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Annealing behavior of vacancy-type defects in n-type 4H–SiC, which was irradiated with neutrons up to a
dose of 3.2 � 1021 m�2 (E > 1 MeV) at 20 �C, was investigated by positron annihilation spectroscopy. Iso-
chronal annealing results indicate that there are four different recovery stages in the irradiated 4H–SiC. In
stage I, in the temperature range of 20–100 �C, the defect recovery is attributed to recombination
between close vacancies and interstitials, and carbon and silicon clusters are formed by the migration
of their interstitials. In stage II (200–1100 �C), carbon and silicon interstitials disappear at permanent
sinks due to the long-range migration. Silicon and carbon vacancies move actively in stage III (1200–
1400 �C). In stage IV (>1400 �C), more stable silicon vacancy complexes dissociate. Although, no
vacancy-type defects are observed in 4H–SiC after annealing at 1600 �C, interstitial-type or anti-site
defects are stable.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Silicon carbide (SiC) exhibits outstanding physical, chemical
and electronic properties, such as higher blocking voltages, lower
power losses, increased switching frequencies and high opera-
tional temperatures, all of which render SiC semiconductor devices
suitable for operation in high-temperature, high-irradiation envi-
ronments [1]. Furthermore, owing to its small cross-section, low
activation, high-temperature strength and high thermal conductiv-
ity under neutron irradiation it can potentially be used in fusion
systems [2]. It is well known that intrinsic defects and impurities
often affect the electrical, optical and other physical properties of
SiC. The annealing properties of intrinsic and impurity-related de-
fects have been investigated in irradiated SiC by various experi-
mental techniques, such as electron paramagnetic resonance
(EPR) spectroscopy [3], deep level transient spectroscopy (DLTS)
[4], photoluminescence spectroscopy (PL) [5], and positron annihi-
lation spectroscopy (PAS) [4]. EPR and PAS are powerful tools to
study vacancy-type defects, and DLTS and PL to study interstitial-
type defects. Besides interstitials and vacancies of silicon and car-
bon, anti-site defects are induced by irradiation. Intrinsic defect
migrations have been studied in great detail, not only by experi-
ments, but also computer simulations. However, defect migration
processes and the formation mechanism of defect clusters are still
not well understood.

As mentioned above, PAS is a powerful tool to detect vacancy-
type defects in condensed matter [6]. Doppler broadening of posi-
tron annihilation radiation can provide useful information about
ll rights reserved.
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the element distribution around the annihilation site. Recently,
Doppler broadening measurements were improved by a two-Ge-
detector coincidence system, which decreased the background of
high momentum contributions by about two or three orders of
magnitude compared with traditional measurements using one
Ge detector [7]. Coincidence Doppler broadening (CDB) has been
used widely to detect precipitates in alloys [8–11]. Thus, in this
work, the positron lifetime and coincidence Doppler broadening
were used to measure the defects and segregation of elements in
neutron-irradiated 4H–SiC.
2. Experimental procedure

A single crystal of n-type 4H–SiC manufactured by Nippon
Steel Corporation was used in this work. The nitrogen concentra-
tion was about 1 � 1017/cm3. The specimens were sliced perpen-
dicularly to the c-axis and both surfaces were polished with
diamond powder. The samples were irradiated at 20 �C using
the low-temperature irradiation facility of the Kyoto University
Research Reactor with a neutron fluence of 3.2 � 1021/m2

(E > 1 MeV). Isochronal annealing was carried out from 50 �C to
1600 �C in a helium gas flow of about 1 l/min. Each temperature
was maintained for 5 min. The recovery of defects was examined
by positron lifetime measurements and coincidence Doppler
broadening (CDB) measurements at room temperature (RT). The
positron lifetime spectrometer had a time resolution of 190 ps
(full width at half maximum) and each spectrum was accumu-
lated to a total of over 2 � 106 counts. Doppler-broadening spec-
tra were accumulated to a total of over 2 � 107 counts. The energy
resolution was 1.4 keV at 551 keV.
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Fig. 2. Typical ratio curves of neutron-irradiated and annealed 4H–SiC to unirra-
diated 4H–SiC.
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3. Results and discussion

The lifetime of unirradiated 4H–SiC was 136.2 ± 0.4 ps lower
than the 151 ps reported by Puff et al. [12], who obtained their sin-
gle-crystalline SiC wafers from Cree Research Inc. Vacancy-type de-
fects were present in the matrix of these wafers before irradiation.
By contrast, our 4H–SiC samples contained no vacancy defects be-
fore irradiation since two-lifetime-component analysis could not
be carried out. Fig. 1 shows the changes in positron lifetime and
intensity of the long lifetime s2 in 4H–SiC during isochronal
annealing after neutron irradiation at 20 �C. sm is the positron
mean lifetime. The short lifetime s1 mainly comes from annihila-
tion of free positrons in the matrix, and the long lifetime s2 results
from positron annihilation at defects such as vacancies or vacancy
clusters. If vacancy-type defects exist in the matrix, s1 is less than
the bulk lifetime sB, since s1 = 1/(s�1

B + j), where the net positron
trapping rate j = I2/I1(s�1

B � s�1
2 ). After irradiation, the long lifetime

was 205.0 ± 3.4 ps, which was shorter than that of the VSiVC di-va-
cancy (214 ps) and longer than that of the VSi mono-vacancy (192–
194 ps) [13]. Electron-paramagnetic-resonance (EPR) and electron-
spin-echo (ESE) studies have revealed that isolated V�Si;V

0
Si and VC

vacancies were formed under neutron irradiation at room temper-
ature [14]. Thus, besides the mono-vacancies VC and VSi, VSiVC di-
vacancies were induced in this work. Although the long lifetime
of 205 ps was the weighted average for the mono-vacancies VSi,
VC and the VSiVC di-vacancy, it mainly came from silicon vacancies
since carbon vacancies did not trap positrons in 4H–SiC [15]. The
changes of lifetime and intensity of long lifetime indicate that
there are four recovery stages, stage I (20–100 �C), stage II (200–
1100 �C), stage III (1200–1400 �C) and stage IV (>1400 �C), during
isochronal annealing. The long lifetime and its density decrease
in stages I, IV and III, respectively, but they do not change in stage
II. The discussion below compares the lifetime results of isochronal
annealing with the CDB results.

Fig. 2 shows typical ratio curves of irradiated 4H–SiC and an-
nealed 4H–SiC to unirradiated 4H–SiC as a function of PL, the elec-
tron-positron momentum in the direction of gamma emission
m
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Fig. 1. Positron lifetime and intensity of long lifetime s2 of neutron-irradiated 4H–
SiC during isochronal annealing.
obtained from CDB [8]. After irradiation, the ratio curve was higher
than 1 in the low-momentum region because more positrons were
annihilated with valence electrons at the vacancies in irradiated
4H–SiC. During isochronal annealing from 50 �C to 1400 �C, the
changes of the ratio curves in the low-momentum region were
not prominent. However, upon annealing at 1600 �C, the ratio
curve became flat, which meant that there were no vacancies in
the 4H–SiC sample. This agrees with the lifetime results shown
in Fig. 1, where two-lifetime-component analysis could not be car-
ried out. In addition, the ratio curves show a peak near electron
momentum |PL| = 1 � 10�2 m0c, where c is the speed of light, and
m0 the static electron mass. The peak, which will be discussed be-
low, disappeared after annealing at 1600 �C, and the electron
momentum in the higher momentum region (|PL| > 2 � 10�2 m0c)
increased. In order to elucidate the recovery behavior of defects,
the CDB spectra of 4H–SiC were compared with those of unirradi-
ated carbon and silicon. In the case of unirradiated 4H–SiC, the
silicon peak appears in the high momentum region of
|PL| = 1.9 � 10�2 m0c, and carbon peaks at |PL| = 1 � 10�2 m0c be-
cause the positrons are annihilated with both Si and C in 4H–SiC.
For the irradiation at 20 �C, the ratio curves did not show a prom-
inent silicon peak, but showed a prominent carbon peak. The CDB
results indicated that the positrons were mainly trapped at silicon
vacancies, which agreed with the lifetime results, since the elec-
tron momentum in the higher-momentum region came from the
core electron of carbon around silicon vacancies. Upon annealing
at 50 �C, however, not only the carbon peak, but also the silicon
peak intensified. To investigate the mechanism of defect recovery
during isochronal annealing, this study introduced the parameters
S and W to estimate the amount of positrons annihilated with va-
lence and core electrons, respectively. There are two types of core
electrons in 4H–SiC: the core electrons of carbon and silicon. Here,
S represents |PL| values in the range from 0 to 4 � 10�3 m0c, while
the W parameters for carbon and silicon core electrons, WC and
WSi, respectively, correspond to |PL| values in the 8–12 � 10�3

m0c and 17.5–22.5 � 10�3 m0c range, respectively. Figs. 3 and 4
plot S–WC and S–WSi, respectively, and include the data for unirra-
diated 4H–SiC. In stage I (20–100 �C), both WC and WSi increased,
but S decreased. On the basis of the comparison with lifetime re-
sults (Fig. 1), where the long lifetime s2 also decreased from
205.0 ps to 185.9 ps but its intensity increased from 76.8% to
91.4%, it is concluded that the size of the VSiVC di-vacancy de-
creased and the proportion of positrons that were annihilated with
vacancies increased due to the short-range mutual recombination
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Fig. 3. Isochronal annealing behavior of the S–WC plot.
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Fig. 4. Isochronal annealing behavior of the S–WSi plot.
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of Frenkel pairs [16,17]. Molecular dynamics (MD) simulations
showed that the activation energies for defect recombination pro-
cesses ranged from 0.22 to 1.6 eV for carbon Frenkel pairs and from
0.28 to 0.9 eV for silicon Frenkel pairs [18]. Carbon and silicon
interstitials are mobile and recombine with vacancies by short-
range migration even at temperatures below room temperature.
The decrease in S during stage I was caused by the recombination
of interstitials and vacancies. This also decreased the long lifetime.
In addition, small clusters of carbon and silicon interstitials were
possibly formed during their migration, which would have in-
creased WC and WSi. In stage II (200–1100 �C), S increased and
WC decreased, while at the same time WSi decreased, although, this
decrease was not prominent. In this temperature region, the car-
bon and silicon interstitials migrated over a long range and disap-
peared at permanent sinks, such as surface of specimens, which
decreased WC and WSi but did not change the long lifetime. The
recovery processes of defects in stage III (1200–1400 �C) were rel-
atively simple compared with those of stages I and II. Silicon and
carbon vacancies became mobile and disappeared at sinks in this
temperature region [19]. Thus, S decreased and WC and WSi in-
creased due to the decrease of the proportion of positrons that
were annihilated by vacancies with increasing annealing tempera-
ture. The lifetime results, where the long lifetime s2 did not change
but its intensity decreased, also agreed with the disappearance at
the sinks of mobile silicon vacancies. In stage IV (>1400 �C), S de-
creased, while WC and WSi increased. In stage III, mobile silicon
vacancies were presumably trapped by nitrogen atoms to form
VSiNC complexes. Girka et al. reported that complexes of silicon
vacancies and nitrogen atoms were annealed out around 1400 �C
[20], although, some papers reported that VSiNC is stable at temper-
ature higher than 1400 �C [21]. The long lifetime s2 also decreased
above 1400 �C. Positrons annihilated with carbon and silicon core
electrons in the matrix increased with decreasing positrons annihi-
lated with silicon vacancies.

In irradiated pure metals, the (S, W) points generally fall on a
line segment because only interstitial- and vacancy-type defect
clusters are formed during irradiation. Fig. 3 shows the linear rela-
tionship between S and WC below 1200 �C. This indicates that the
type of silicon vacancy-related defect responsible for positron trap-
ping is the same after irradiation and annealing up to 1100 �C.
However, the (S, WC) points for samples annealed above 1200 �C
were aligned along a different line segment. This suggests that a
new type of defects appeared above 1200 �C, which could be the
irreversible defects described below and CSiNC complexes due to
the recombination of VSiNC complexes with carbon split intersti-
tials [21]. In contrast, the relation between S and WSi (Fig. 4) was
more complex. The S–WSi plot can be divided into three separate
line segments. The first segment is from RT to 1100 �C, where the
mobility of silicon vacancies was not prominent. The second is
from 1100 �C to 1400 �C, and third is from 1400 �C to 1600 �C.
New types of defects are formed during annealing from 1100 �C
to 1600 �C. Presumably, irreversible defects, such as anti-defects,
were formed during the recovery of VSiVC di-vacancies from
1100 �C to 1400 �C. The VC sites of the VSiVC di-vacancy were re-
placed by silicon atoms, not carbon atoms. Another type of defect,
the CSiNC complex, was formed from 1400 �C to 1600 �C.

Furthermore, compared with unirradiated 4H–SiC, WC and WSi

were higher at high temperatures. This indicates that more stable
interstitial-type defects of silicon, carbon and silicon carbon com-
plexes were formed during isochronal annealing since no va-
cancy-type defects were detected in 4H–SiC after annealing at
1600 �C.

4. Conclusion

Positron annihilation spectroscopy was used in this work to
investigate the types and recovery processes of defects induced
by irradiation. After neutron irradiation up to a dose of
3.2 � 1021/m2 (E > 1 MeV) at 20 �C, carbon and silicon vacancies
and carbon silicon di-vacancies were formed. The recovery process
comprised four stages. More stable VSiNC complexes were formed
in stage III (1100–1400 �C), which dissociated in stage IV
(>1400 �C). Vacancy-type defects in 4H–SiC were annealed out at
1600 �C, but interstitial-type defects and anti-site defects were sta-
ble. These defects will affect thermal conductivity in fusion
systems.
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