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Irradiation of fast particles like 1 MeV electrons and 2 MeV protons was made for single crystalline
cubic silicon carbide (3C-SiC) grown epitaxially on Si by chemical vapor deposition in order to
introduce point defects in the material. Intrinsic point defects in 3C-SiC have been characterized by
electron spin resonance (ESR), positron annihilation spectroscopy (PAS), Hall and photolumines-
cence (PL) techniques. The structure and annealing behavior of intrinsic defects, e.g. monovacancies
at silicon and carbon sublattice sites, are described based on the results obtained by ESR and PAS.
The contributions of such point defects to electrical and optical properties of 3C-SiC are discussed
using the Hall and PL results, with a brief review of published work.

1. Introduction

Silicon carbide (SiC) has high temperature stability, high thermal conductivity, out-
standing semiconducting properties at high temperatures, and excellent chemical and
radiation resistance. From these properties, SiC is considered as a promising material for
high-power, high-frequency, high-temperature, and radiation-resistant devices [1]. More-
over, this unique combination of properties makes this material suitable for very high-
speed microprocessors. Especially, cubic SiC (3C-SiC), which has zinc-blende structure,
exhibits a small band gap �Eg � 2:3 eV at 300 K) and quite good electrical properties
such as high electron mobility and saturation drift velocity [2, 3] in comparison with the
other polytypes. Thus, 3C-SiC is expected to be the most desirable material for the
application to SiC integrated circuits. In addition, since 3C-SiC has a simple cubic struc-
ture different from the other polytypes, it is suitable to investigate the nature of intrinsic
defects in SiC. From this reason, a lot of theoretical researches on defects have dealt
with this material [4 to 8]. On the other hand, little was known about point defects in
3C-SiC until the early 1980s because high-quality 3C-SiC single crystals had been hardly
obtained. This situation was changed drastically due to the success in heteroepitaxial
growth of 3C-SiC on Si substrates [9 to 12] by chemical vapor deposition (CVD). Adopt-
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ing this technique, single crystalline 3C-SiC in which impurities are well controlled has
been obtained reproducibly. This improvement in the crystal quality stimulated ex-
perimental investigastions as well as theoretical studies of defects in 3C-SiC, and thus
considerable results have been accumulated up to now, see e.g. a recent review work of
Schneider and Maier [13]. Nevertheless, the structure, electronic levels, and annealing
behavior of intrinsic defects in 3C-SiC have not yet been fully understood.

In the early state of defect studies in 3C-SiC, Balona and Loubser [14] performed
electron spin resonance (ESR) measurements of electron and neutron irradiated 3C-SiC,
and found an F signal which was supposed to be responsible for carbon divacancies.
Geiczy et al. [15, 16] reported defect related cathodoluminescence (CL) lines A0, B0, C0

and D0 in electron irradiated 3C-SiC. The C0 CL line was speculated to be related to
defects at carbon sites and the others were supposed to be caused by defects at silicon
sites. Photoluminescence (PL) measurements by Choyke and Patrick [17 to 19] showed
the formation of D1 and D2 defects in 3C-SiC by ion irradiation and subsequent anneal-
ing. They proposed that the D1 and D2 PL lines arose from divacancies and carbon di-
interstitials, respectively. After the success in the CVD growth of 3C-SiC, many experi-
mental attempts to reveal the structure and electronic levels of point defects have been
made using CVD-grown epilayers. Nagesh et al. [20, 21] performed deep-level transient
spectroscopy (DLTS) and resistivity measurements of neutron irradiated 3C-SiC epi-
layers. As a result, they found a point defect related electron trap E2 �Ec ÿ 0:49 eV),
and hole traps H1 �Ev � 0:18 eV), H2 �Ev � 0:24 eV), and H3 �Ev � 0:514 eV). Most
electronic levels of defects produced by neutron irradiation were, however, reported to
be confined to the middle third of the band gap. Freitas et al. [22] reported the D1 and
D2 PL lines in ion implanted 3C-SiC epilayers, and presented that their intensities in-
creased with annealing temperature up to 1600 �C. Nashiyama et al. [23] investigated
the displacements of Si and C atoms in proton irradiated 3C-SiC by using 12C (d, p) 13C
nuclear reaction and deuteron Rutherford backscattering technique. Their results in-
dicated that C interstitials were located mostly at tetrahedral-like interstitial sites. Itoh
et al. [24 tob 28] made ESR measurements of 3C-SiC epilayers irradiated with electrons
and protons, and found ESR signals T1, T5, T6, and T7 ascribed to intrinsic point
defects. They identified the T1 signal to arise from a negatively charged silicon vacancy
(VÿSi). Positron annihilation spectroscopy (PAS) was also applied to the study of point
defects in electron irradiated 3C-SiC epilayers [26, 29, 30], and the results supported the
formation of VÿSi. The T5 signal observed in p-type 3C-SiC was found to be attributed
to a positively charged carbon vacancy (V�C) [27]. The T6 and T7 centers were proposed
to be some forms of vacancy±interstitial pairs [28]. It was shown from PL measurements
of electron irradiated 3C-SiC that the irradiation induced 1.913 eV PL line is caused by
VSi [31]. Son et al. [32] performed PL and optically detected magnetic resonance
(ODMR) measurements of electron irradiated 3C-SiC epilayers. They found an ODMR
center labeled L2 giving rise to a PL emission at 1.121 eV, and explained that this
defect was related to VSi.

In this paper, our recent researches on intrinsic point defects in 3C-SiC are described
with a brief review of published work. We deal with intrinsic point defects introduced in
CVD-grown 3C-SiC epilayers by irradiation of fast particles like 1 MeV electrons and
2 MeV protons. Since ESR and PAS are regarded as quite useful techniques for a micro-
scopic understanding of point defects in semiconductors, concerning defect identification
by ESR, see e.g. [33], regarding characterization of defects by PAS, see e.g. [34], these
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methods were used to investigate the structure of defects and their annealing behavior.
After a brief report of experimental procedures in Section 2, identification of the defect
structure based on the ESR results is described in Section 3.1. Characterization of va-
cancy-type defects using the results of Doppler broadening and positron lifetime meas-
urements are stated in Section 3.2. In Section 3.3, we show the annealing behavior of
point defects. The effects of intrinsic point defects on electrical and optical properties of
3C-SiC are discussed in Sections 4.1 and 4.2 in connection with the Hall and PL results.
A brief discussion on electronic levels of intrinsic defects is given in Section 4.3. A sum-
mary will be given in the final section.

2. Experimental Procedures

Single crystalline 3C-SiC films with the thickness of �30 mm were grown epitaxially at
1410 �C on Si(100) substrates by CVD. In the growth, SiH4 and C3H8 were used as
source gases in a flow of pure H2 carrier gas. Details of the growth procedure have been
described in [10]. The unintentionally doped films exhibited n-type electrical conduction
with the carrier concentration of �1� 1016=cm3 and the Hall mobility of �500 cm2/Vs
at room temperature (RT). For the growth of p-type 3C-SiC films, Al impurities were
doped by a mixture of Al(CH3)3 in the source gases. The as-grown p-type films showed
a hole concentration of �1� 1017=cm3 at RT. After the growth, the Si substrates were
etched off with an HF±HNO3 solution for ESR and position lifetime measurements.
These epilayers were irradiated with 1 MeV electrons or 2 MeV protons to introduce
point defects. Electron irradiation was made in an Ar atmosphere in the fluence range
up to 1� 1019 e=cm2 at the fluence rate �3� 1013 e=cm2 s. The samples were mounted on
a water-cooled holder so as to avoid beam heating, and their temperature was kept
below 50 �C during electron irradiation. Protons were irradiated to 3C-SiC samples at
fluences up to 6� 1016 H�=cm2, where the fluence rate was �3� 1012 H�=cm2 s. In pro-
ton irradiation, the samples were placed on a Cu heat sink so that their temperature
was kept below 50 �C. Isochronal annealing of irradiated samples was performed for
5 min in a dry, pure Ar atmosphere.

ESR measurements of 3C-SiC films were made at temperatures from 4 K to RT with
an X-band (9 GHz) microwave incident on a TE011 cylindrical cavity. The spin number
of paramagnetic defects was determined using the spin standards diphenyl-picryl hydra-
zyl (DPPH) and Mn2� in MgO. PL measurements were performed for 3C-SiC/Si sam-
ples in the temperature range from 4 to 200 K by using an Ar-ion laser with lines at
351.1 and 363.8 nm. The excitation laser light was focused on the sample surface to a
spot with a �200 mm diameter, and its power was approximately 30 W/cm2. The pene-
tration depth of the laser light is estimated to be 3 to 5 mm, so that the obtained PL
spectra are due to photon emission from the 3C-SiC films only. In the Doppler broad-
ening experiments, positrons emitted from a 22Na source were moderated with W foils
and subsequently accelerated with a variable electric field. Positrons with an energy up
to 30 keV were implanted into 3C-SiC/Si samples at RT. The penetration depth of posi-
trons at 30 keV is �3 mm. The energy spectrum of annihilation g-rays was measured
with a high-purity Ge detector. The Doppler broadened energy spectrum was character-
ized by the lineshape parameter S, which was defined as the integral of g-ray intensity
in the central energy region �511� 0:5� keV divided by the total intensity. In the posi-
tron lifetime measurements, a 22Na source was sandwiched by two 3C-SiC film samples.
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On both sides of the set of samples, p-type 6H-SiC wafers with the thickness of
�300 mm were placed so as to avoid a superposition of unknown lifetime signals caused
by annihilation of positrons traveling through 3C-SiC films. Positron lifetime was mea-
sured at RT using a conventional fast±fast spectrometer with a time resolution �200 ps
at RT. The lifetime spectrum obtained was analyzed using the computer code PATFIT-88
[35]. Since the average lifetimes of positrons in as-grown and electron irradiated n-type
3C-SiC samples were longer than that for p-type 6H-SiC, the obtained lifetimes are
attributable to positron annihilation in 3C-SiC.

3. Defect Structure and Annealing Behavior

3.1 Paramagnetic point defects: ESR centers

3.1.1 Silicon vacancy

Fig. 1 shows a typical ESR spectrum at 10 K for n-type 3C-SiC irradiated with protons
when the magnetic field was applied parallel to the h100i axis (H k h100i�. In this spec-
trum, an ESR signal labeled T1 [24 to 26] is clearly observed. The T1 signal was also
observed in n-type and p-type 3C-SiC samples irradiated with 1 MeV electrons, reactor
neutrons, or high-energy heavy ions like 120 MeV Ne6�. This symmetric signal consists
of fifteen ESR lines, i.e., the central five lines equally spaced at �1.5 G intervals and the
satellite five lines equally spaced at �1.5 G, which are disposed on both sides of the
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Fig. 1. ESR spectrum at 10 K for n-
type 3C-SiC irradiated with 2 MeV
protons at 1� 1016 H�=cm2. The mag-
netic field was applied parallel to the
h100i axis. Fifteen lines of the T1 sig-
nal are indicated by the arrows a, b,
c, d, e, and f. Hyperfine interactions
with 13C and 29Si resulting in each
ESR line are also represented



central five lines, in H k h100i. The T1 signal was observed in a wide temperature range
between 4 K and RT. Here, the fifteen ESR lines are labeled a, b, c, d, e, and f, as
represented in Fig. 1. For the central five lines, the intensity ratios of the sidelines b and
c to the central line a were 0:266� 0:02 and 0:035� 0:01, respectively. Almost the same
intensity ratios were obtained for the satellite five lines. The intensity ratio of the line d
to the central line a was 0:018� 0:005. The angular dependence of the T1 signal is
shown in Fig. 2, where the magnetic field was rotated in the f011g plane. The positions
of the five satellite lines were found to depend on the angle between the magnetic field
and the h100i axis, while no significant change was observed in the positions of the
central five lines.

The total intensity of the satellite lines d relative to the central line a is approxi-
mately four times as large as the natural abundance of 13C (1.1%), which has a nuclear
spin IC � 1=2. The total intensity of the lines b relative to the central line a is about
twelve times as large as the natural abundance of 29Si (4.7%) which also has a nuclear
spin ISi � 1=2. These facts suggest strongly that the T1 signal is caused by the Zeeman
interaction and simultaneous hyperfine (hf) interactions of paramagnetic electrons with
13C at four carbon sites and 29Si at twelve silicon sites. Here, the probability that one
13C atom exists at any of four carbon sites is obtained from the natural abundance of
13C to be 0.043. The probabilities that one and two 29Si atoms exist at any of twelve
silicon sites are 0.331 and 0.089, respectively. Since the probabilities that two or more
13C exist and that three or more 29Si exist are very low, these hf interactions are negligi-
ble. Thus, the T1 signal exhibiting the angular dependence shown in Fig. 2 can be repre-
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Fig. 2. Angular dependence of the T1 signal. The magnetic field was rotated in the f011g plane.
The abscissa indicates the angle between the magnetic field and the h100i axis. The squares and
circles represent the positions of the central five lines (a, b, c) and the satellite lines d, respectively.
The solid curves correspond to the calculated angular dependence of the satellite lines d, which
result from hyperfine interactions with 13C, by using the spin Hamiltonian eq. (1) in text and the
ESR parameters listed in Table 1
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sented by the spin Hamiltonian.

h � bSgH� SACIC �
P2
j� 1

SASiISi ; �1�

with an effective spin S � 3=2. Determination of the spin state of the T1 center is de-
scribed later. In eq. (1), the first term indicates the Zeeman interaction which gives the
position of the central line a. The second term represents hf interactions with 13C giving
the positions of the ESR lines d, and the third term hf interactions with 29Si showing
the positions of the lines b and c (Fig. 1).
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T a b l e 1

ESR centers originated from intrinsic point defects in 3C-SiC. ESR parameters �S; g; A,
and D) and wave function coefficients �h2; a2, and b2), which were calculated from the
obtained A tensors by using an LCAO method, are indicated for each ESR center. The
conduction type of 3C-SiC (n or p) and temperature range �Tobs), in which each ESR
signal was observed, are also presented. Particles e, H�, n, and ions correspond to 1 MeV
electrons, 2 MeV protons, reactor neutrons, and high-energy heavy ions like 120 MeV
Ne6�, respectively. K and Tann represent the introduction rate in 1 MeV electron irradia-
tion and the annealing stages, respectively, for every ESR center

ESR center T1 T5 T6 T7

cond. type n, p p p p

irradiation
particle

e, H�, n, ions e, H� e e

Tobs (K) 4 to 300 �100 4 to 300 �150
(full range) (full range)

S 3/2 1/2 1 1

g g � 2:0029 g1 � 2:0020
g2 � 2:0007
g3 � 1:9951

g � 2:003 g � 2:01

A (cmÿ1) ACk � 2:67� 10ÿ3

AC? � 1:10� 10ÿ3

�AC k h111i�
ASi � ÿ2:73� 10ÿ4

ASik � ÿ1:89� 10ÿ3

ASi? � ÿ1:38� 10ÿ3

�ASi k h111i)

ÿ ÿ

D (cmÿ1) ÿ ÿ jDj � 1:2� 10ÿ2

�D k h111i�
jDj � 5:2� 10ÿ2

�D k h111i�
wave function
coefficient

nearest C site
h2 � 0:19
a2 � 0:08; b2 � 0:92
2nd-nearest Si site
h2 � 0:01
�a2 � 0:25; b2 � 0:75�

nearest Si site
h2 � 0:073
a2 � 0:19; b2 � 0:81

ÿ ÿ

K (cmÿ1) 1:7� 10ÿ2 (n-type) 3:3� 10ÿ3 3:4� 10ÿ1 1:9� 10ÿ2

Tann (�C) 150, 350, 750 150 300 300

structure VÿSi V�C V±I V±I
(Td symmetry) (D2 symmetry) r � 6:1 �A r � 3:8 �A



The intensity ratio of the ESR line d to the line a was calculated by using eq. (1) to
be 0.022. The intensity ratios of the lines b and c to the central line a were also ob-
tained to be 0.265 and 0.036, respectively. These values agree well with those obtained
experimentally. The angular dependence of the central line a indicates that the T1 sig-
nal has an isotropic g-value of 2:0029� 0:0001. The anisotropy of the satellite lines d is
in excellent agreement with that calculated from the h111i axially symmetric hf tensor
of jACk j=gb � 28:6 G and jAC? j=gb � 11:8 G, as shown in Fig. 2. Taking account of the
positive sign of the carbon nuclear moment, ACk and AC? are estimated to be
2:67� 10ÿ3 and 1:10� 10ÿ3 cmÿ1, respectively. The angular dependence of the ESR
lines b represents the nearly isotropic hf tensor jASij=gb � 2:94 G. Considering the nega-
tive sign of the silicon nuclear moment, ASi � ÿ2:73� 10ÿ4 cmÿ1 is obtained. ESR
parameters obtained for the T1 signal are listed in Table 1. All the results show that the
T1 signal originates from the Zeeman interaction and the hf interactions with 13C and
29Si nuclear spins, which are shown in Fig. 1: The most intense central line a is mainly
caused by the Zeeman interaction. The sidelines b and c are ascribed to the hf inter-
actions with one 29Si and two 29Si nuclear spins, respectively. The satellite lines d result
mainly from the hf interaction with 13C. The lines e and f are due to the simultaneous
hf interactions with 13C and 29Si nuclear spins.

Fig. 3 shows the structural model of the T1 center, i.e. a monovacancy at a silicon
sublattice site VSi, which is surrounded by four nearest-neighbor carbon atoms and
twelve second-nearest-neighbor silicon atoms. The isotropic g-tensor obtained for the T1
signal leads to Td symmetry of this defect. The axially symmetric hf tensor along the
h111i axis for the hf interaction with 13C supports our model that four nearest-neighbor
carbon atoms are located equivalently in the h111i direction from the vacancy site. In
contrast to the hf interaction with 13C, that with 29Si at the second-nearest-neighbor
sites is so weak that it represents a quite small anisotropy, which accounts for the result
that the central five lines were nearly isotropic.

The introduction rate of the T1 center for 1 MeV electron irradiation was obtained to
be 1:7� 10ÿ2 cmÿ1 in n-type 3C-SiC [25]. This value is very close to the carrier removal
rate 1:4� 10ÿ2 cmÿ1 [36] obtained for 1 MeV electron irradiation into n-type epilayers.
Moreover, it was found from isochromal annealing that the electron concentration recov-
ered at almost the same temperatures as the T1 center was annealed [36]. These results
indicate that the T1 center captures an electron from the conduction band, i.e., VSi is
charged negatively. Thus, the spin state of the T1 center is considered as S � 3=2: Two
electrons occupy an a1 state and the other three electrons a t2 state, as represented in
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Fig. 3. Structural model of the T1 center:
a negatively charged vacancy at a silicon
sublattice site VÿSi. Electronic states are
also represented for VÿSi (spin state
S � 3=2) with Td symmetry. The number
denoted next C or Si atom indicates the
existence probability �h2) of paramagnetic
electrons at each site
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Fig. 3. Generally we have to take a fine interaction term SDS into the spin Hamiltonian
in the case of S � 1. However, all the components of D become zero when the defect has
Td symmetry. Therefore, even for S � 3=2 we can ignore the fine interaction term in the
spin Hamiltonian (eq. (1)) used for the analysis of the T1 signal.

One may propose the possibilities that the T1 signal arises from an antisite defect at a
silicon site CSi and that some impurities are incorporated in the T1 structure. It was
reported that VSi has a gap state but CSi has no gap state in 3C-SiC [4 to 8]. Further-
more, no ESR line was observed for the hf interaction with the antisite 13C. Thus, the
first possibility can be ruled out. The formation of VSi was also shown from the PAS
measurements of electron irradiated samples, which is described in Section 3.2. As for
impurities, it is probable that N and H impurities are incorporated in as-grown 3C-SiC
films. If these impurities are involved in the defect, electron spins should interact with
14N (nuclear spin IN � 1, natural abundance 99.64%) and with 1H (nuclear spin
IH � 1=2, natural abundance 99.98%), giving rise to the hf splitting of an ESR line in
three and two lines, respectively. However, ESR lines of the T1 signal cannot be ex-
plained by the hf interactions with 14N and 1H, leading to the fact that these impurities
do not exist in the vicinity of the defect. In addition, Td symmetry of the T1 center
suggests strongly that no impurity is included in the defect structure. From these facts,
the second possibility is also denied. Consequently, we conclude that the T1 center is a
negatively charged silicon vacancy (VÿSi). Negatively charged vacancies with S � 3=2,
which show Td symmetry, were also reported for diamond [37].

Here we consider the distribution of paramagnetic electrons on the nearest-neighbor
carbons in the T1 center. The electronic wave function Y can be constructed with a
linear combination of atomic orbitals (LCAO) centered on the nearest-neighbor carbon
sites. When we approximate the carbon orbital at each site k as hybrid C 2s 2p orbitals,
Y is described as

Y �P
k

hk�ak�j2s�k � bk�j2p�k� : �2�

For carbon atoms adjacent to the vacancy, the 2p orbital is thought to be directed to
the center of the vacancy along the h111i direction from the carbon sites. Then, the
axially symmetric hf tensor can be represented as

Ak � As � 2Ap ;

A? � As ÿ Ap : �3�
Here, the isotropic term As results from the Fermi contact interaction and the anisotro-
pic term Ap arises from the dipole±dipole interaction averaged over the electronic wave
function. From the values of Ak and A? for the hf interaction with 13C, we obtain
As � 1:62� 10ÿ3 cmÿ1 and Ap � 5:23� 10ÿ4 cmÿ1. Using the values of As and Ap calcu-
lated for 100% localization of an unpaired electron in C 2s and 2p orbitals [38], h2; a2,
and b2 are estimated to be 0.19, 0.08, and 0.92, respectively, and they are listed in
Table 1. This means that 76% of the wave function is located on the nearest-neighbor
carbon orbitals. A strong p-character �b2=a2 � 11:5� suggests strongly that the four car-
bon atoms are rearranged equivalently along the h111i direction with keeping the Td

symmetry.
The LCAO treatment can be extended to the analysis of the electron distribution on

the second-nearest-neighbor silicon atoms. Here we assume sp3 admixture orbitals
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�a2 � 0:25 and b2 � 0:75� for the second-nearest-neighbor silicon atoms. From the ex-
perimentally obtained value ASi � ÿ2:73� 10ÿ4 cmÿ1 and the calculated values As and
Ap for 100% electron localization in Si 3s and 3p orbitals [38], h2 is estimated to be 0.01.
This result represents that approximately 12% of the wave function is located on the
twelve second-nearest-neighbor silicon atoms. Most of the residual 12% is probably
spread out over more distant sites. The large value of h2 for the nearest-neighbor car-
bons implies that the T1 center forms a deep level in the 3C-SiC band gap, which is
consistent with the result that the T1 signal was observable at RT. Discussion of this
defect level will be shown in Section 4.3.

3.1.2 Carbon vacancy

In Al-doped p-type samples, additional ESR signals were observed after electron or pro-
ton irradiation. Fig. 4 shows a typical ESR spectrum at 10 K for p-type 3C-SiC irra-
diated with protons when H k h111i. In this spectrum, an ESR signal labeled T5 [27] as
well as the T1 signal can be seen. The T5 signal was observed at temperatures below
�100 K in p-type 3C-SiC samples irradiated with protons and electrons. On the other
hand, this signal was not observed in n-type samples. The T5 signal was found to con-
sist of main three ESR lines and weak ESR lines disposed on either side of the main
lines. The intensity ratio of all weak satellite lines to the main lines was 0:185� 0:02,
which is approximately four times as large as the 29Si abundance. This fact suggests
that the satellite lines result from the hf interaction with 29Si at four silicon sites. Here,
the probability that one 29Si exists at any of the four silicon sites is derived to be 0.163.
Since the probability that two or more 29Si exist is less than 0.012, the hf interactions
with such multiple nuclear spins can be neglected. The angular dependence of the T5
signal is shown in Fig. 5, where the magnetic field was rotated in the f011g plane. The
T5 signal with an anisotropy can be represented by the spin Hamiltonian

h � bSgH� SASiISi ; �4�
with an effective electron spin S � 1=2. The first Zeeman interaction term gives the
positions of the main three lines. The second term indicates the hf interactions of an
electron spin with a nuclear spin ISi � 1=2 of 29Si, which give the positions of the weak
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Fig. 4. ESR spectrum at 10 K for p-type
3C-SiC irradiated with 2 MeV protons
at 1� 1015 H�=cm2 when the magnetic
field was applied parallel to the h111i
axis. ESR lines arising from the Zeeman
and 29Si hyperfine interactions in the T5
signal are indicated by the solid and
broken-line arrows, respectively. The
dotted-line arrow represents the position
of the T1 signal



satellite lines (Fig. 4). By using eq. (4), the relative intensity of all the satellite lines
to the main lines is estimated to be 0.194. This value agrees well with the intensity
ratio obtained experimentally. The principal values of the g-tensor are obtained from
the angular dependence of the main three lines to be g1 � 2:0020� 0:0001,
g2 � 2:0007� 0:0001, and g3 � 1:9951� 0:0001, which are directed along the h100i axes.
The anisotropy of the satellite lines is well represented by an axially symmetric hf
tensor along the h111i axis, i.e., ASi � ÿ1:89� 10ÿ3 cmÿ1 (jASik j=gb � 20:3 G) and
ASi? � ÿ1:38� 10ÿ3 cmÿ1 (jASi? j=gb � 14:8 G), which are shown in Table 1.

Fig. 6 shows the structural model of the T5 center, i.e., an isolated vacancy at a car-
bon sublattice site VC. The hf structure (hfs) with 29Si at the four silicon sites indicates
a fourfold coordination of silicon atoms around the defect, which is consistent with this
model. In contrast to the T1 signal, the hf interactions with 13C at the second-nearest-
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Fig. 5. Angular dependence of the T5 sig-
nal. The magnetic field was rotated in the
f011g plane. The abscissa indicates the
angle between the magnetic field and the
h100i axis. The open and closed circles in-
dicate the positions of the main and weak
satellite lines, respectively. The solid and
broken curves represent the calculated an-
gular dependences of the main and satel-
lite ESR lines, respectively, by using the
spin Hamiltonian eq. (4) in text and the
ESR parameters listed in Table 1. The ar-
rows indicate the positions giving the prin-
cipal values of g tensor, g1; g2, and g3

Fig. 6. Structural model of the T5 center: a positively charged carbon vacancy V�C. Electronic
states are also shown for V�C with S � 1=2. D2 symmetry of this defect is caused mainly by a Jahn-
Teller distortion. The number next Si atom means the existence probability of a paramagnetic elec-
tron at the nearest-neighbor site



neighbor carbon sites are too weak to split the main lines. The principal values and
directions of the g-tensor for the T5 center show D2 symmetry of this defect, which is
thought to be mainly due to a Jahn-Teller distortion. Moreover, no fine structure ob-
served for the T5 signal indicating D2 symmetry suggests strongly that the spin state of
the T5 center is 1/2. It shows that the T5 center is a positively charged carbon vacancy
V�C (Fig. 6). In this case, two electrons occupy an a state and another electron occupies
a b1 state, which causes the T5 signal.

Theoretical investigations showed that VC has a gap state but an antisite at a carbon
site SiC has no gap state in 3C-SiC [4 to 8]. In addition, no hfs due to antisite 29Si was
observed in the ESR spectra of irradiated p-type samples. This supports our model that
the T5 signal does not arise from SiC but results from VC. If Al impurities, which were
doped in p-type samples, are incorporated in the T5 structure, an ESR line should be
split into six lines due to hf interactions with 27Al (nuclear spin IAl � 5=2, natural abun-
dance 100%). However, the main three lines and satellite lines in the T5 signal cannot
be represented by the hf interactions with 27Al. Thus, it can be concluded that Al impu-
rities are not located in the vicinity of VC. The introduction rate of the T5 center was
obtained to be 3:3� 10ÿ3 cmÿ1 for 1 MeV electron irradiation. This value is lower than
that for the T1 center �1:7� 10ÿ2 cmÿ1�; which is probably related to a small cross
section for the displacement of carbon atoms compared with that for silicon atoms and
partial annealing of the T5 center during electron irradiation. Annealing of ESR centers
is described in Section 3.3. The experimental fact that the T5 signal was not observed in
n-type samples can be interpreted by the difference in the charge state of VC : The
charge state of VC is probably neutral in n-type 3C-SiC and neutral VC, i.e., V0

C with an
effective spin S � 0 is undetectable by ESR.

The distribution of a paramagnetic electron on the nearest-neighbor silicon sites in the
T5 center can be estimated by a simple LCAO method as used for the analysis of the
T1 center. In this case, we approximate the silicon orbital yk at each site k as hybrid Si
3s 3p orbitals: yk � ak�j3s�k � bk�j3p�k. Substituting the experimentally obtained hf
parameters ASik � ÿ1:89� 10ÿ3 cmÿ1 and ASi? � ÿ1:38� 10ÿ3 cmÿ1 for eq. (3), we can
obtain As � ÿ1:55� 10ÿ3 cmÿ1 and Ap � ÿ1:71� 10ÿ4 cmÿ1. Taking account of the
values As and Ap for 100% localization of electronic wave function in Si 3s and 3p orbi-
tals [38], h2; a2, and b2 are estimated to be 0.073, 0.19, and 0.81, respectively (Table 1).
Thus, approximately 29% of the total electronic wave function is thought to be located
on the nearest-neighbor silicon atoms adjacent to the vacancy. The dangling orbitals are
also shown to contain 19% 3s and 81% 3p character. The residual 71% of the wave
function is spread out over the second-nearest-neighbor or more distant sites.

3.1.3 Other ESR centers

Fig. 7 shows ESR spectra at 20 K for p-type 3C-SiC irradiated with electrons when
H k h011i. In addition to the T1 and T5 signals, two ESR signals labeled T6 and T7
[28] are observed. The T6 signal was observed in the temperature range between 4 K
and RT. On the other hand, the T7 signal was observable below �150 K. The angular
dependence of both signals is shown in Fig. 8. Both signals can be represented by the
spin Hamiltonian

h � bSgH� SDS ; �5�
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Fig. 7. ESR spectra at 20 K for p-type 3C-SiC irradiated with 1 MeV electrons at 1:8� 1018 e=cm2

when the magnetic field was applied parallel to the h011i axis. Sweep ranges of the magnetic field
are approximately (a) 40, (b) 160, and (c) 800 G. ESR lines of the T6 and T7 signals are shown by
arrows in (b) and (c), respectively

Fig. 8. Angular dependence of the T6
and T7 signals. The closed and open cir-
cles represent the positions of the T6 and
T7 ESR lines, respectively. The sample
was rotated around the �0�11� axis perpen-
dicular to the magnetic field, but the ro-
tation axis was inclined by 3.5� toward
the [100] axis. The dotted and solid
curves indicate the angular dependences
of the T6 and T7 signals, respectively,
calculated using the spin Hamiltonian eq.
(5) in text and the ESR parameters
listed in Table 1



with an effective spin S � 1. The first and second terms indicate the Zeeman interaction
and a fine interaction, respectively. It can be estimated from the angular dependence
that g-values are �2.003 for the T6 signal and �2.01 for the T7 signal, whereas accurate
components of g-tensor for both the signals could not be determined because of a super-
position of the T1, T5, and other unknown ESR lines on the T6 and T7 signals. Aniso-
tropies of ESR lines for the T6 and T7 signals are described by axially symmetric D
tensors along the h111i axis: The absolute values of D are derived to be 1:2� 10ÿ2 and
5:2� 10ÿ2 cmÿ1 for the T6 and T7 signals, respectively, which are denoted in Table 1.
Using these g and D values, the angular dependences obtained for the T6 and T7 signals
are well described by the calculated curves, as shown in Fig. 8, where the rotation axis
was misaligned at 3.5�. The axially symmetric D tensors suggest that two electron spins,
which interact with each other, are aligned along h111i directions. When we assume that
the fine structures are mainly due to the magnetic dipole±dipole interaction, the value
of D is represented as

D � ÿ 3

2

m0�gb�2
4pr3

" #
; �6�

where r is the average distance of two electron spins. From the obtained absolute values
of D, the average spin±spin distances are estimated to be 6.1 and 3.8 �A for the T6 and
T7 centers, respectively. Taking account of the bond length of Si±C (1.89 �A) in 3C-SiC,
the average distances of electron spins in the T6 and T7 centers are approximately 3.2
and 2 times as long as the Si±C bond length.

Now we consider the structures for the T6 and T7 centers. The introduction rates of
the T6 and T7 centers were obtained to be 3:4� 10ÿ1 and 1:9� 10ÿ2 cmÿ1, respectively,
for 1 MeV electron irradiation. These values are not smaller than the introduction rate
of the T1 center �1:7� 10ÿ2 cmÿ1) and much larger than that for divacancies in Si
(�4� 10ÿ3 cmÿ1) [39]. This fact indicates that the T6 and T7 centers are simple point
defects produced primarily by electron irradiation like VSi, VC, and Frenkel pairs (va-
cancy± interstitial pairs: VSi ±ISi and VC ±IC). Since no hfs caused by 27Al, 14N, and 1H
was observed, the possibility that impurities are incorporated in the T6 and T7 struc-
tures is very low, suggesting that these centers are intrinsic defects. The T6 and T7
signals were not observed clearly in p-type samples irradiated with 2 MeV protons unlike
the case of 1 MeV electron irradiation. This result indicates the preferential formation of
these defects by electron irradiation. In 1 MeV electron irradiation, the average energy
of primary knock-on atoms (PKAs) is estimated to be �50 eV, which is of the same
order as the displacement energy Ed � 27 eV [40]. On the other hand, the average PKA
energy transferred from 2 MeV protons is �300 eV, which is much higher than Ed.
Thus, in the electron irradiation, PKAs can be located near the vacancy sites from
where they were displaced, and much more Frenkel pairs are created compared with
2 MeV proton irradiation. Taking all the results into account, Frenkel pairs are most
plausible for the T6 and T7 structures. On the basis of the axially symmetric D tensor
obtained, an interstitial atom is deduced to be located in the h111i direction from a
vacancy. In addition, it is derived from the average spin±spin distance obtained for each
center that an interstitial atom is located at the nearest-neighbor tetrahedral interstitial
site around a vacancy for the T7 center, and at the second-nearest tetrahedral intersti-
tial site for the T6 center. As for interstitials in 3C-SiC, Nashiyama et al. [23] showed
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the location of displaced C atoms at tetrahedral interstitial sites from deuteron channel-
ing experiments. This result supports our model. However, we could not specify the
correspondence of VSi ±ISi and VC ±IC pairs to the T6 and T7 centers owing to lack of
information on 29Si and 13C hf structures. Then, the T6 and T7 signals were not ob-
served in n-type samples. This result can be explained by the assertion that these de-
fects are not paramagnetic in n-type samples due to the change in their charge state.
Gap states of such vacancy± interstitial pairs were also predicted theoretically [4].

3.2 Vacancy-type defects: positron traps

3.2.1 Defects detected by Doppler broadening spectroscopy

Fig. 9 shows the measured values of the S parameter as a function of incident positron
energy for n-type 3C-SiC samples irradiated with 1 MeV electrons. The data for the
unimplanted sample is also shown. The mean implantation depth Z (in nm) of positrons
with an acceleration energy E (in keV) is given by Z � �33:2=r�E1:6, where r is the
mass density of 3C-SiC (in g/cm3) �r � 3:21 g=cm3�. The mean implantation depth of
positrons is also indicated in the upper abscissa in Fig. 9. Then, the dependence of the S
parameter on positron energy S�E� is represented by a superposition of the characteris-
tic S parameters for positron annihilations at the surface (Ss) and those in the sample
interior �Sint),

S�E� � Fs�E� Ss � �1ÿ Fs�E�� Sint ; �7�
where Fs�E� is the fraction of positrons diffusing back to the surface.

In the positron energy range below �5 keV, the measured S value increased with de-
creasing positron energy, which is caused by outdiffusion of positrons and their annihila-
tion at the surface. Above �10 keV, the S values was independent of incident positron
energy. This represents that almost all positrons annihilate in the bulk without their
diffusion back to the surface. In this case, the surface contribution is negligible and the
measured S values correspond to Sint. For as-grown 3C-SiC epilayers, the positron diffu-
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Fig. 9. S parameter as a function of incident
positron energy for unirradiated and electron
irradiated 3C-SiC samples. The mean implan-
tation depth of positrons is also shown in the
upper abscissa



sion length was obtained to be 184 nm from recent S�E� data [41]. This value agrees
well with that reported for defect-free Si [42], indicating that almost all positrons annihi-
late from the free state in unirradiated 3C-SiC. In the electron irradiated samples, the
defects produced are distributed homogeneously and thus the Sint values are constant in
the bulk region.

Fig. 10 shows the dependence of Sint on electron fluence. The value of Sint increased
with electron fluence, showing that vacancy-type defects which trap positrons are intro-
duced in 3C-SiC by electron irradiation. It was found that VÿSi is created in 3C-SiC by
such particle irradiation, as described in Section 3.1.1. Similarly, VC and interstitials are
presumably produced by electron irradiation. Positrons are known to be hardly trapped
by interstitial-type defects. It was reported from PAS measurements of GaAs that posi-
trons were not captured effectively by vacancies at arsenic sites and by antisite defects
[43, 44]. In analogy to this result, VC as well as antisite defects in 3C-SiC can be re-
garded as ineffective positron traps. Recent PAS studies of electron irradiated 6H-SiC
also indicated that VC is essentially invisible in Doppler broadening experiments [45].
Therefore, the increase in Sint observed by electron irradiation is attributed to the for-
mation of VÿSi, which forms an attractive potential for positrons due to its negative
charge state.

When defects trapping positrons are introduced in a material, Sint is expressed by a
competition between annihilations in the bulk �Sb� and in the defects �Sd),

Sint � lSb � kSd

l� k
; �8�

where l is the free positron annihilation rate and k the net trapping rate of positrons
into the defects. The latter is proportional to the concentration of defects Cd : k � mCd,
where m is the specific trapping rate. Since Sd is larger than Sb, the introduction of
positron traps like vacancy-type defects raises the value of Sint, and finally Sint ap-
proaches Sd. Here, the ratio of Sd to Sb gives information about the size of vacancy-type
defects. The relation between the ratio Sd=Sb and the defect species has been established
for Si, e.g., Sd=Sb � 1:03 for monovacancies and Sd=Sb � 1:04 to 1.06 for divacancies V2
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Fig. 10. Electron fluence dependence of
the characteristic S parameter �Sint� in
the interior region of 3C-SiC



in Si [42, 46 to 48]. From the fluence dependence of Sint, the ratios of the Sint values for
the samples irradiated at fluences above �5� 1018 e=cm2 to that for the unirradiated
one are estimated to be �1.04, which is close to the value reported for V2 for Si. This
implies that V2 as well as VSi are produced in 3C-SiC by 1 MeV electron irradiation at
such high fluences. A fitting result obtained by assuming the production of both VSi and
V2, was reported in a previous paper [30]. However, the relation between the ratio
Sd=Sb and the defect species has not yet been made clear for SiC and information on the
defect species obtained from Doppler broadening spectra is rather limited. In order to
confirm the formation of V2, further investigations using positron lifetime measurements
are necessary. In the next section, the positron lifetime results newly obtained for elec-
tron irradiated 3C-SiC will be shown. From the Doppler broadening measurements of
electron irradiated 3C-SiC, it can be concluded the VÿSi is produced by electron irradia-
tion and that it is responsible for the increase in the S parameter.

3.2.2 Defects detected by positron lifetime spectroscopy

Fig. 11 shows typical lifetime spectra of positrons annihilated in unirradiated and elec-
tron irradiated 3C-SiC samples (unintentionally doped, n-type). The lifetime spectrum
L�t� was decomposed into two lifetime components as follows:

L�t� � I1

t1
exp ÿ t

t1

� �
� I2

t2
exp ÿ t

t2

� �
; �9�

where ti and Ii are the lifetime and the intensity of the i-th component, respectively,
where I1 � I2 � 1. Assuming that positrons annihilate through the free state in the bulk
and the trapped state at vacancy-type defects, which is called the two-state trapping
model, the lifetimes t1 and t2 are described as

t1 � 1

tÿ1
b � k

;

t2 � tv : �10�
Here, tb and tv represent the positron lifetimes in the bulk and at vacancy-type
defects, respectively. k is the net positron trapping rate at the defects and denoted
as k � �I2=I1� �tÿ1

b ÿ tÿ1
2 �. The validity of the analysis based on the two-state trap-
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Fig. 11. Positron lifetime spectra for n-
type 3C-SiC samples before and after
1 MeV electron irradiation. The electron
fluence in the irradiated sample was
1:1� 1018 e=cm2



ping model can be examined by the
difference between t1 determined by eq.
(9) and that calculated using eq. (10).
For the unirradiated sample, only one
lifetime component of 139ps was ob-
tained. Similar values were reported for
high quality 6H-SiC [45, 49] and also
derived theoretically for 3C and 6H-SiC
[50]. Therefore, this value can be re-
garded as tb for 3C-SiC. It is shown
from Fig. 11 that the positron lifetime
increases by electron irradiation, giving
an evidence for the introduction of va-
cancy-type defects in 3C-SiC by irra-
diation.

Two lifetime components t1 and t2 and the intensity I2 derived by decomposition of
the lifetime spectra using eq. (9) are shown in Fig. 12 as a function of electron fluence.
The lifetime tTM

1 calculated by eq. (10) is also represented in this figure. The fact that
the t1 value agrees well with the tTM

1 value at every fluence assures the validity of the
analysis based on the two-state trapping model. Thus, the lifetimes t1 and t2 correspond
to those for positron annihilation in the bulk and at vacancy-type defects, respectively.
The lifetime t2 is found to exhibit an almost constant value �186� 4� ps in the fluence
range up to 1:1� 1018 e=cm2. This value is in good agreement with the positron lifetimes
at VSi calculated recently for 3C-SiC: tv � 191 and 185ps were calculated using the
tight-binding linear muffin-tin orbital method and the atomic superposition method, re-
spectively [50, 51]. Consequently, VSi is confirmed to be generated in 3C-SiC by electron
irradiation and act as a main positron trap. This conclusion agrees to that derived from
the Doppler broadening and ESR results. Taking account of a negative charge state of
VSi in n-type 3C-SiC, it is found experimentally that the lifetime is �186� 4� ps for
positron annihilation at VÿSi in 3C-SiC.

Similarly to the result that VC was invisible in the Doppler broadening measurements,
the lifetime component corresponding to positron annihilations at VC was not observed
apparently. As for the reason why it was not detected, two possibilities can be consid-
ered: The first is that almost all VC is annealed out during irradiation. On the basis of
the fact that V�C was annealed out at �400 �C (see Section 3.3), this possibility is be-
lieved to be low. The second is that the trapping rate of positrons at VC is low and
insufficient to be detected by positron lifetime measurements. The net positron trapping
rate at defects depends not only on the defect concentration but also on the charge state
and the mean volume of the defects [34]. In contrast to a negative charge state of VSi,
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Fig. 12. Positron lifetimes t1 and t2, and in-
tensity I2 as functions of electron fluence for
3C-SiC irradiated with 1 MeV electrons. The
calculated lifetime tTM

1 is also shown



the charge state of VC was deduced from the ESR results to be neutral in n-type 3C-
SiC. In addition, the mean volume of VC is considered small compared with VSi. These
facts probably make V0

C undetected. Theoretical calculation indicated that the lifetime
at VC in 3C-SiC was 150 ps [50, 51], which is similar to the bulk lifetime �tb � 139 ps).
This may lead to an additional problem in the discrimination of the VC component from
the bulk one. It was suggested from the Doppler broadening results that V2 was formed
in 3C-SiC by 1 MeV electron irradiation at high fluences like 1� 1019 e=cm2. Since the
positron lifetime at V2 is longer than that at VSi, the formation of V2 should be de-
tected by lifetime measurements. In fact, by using positron lifetime technique, the intro-
duction of V2-type defects was reported for n-type 6H-SiC irradiated with 3 MeV elec-
trons [49] or 200 keV Ge ions [51]. However, this problem could not be solved by the
present lifetime measurements up to a fluence of 1:1� 1018 e=cm2. To examine the for-
mation of VC and V2, successive studies are now in progress. It can be concluded from
the lifetime results that VÿSi is the main positron trap exhibiting the characteristic posi-
tron lifetime 186 ps.

3.3 Annealing behavior of point defects: defect interaction

Fig. 13a shows isochronal annealing of the T1 center, i.e., VÿSi in n-type 3C-SiC samples
irradiated with 1 MeV electrons. The T1 center was found to be annealed at three
stages, 150, 350, and 750 �C [24], which are indicated by arrows in Fig. 13a. A similar
annealing result was obtained for the T1 center in n-type samples irradiated with 2 MeV
protons, which is shown in Fig. 13b. At the highest stage, annealing of the T1 center
was represented by a first-order reaction with an activation energy 2.2 eV [24]. From
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Fig. 13. Isochronal annealing of ESR centers in a)
n-type 3C-SiC irradiated with 1 MeV electrons, b)
n- and p-type 3C-SiC irradiated with 2 MeV pro-
tons, and c) p-type 3C-SiC irradiated with 1 MeV
electrons. Annealing stages of the T1, T5, and the
other centers (T6 and T7) are represented by ar-
rows in a), b), and c), respectively. Fluences were
3� 1018 and 5� 1017 e=cm2 in the electron irra-
diated n-type and p-type samples, respectively,
and 1� 1016 and 1� 1015 H�=cm2 in the proton
irradiated n-type and p-type samples, respectively



this result, it was deduced that at this stage VÿSi walks randomly and disappears at a
sink, which might be related to extended defects like dislocations. Almost the same
annealing stage was reported for the F center [14], which was found to be identical with
the T1 center [25], in bulk 3C-SiC and 6H-SiC irradiated with electrons and neutrons.
At the lower stages, it is likely that this defect disappears through the combination with
other radiation induced defects such as interstitials. Similar stages of 150 and 300 �C
were also found from a change in resistivity due to annealing for neutron irradiated
3C-SiC epilayers [20, 21] and bulk SiC [52]. As for the combination of vacancies and
interstitials, Kawasuso et al. [49] reported recently that radiation induced vacancy-type
defects were combined with interstitials in 6H-SiC by annealing up to 500 �C. Theoreti-
cal studies also indicated the annihilation of VSi via the combination with interstitials
[6]. Thus, it is likely that interstitials play an important role in annealing of VSi at low
temperatures.

The result of isochronal annealing of the T5 center [27] as well as the T1 center in
p-type 3C-SiC samples irradiated with 2 MeV protons is shown in Fig. 13b. Disappear-
ance of the T5 center, i.e. V�C, started at 100 �C and about 80% of the initial amount
was lost after 200 �C annealing. An annealing stage for the T5 center is represented by
the arrow in the figure. Additional ESR signals were not produced by thermal annealing
at temperatures around 150 �C. These results indicate the possibility that V�C moves to
combine with other defects, which are considered a sink, and forms non-paramagnetic
complexes or that it disappears through the combination with interstitials mobile at this
stage. The T1 center in these samples exhibits similar annealing behavior as in n-type
samples. One can image that VC combines with VSi around 150 �C from the fact that
both the T5 and T1 centers disappear at this temperature. However, recent PAS meas-
urements of 6H and 3C-SiC isochronally annealed after electron irradiation showed no
apparent increase in the positron lifetime up to 1500 �C [49, 53]. Thus, the possibility of
the combination between VC and VSi, which leads to the formation of V2, is thought to
be quite low. This supports our speculation that VC disappears via the capture by a sink
or the combination with interstitials.

Annealing of the T6 and T7 centers in p-type 3C-SiC samples irradiated with 1 MeV
electrons is shown in Fig. 13c. In this figure, the results for the T1 and T5 centers in the
same sample are also shown. As a result, the T6 and T7 centers are found to be an-
nealed at temperatures around 300 �C. When we regard them as Frenkel pairs, anneal-
ing of these defects is probably ascribed to the recombination or the dissociation of
vacancy± interstitial pairs. The dissociation of vacancy± interstitial pairs should be asso-
ciated with the formation of isolated vacancies. However, no significant increase in the
T1 and T5 centers was observed around 300 �C. Thus, the recombination of vacancy±
interstitial pairs is preferable as the annealing mechanism of the T6 and T7 centers. At
temperatures below �200 �C, slight increases in the T6 and T7 centers due to annealing
are seen. This might be related to additional coupling of mobile interstitials with vacan-
cies, which is consistent with the explanation for the annealing of the T1 and T5 cen-
ters. In contrast to the annealing results in the other samples, the T1 center is found to
disappear after 350 �C annealing. This result can be explained in terms of a change in
the charge state of VSi : VÿSi is altered to non-paramagnetic V0

Si due to lowering of the
Fermi level in p-type 3C-SiC, because most of defects, which involve the T6 and T7
centers, are annealed out around 300 �C. The position of a VSi level in the 3C-SiC band
gap is discussed in Section 4.3. On the other hand, this anomalous disappearance of the

Intrinsic Defects in Cubic Silicon Carbide 191



T1 center was not observed in p-type samples irradiated with 2 MeV protons. In the
case of the proton irradiation, a number of defects are created and these defects retard
the shift of the Fermi level.

4. Effects of Defects on Electrical and Optical Properties

4.1 Electrical properties

In order to examine the effects of intrinsic point defects on the electrical properties of
3C-SiC, Hall measurements were performed for n-type 3C-SiC irradiated with 1 MeV
electrons [36]. The carrier (electron) concentration and the Hall mobility at RT as a
function of electron fluence are shown in Fig. 14. Both the carrier concentration and
mobility decreased with increasing electron fluence. The removal rate of carriers is esti-
mated from this result to be 1:4� 10ÿ2 cmÿ1. This value agrees well to the introduction
rate of the T1 center �1:7� 10ÿ2 cmÿ1). Moreover, it was found from isochronal anneal-
ing that the recovery stages of the carrier concentration were in good agreement with
those for the T1 center [36]. These results show that VSi acts as a predominant electron
trap in n-type 3C-SiC. The behavior of VSi as an acceptor was also predicted theoreti-
cally [6 to 8]. The temperature dependence of the Hall mobility indicated that some
electron scattering centers performing like ionized impurities were introduced in 3C-SiC
by electron irradiation [37]. This result can be interpreted by the assertion that the T1
center, i.e. VÿSi, scatters electrons effectively at low temperatures.

It was reported that the resistivity of n-type 3C-SiC epilayers increased by fast neu-
tron irradiation, which was mainly due to the introduction of deep-level defects [20, 21].
The carrier removal rate was estimated from the change in the resistivity to be 7.2 cmÿ1

(for 1 MeV equivalent neutron). Heavier particles or higher-energy particles produce
higher concentrations of defects. In fact, the value of 2:7� 102 cmÿ1 was obtained for
the introduction rate of the T1 center in 2 MeV proton irradiation [25]. In addition,
most of deep-level defects produced by neutron irradiation were reported to be annealed
at temperatures up to 350 �C [20, 21]. Annealing at such low temperatures was also
observed for the ESR centers arising from intrinsic defects, as represented in the former
section. Thus, it is most probable that intrinsic point defects like VSi act as effective
electron traps in neutron and proton irradiated epilayers as in the case of electron irra-
diation. On the other hand, to our knowledge, no data has been reported on the influ-
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Fig. 14. Carrier density n and Hall mobility m
at room temperature in electron irradiated n-
type 3C-SiC. n0 and m0 indicate the carrier
density and the Hall mobility before irradia-
tion



ence of the defect introduction on the hole concentration and its mobility in p-type
3C-SiC. Such information in p-type 3C-SiC is indispensable for a comprehension of the
effects of intrinsic point defects on the electrical properties of SiC bipolar devices.

4.2 Optical properties

Fig. 15 shows a typical PL spectrum at 4 K for n-type 3C-SiC irradiated with electrons.
PL lines induced by irradiation were observed mainly in the photon energy range below
2.0 eV. A dominant PL line labeled E appeared at 1.913 eV [31] with a full width at half
maximum of �2.5 meV at 4 K. In addition, radiation induced PL lines D1 (1.973 eV), a1

(1.964 eV), a2 (1.û959 eV), b1 (1.955 eV), b2 (1.954 eV), and g (1.893 eV) were found at
4 K, as indicated in Fig. 15. At temperatures around 50 K, another PL line d at
1.922 eV which was induced by irradiation was also observed. In the energy range be-
tween 2.1 and 2.4 eV, sharp PL lines attributed to phonon replicas of impurity bound
excitons (BEs) [54, 55] were observed, and their intensity was weakened by electron
irradiation. Geiczy et al. [15, 16] performed CL measurements at 100 K for bulk 3C-SiC
irradiated with 3.5 MeV electrons. They reported defect related zero phonon lines
(ZPLs) A0 (1.970 eV), B0 (1.953 eV), C0 (1.911 eV), and D0 (1.889 eV). The D1; a1

(and/or a2�, E, and g PL lines observed in this experiment correspond to the A0, B0,
C0, and D0 CL lines, respectively, where the D1 line was already reported to arise from
the same defect as the A0 CL line [17 to 19, 54]. Since almost the same annealing beha-
vior was observed between a1 and a2 lines and also between b1 and b2 lines, each PL
line pair is attributable to the same defect species. The PL lines observed here are pre-
sumably caused by simple point defects introduced primarily by electron irradiation
because large aggregates of defects are less likely to exhibit such sharp PL lines.

Fig. 16 shows the change in the intensity of these PL lines due to isochronal anneal-
ing. The annealing result of the BE±TO(X) phonon replica (2.282 eV) is also shown in
Fig. 16c. It was found that the intensity of the E ZPL decreased apparently by 200 and
700 �C annealing. After 800 �C annealing, this line completely disappeared. In contrast
to the annealing of this line, the other PL lines induced by electron irradiation as well as
the BE related lines were not changed significantly up to �800 �C. This result indicates
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Fig. 15. PL spectrum at 4 K for 3C-
SiC irradiated with 1 MeV electrons
at 2� 1017 e=cm2. PL lines induced
by irradiation are presented by ar-
rows with the photon energies
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that the observed decrease in the E
ZPL is caused by the elimination of a
defect exhibiting the E ZPL but not
by the generation of other recombina-
tion channels. The result of annealing
for the T1 center is also shown in
Fig. 16a for comparison. The anneal-
ing behavior of the E PL center
agrees well with that for the T1 cen-
ter arising from VÿSi : The annealing
stages and the fraction annealed at
each stage for the E PL center corre-
spond well to those for the T1 center.
In addition, the activation energy
2.2 eV for annealing of the T1 center
around 750 �C is almost the same as

the value obtained for the C0 CL center [15] which is identical with the E PL center.
Consequently, the E PL line is concluded to arise from VSi. As for the other PL lines,
they were still observed after annealing at 1000 �C: The b and g PL lines disappeared
around 1000 �C. No significant change was observed in the intensity of the a PL lines.
The intensity of the D1 line increased at temperatures above �800 �C. Considering these
results in conjunction with the annealing results of ESR centers, it is expected that
these PL centers correspond to neither VC nor Frenkel defects. Some of them might be
related to impurities.

Regarding recent luminescence studies, Son et al. [32] performed PL and ODMR meas-
urements of electron irradiated 3C-SiC epilayers, and found an ODMR signal labeled L2
having an isotropic g-value 2:0061� 0:0002 with S � 1=2. This defect was reported to
act as a carrier recombination center which accompanies a PL band at 1.121 eV. From
the fact that this defect started to migrate at 750 �C and disappeared completely at
900 �C, the L2 center was concluded to be related to VSi. At annealing temperatures
above �800 �C, the D1 and D2 PL lines [17 to 19] became dominant. The intensity of
these PL lines was shown by Freitas et al. [22] to increase up to 1600 �C. It was also
reported that above 1600 �C the D2 line intensity dropped rapidly while the D1 line
intensity was not changed up to 1760 �C. Whereas the origins of the D1 and D2 PL lines
were supposed by Choyke et al. [17 to 19] to be divacancies and carbon di-interstitials,
respectively, they have not yet been clarified up to now. In contrast to the proposed
model of the D1 center, Vainer and Ilin [56] suggested that this PL line was attributed
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Fig. 16. Isochronal annealing effects on
the intensity of PL lines a) E (1.913 eV),
b) D1 (1.973 eV), a1 (1.964 eV), a2

(1.959 eV), b1 �1:955 eV�; b2 (1.954 eV),
and c) g (1.893 eV) in electron irradiated
3C-SiC. Annealing of the T1 center is also
shown in a). Recovery of the BE±TO(X)
line is indicated in c)



to VSi ±N complexes. Recent PAS studies by Kawasuso et al. [49] showed that the D1

PL line was independent of vacancies. Further investigations are required to identify the
structure of such PL centers.

4.3 Electronic levels

Assuming that the E ZPL is caused by radiative recombination of exited carriers be-
tween a defect state of VSi and the band edge of 3C-SiC, we can estimate an electronic
level of VSi in 3C-SiC. It was clarified from ESR that VSi has a negative charge in
n-type and p-type 3C-SiC samples irradiated with electrons or protons. This shows that
a VSi level is located in the lower half of the 3C-SiC band gap. Taking account of the
band gap (2.417 eV) [57], the photon emission of 1.913 eV is attributable to the radia-
tive transition between the bottom of the conduction band and an electronic level of
VSi. Therefore, a defect level of VSi is considered to be located at 0.50 eV above the top
of the valence band �Ev � 0:50 eV). The electronic level of VSi is schematically shown in
Fig. 17a. On the other hand, from the fact that V�C was observed in p-type samples but
not in n-type samples, its level can be estimated to exist in a position above the VSi

level whereas its exact location cannot be determined (Fig. 17a). These estimated posi-
tions agree with the theoretical prediction by Talwar and Feng [8] and Wang et al. [6],
which is stated below.

Some calculated defect levels are also shown in Fig. 17b. It was shown theoretically
that VSi, VC, V2 (VSi ±VC) have gap states in 3C-SiC. As a result of calculations based
on the tight-binding formalism using a Green's function theory, Talwar and Feng [8]
showed that VSi with a level Ev � 0:54 eV and VC with Ev � 1:66 eV act as acceptors
and donors, respectively. This result is in agreement with the results derived by Wang
et al. [6] using a pseudopotential method. Our estimated level of VSi is almost the same
as that derived theoretically. Concerning V2, two levels at Ev � 0:48 eV and
Ev � 1:62 eV were derived by Talwar and Feng [8]. Similar values of Ev � 0:38 eV and
Ev � 1:62 eV were obtained by Li and Lin-Chung [5]. In addition, it was shown that
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Fig. 17. Schematic representation of the electronic levels of point defects in 3C-SiC. a) An electro-
nic level of VSi and a possible position of a VC level estimated from our PL data, b) theoretically
predicted levels of VSi, VC, V2, and vacancy±antisite pairs (from [8]), and c) several levels obtained
by DLTS for neutron irradiated 3C-SiC (from [21]). In Fig. 17a, the signs + and ±± represent the
charge states of VSi and VC
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neither antisite SiC nor CSi has an electrically active level in the band gap of 3C-SiC [4
to 8]. Experimentally, Nagesh et al. [20, 21] reported several DLTS peaks in neutron
irradiated 3C-SiC epilayers. The positions of E2, H1, H2, and H3 levels, which were
caused by point defects induced by irradiation, are represented schematically in Fig. 17c.
The E2 center was shown to grow in magnitude with increasing temperature up to
350 �C, whereas the total defect concentration decreased. From this result and the fact
that such increase was not observed in any ESR centers, the E2 center can be ascribed
to some defect complexes different from the T1, T5, T6, and T7 centers. On the other
hand, the H1, H2, and H3 centers were annealed up to �350 �C [21]. Most ESR centers
were also annealed partly or completely in such a temperature range. Thus, some of
these electronic levels may be attributed to the intrinsic point defects found by ESR.
Actually, our estimated VSi level is close to the DLTS level H3. Nevertheless, since ex-
perimental data available at the present stage is insufficient to assign electronic levels to
the defect structures, further experimental studies are needed to clarify the electronic
levels of intrinsic defects.

5. Summary

For a microscopic understanding of intrinsic point defects, ESR and PAS have been
performed for single crystalline 3C-SiC, which was epitaxially grown on Si by CVD,
irradiated with fast particles such as 1 MeV electrons and 2 MeV protons. Several ESR
signals resulting from point defects were found in n-type and p-type samples irradiated.
As a consequence of the analysis of ESR data using a spin Hamiltonian, two fundamen-
tal intrinsic defects VÿSi and V�C have been identified: VÿSi has Td symmetry with an
effective spin S � 3=2, and V�C has D2 symmetry with S � 1=2. A series of ESR studies
also indicated the presence of two kinds of Frenkel defects, i.e., vacancy± interstitial
pairs with S � 1, in which an interstitial atom is located at a tetrahedral interstitial site
in the h111i direction from a vacancy. Increases in the S parameter and the positron
lifetime by electron irradiation, which have been found by using Doppler broadening and
positron lifetime spectroscopy, give the evidences for the formation of VÿSi. The positron
lifetime at VÿSi has been shown experimentally to be 186 ps. Annealing of VÿSi was found
to take place at three stages 150, 350, and 750 �C. At the highest stage, VÿSi is considered
to be mobile and trapped by a sink. It was also shown that V�C disappears at tempera-
tures around 150 �C, and that two vacancy± interstitial pairs are annealed at 300 �C.

The effects of intrinsic point defects on the electrical and optical properties of 3C-SiC
have been investigated using Hall and PL measurements. It was found that in n-type
3C-SiC, VSi behaves as a predominant electron trap and an effective carrier scattering
center at low temperatures. In addition, it was shown from the analysis of the PL re-
sults in connection with the ESR results that VSi acts as a radiative recombination
center associated with an emission of photons with an energy 1.913 eV. An electronic
level of VSi was estimated to be Ev � 0:50 eV. Besides this 1.913 eV photon emission,
several PL lines arising from point defects have been found in irradiated 3C-SiC. These
PL lines were suggested to have no correlation with the ESR centers shown above.

Though fast particle irradiation primarily introduces interstitials as well as vacancies,
no direct evidence has been given for the presence of isolated interstitials. Similarly,
experimental data proving the formation of antisite defects SiC and CSi has not yet been
obtained whereas they are expected to be produced in 3C-SiC by irradiation and/or
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subsequent annealing. Recent studies using PL, DLTS, and ODMR and theoretical in-
vestigations of defects in 3C-SiC have given much information about the nature of de-
fects. However, in order to clarify the structure, electronic levels, and annealing kinetics
of intrinsic defects like interstitials, antisites, and divacancies, further investigations are
required. Knowledge of intrinsic defects in SiC makes a contribution to not only improv-
ing SiC crystal quality but also designing fabrication processes of SiC devices.
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