and taking into account the Jahn-Teller
distortion shows that the ground state of V‘S)i is a singlet spin
state (§ = 0) separated from the first excited state with § =
1 by about 0.1 eV.*? Such an electronic configuration agrees
with the energy-level scheme that we suggest for the T center
(Fig. 7). Calculations indicate that the formation energy of
this defect is slightly larger than the one estimated for Vg
under stoichiometric conditions. Indeed, Bockstedte er al.*!
calculated that the 1-charge state of the silicon vacancy prevails
in n-type and compensated materials. After irradiation, the
Fermi level may be pinned to the midgap position where the
concentration of neutral and (1-) charged Si vacancy could
be similar. Therefore, the involvement of VY, in the Ty signal
appears likely.

Despite the fact that this interpretation agrees with the
present observations and previous calculations, the attribution
of the Ty center must be discussed in more detail because there
are only a few studies dealing with the electronic structure
of point defects in 3C-SiC,*>*>**7 and in particular we must
eliminate other possible interpretations. Let us first consider
extrinsic defects associated with N and H impurities, which
are introduced into the lattice during the chemical-vapor-
deposition growth. Concerning nitrogen, the electron spins
should interact with the '*N isotope (I = 1, abundance 99.64%)
to induce an hf splitting forming a three-line pattern. Since
no such signal has been observed in the Ty spectrum, we can
reasonably exclude any implication of this impurity. In the case
of hydrogen, electron spins should interact with the 'H isotope
(I = 1/2, abundance 99.38%) leading to a doublet hf pattern
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similar to that observed for the Ty signal. The assumption of
the diffusion of this impurity can thus be considered. However,
a strong argument against this attribution is the fact that the
splitting between the two sets of lines of the Ty center varies
as 3cos?0 — 1 (i.e., it is a traceless interaction). In the case of
a hydrogen-related defect, the hf interaction should contain a
dominant Fermi contact contribution (which is isotropic) due
to an unpaired electron spin density in the H 1s orbital, in
addition to the traceless dipolar hf contribution. The lack of
any isotropic contribution to the splitting of the Tx spectrum,
which should dominate for a hydrogen impurity, definitely
excludes the attribution of this defect to a hydrogen-related
defect in silicon site.

This new EPR-active center is thus indisputably associated
with an intrinsic point defect in 3C-SiC. Among all the species
sitting on a silicon site, various antisite and interstitial defects
can be created upon irradiation with 1-MeV electrons in
addition to the silicon vacancy Vsi.24'25’46’47 However, the
assumption of these defects can reasonably be excluded due
to the hyperfine splitting, which is characteristic of a silicon
vacancy.'?

We must point out that the Tx center exhibits a ZFS while
this parameter should be exactly zero in the case of a vacancy
Vgi with T; symmetry. A first possible cause of distortion from
T; to Dyy symmetry giving a ZFS could be the Jahn-Teller
effect. The latter is not expected in the 'E ground state of
V3., which retains its 7, symmetry.** However, upon optically
induced population of the long lifetime 37; state giving the
EPR spectrum, the Jahn-Teller distortion expected for such a
state*® should occur, giving a D, symmetry of the excited V(S)i
center. A second possible origin for the ZFS is the symmetry-
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lowering resulting from a nonhomogeneous strain induced in
the crystal by the Si substrate. Such strain is also responsible
for the line broadening, which affects 13C and ?°Si hf lines, as
discussed above. These two mechanisms can combine to give
the effective ZFS observed for the Ty center.

All the points discussed above lead us to conclude that the
Tx-related center is most likely the neutral Si vacancy (V(S)i)'

V. CONCLUSIONS

Photo-EPR measurements in an n-type electron-irradiated
3C-SiC single crystal reveal a new signal labeled as Ty.
It is composed of two sets of lines, which originate from
microwave emission and absorption, respectively, showing
out-of-equilibrium spin-state populations. We show that this
signal is associated with an intrinsic defect in a long lifetime
excited state with spin § = 1 located on the silicon sublattice.

We observed that its annealing kinetic is constituted by
two stages at 150 and 350 °C, corresponding to the first
two annealing stages of the silicon vacancy resulting from
the recombination of Frenkel pairs in the silicon sublattice.
According to calculations, we attribute the new Ty EPR center
to the neutral silicon vacancy V(S)i. Further investigations are
needed to confirm this model.
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