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Abstract

Based on positron annihilation experiments, we have proposed that in 3C-SiC isolated silicon vacancies are responsible for positron
trapping after electron irradiation. We have also proposed that in hexagonal SiC one type of vacancy defects survives after annealing at
1000 °C which is attributable to carbon—vacancy—carbon—antisite complexes or silicon—vacancy—nitrogen pairs, while carbon vacancies,
silicon vacancies and divacancies are excluded. In this study, from the theoretical calculations of positron lifetime and Doppler
broadening of annihilation radiation, the above proposals are confirmed.
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1. Introduction

To characterize defects in SiC induced by fast particle
irradiation, we have been studying both cubic and
hexagonal SiC irradiated with fast electrons using positron
annihilation spectroscopy [1]. We showed that isolated
silicon vacancies (Vs;) act as effective positron trapping
centers in 3C-SiC irradiated with MeV electrons [1-3]. No
carbon vacancies (V¢) are detected apparently. Also, no
further vacancy clusters and vacancy-related complexes are
found after the thermal annealing of isolated silicon
vacancies at 1000 °C. On the other hand, we showed that
in hexagonal SiC one type of vacancy defects survives even
at 1000 °C where isolated silicon vacancies disappear
[1,4-7]. We recently proposed that the above vacancy
defects are attributable to carbon—vacancy carbon-antisite
(VcCsi) complexes or silicon—vacancy nitrogen (VgiNc)
pairs, while divacancies (Vg;Vc) are excluded [8]. In this
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paper, we review the above circumstances with theoretical
data on positron lifetime and Doppler broadening.

2. Experiment and calculation

Samples used in this study were chemical-vapor-deposi-
tion-grown n-type 3C-SiC, 4H- and 6H-SiC and modified-
Lely-grown n-type 6H-SiC. These were subjected to
electron irradiation with energy of 2MeV and fluence of
3x 10" e~ /cm? at room temperature. Positron lifetime
and Doppler broadening measurements were performed.
The details are described elsewhere [1-8].

Theoretical calculations were performed to obtain
positron lifetimes and Doppler broadening spectra for
small vacancies and vacancy clusters in the same manner
that we reported elsewhere [3,8]. Briefly, we used super-cells
composed of 128 Si atoms and 128 C atoms for the perfect
3C-SiC lattice and 48 Si atoms and 48 C atoms for the
perfect 4H-SiC lattice. We also examined 6H-SiC, but the
results are nearly the same as those obtained for 4H-SiC.
Hence, we will not state the case of 6H-SiC here. Vacancy
defects were generated by removing appropriate atoms.
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Valence electron wavefunctions were computed using the
abinit4.1.4 code [9] with the cut-off energy of 60 Ry. Lattice
relaxations were taken into consideration for V¢ [10], Vg;
[10-12], VcCs; [10-12], VN [13] and VgV [14] while not
for vacancy clusters. We wused the Slater-type core
wavefunction parameterized by Clementi and Roetti [15]
to mimic the results of the Hartree—Fock calculation. Self-
consistent positron wavefunctions were obtained based on
the two-component density-functional theory in order to
minimize the energy functional. The Boronski-Nieminen
enhancement factor was used with the semiconductor
model proposed by Puska [16]. Using the conventional
scheme, electron—positron momentum distributions and
positron lifetimes were computed.

3. Results and discussion
3.1. 3C-SiC

After electron irradiation of 3C-SiC with energies greater
than 0.5MeV, prolonged positron lifetimes and enhanced
(reduced) S(W) parameters have been observed. The
annealing behavior of the observed positron lifetime and
S parameter well coincides with that of electron spin
resonance (ESR) T signal intensity attributed to single
negative silicon vacancies (Vs;) [1,2]. Therefore, it is
proposed that positrons are mainly trapped at Vg; in
electron-irradiated 3C-SiC. Below we explain this fact with
theoretical supports.

Table 1 lists the calculated positron lifetime and Doppler
broadening parameters for various vacancy defects in 3C-
SiC with the published experimental lifetime and S(W)
parameters [1-3,17]. Fig. 1 shows the ratio curves of
coincidence Doppler broadening (CDB) spectra, i.e.,

Table 1
Calculated positron lifetime (), Doppler broadening parameters (S and
W) and binding energy (Eg) for various vacancy defects in 3C-SiC

State 7 (ps) S w Eg (eV)
Calculation

Bulk 143 1.000 1.000

\7 145 1.005 0.975 —0.01
Vg 190 1.031 0.715 1.7
VgVeP 208 1.057 0.590 2.6
2.V Ve 240 1122 0.436 33
3-VgiVe 282 1.160 0.346 4.1
4-Vg;Ve 299 1.198 0.312 4.7
6-VsiVc 329 1.227 0.297 5.8
Experiment®

Vi ~190 1.028-1.039 0.805-0.834

Values in bracket are the results calculated considering lattice relaxation.
The windows for S and W parameters are 0-3mrad and 15-30 mrad,
respectively. The full-width at half-maximum of the resolution function is
assumed to be 3.92mrad (1 keV). In the last line, experimental values for
isolated silicon vacancies are also presented.
#Calculated using relaxed geometry given by Zywietz et al. [10].
®Calculated using relaxed geometry given by Torppo et al. [15].
[1-3,17].
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Fig. 1. Calculated CDB ratio curves for various vacancy type defects in
3C-SiC. Experimental data for Vg; obtained for 3C-SiC after irradiation
with 2 MeV electrons with the fluence of 3 x 10'7 e~ /em? (open circles) are
also plotted together.

N(@)/Nvuk(p), where N(p) denotes the original CDB
spectrum. The experimental CDB ratio curve for isolated
silicon vacancies is also shown together. The calculation
shows that positron lifetime and S(W) parameter for V¢
increase (decrease) only slightly from the bulk values. The
CDB ratio curve for a carbon vacancy is also very similar
to that for the bulk. These are due to the weak localization
of positrons at carbon vacancies because of the strong
Coulomb repulsion from the nearest neighbor Si atoms.
The binding energy of a positron to a carbon vacancy is
also estimated to be rather small (less than 50 meV). Thus,
the detection of carbon vacancies may be problematic
when they coexist with the other types of vacancy defects
and/or at high temperatures where de-trapping effect
becomes sufficient. Contrarily, for silicon vacancies, both
positron lifetime and S() parameters increase (decrease)
sufficiently from the bulk values. The binding energy is also
high enough to localize positrons at Vs;. These are the
reasons why silicon vacancies are preferentially detected in
positron annihilation experiments.

Positron lifetime and S(W) parameters obtained with the
relaxed geometry of Vg; given by Zywietz et al. [10] are in
good agreement with the experiment, but the values with
the ideal geometry are not. Therefore, the amount of lattice
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relaxation evaluated by Zywietz et al. is reasonable to
explain the experiment. Furthermore, from Fig. 1, the
overall shape of calculated CDB ratio curve agrees well
with the experiment shown together. It is also reported that
two-dimensional angular correlation of annihilation radia-
tion (2D-ACAR) spectra for isolated silicon vacancies
clearly exhibit the tetrahedral geometry of silicon vacancies
[3]. Thus, the above discussion supports the previous
identification of silicon vacancies as positron trapping
centers.

Here, we also would like to demonstrate that positron
lifetime and S(W) parameters systematically increases
(decreases) with the size of vacancy cluster. The positron
lifetimes are in good agreement with those calculated by
Brauer et al. [18] based on the linear muffin-tin orbital
method. Present S parameters are calculated with the full-
width at half-maximum (FWHM) of resolution function to
be 3.92mrad (1keV in energy), which is common in CDB
measurements. Assuming FWHM = 549 mrad (1.4keV)
which is common in single detector measurements, S
parameter is reduced by approximately 17% in all the
cases. S-parameter for 6-Vg;Vc reported by Anwand et al.
[19] is smaller than that calculated here. This discrepancy is
probably due to resolution influence. Since the CDB ratio
curve also systematically changes with the size of vacancy
cluster as shown in Fig. 1, it can be used for estimating the
size of vacancy cluster in addition to positron lifetime.

3.2. Hexagonal SiC

In the case of electron-irradiated hexagonal SiC, it
should be noted that vacancy defects still survive after
annealing at 1000°C [1,4-7]. The observed positron
lifetime is close to that for silicon vacancies (~190 ps).
However, the above vacancy defects might be vacancy
complexes but not be isolated silicon vacancies
since isolated silicon vacancies already disappear
below 1000 °C. Proposed candidates are VcCs;, VsiNc
and VSiVC [8]

Table 2 lists the positron lifetimes and S(W') parameters
and binding energies calculated for various vacancy defects

Table 2
Calculated positron lifetime (z), Doppler broadening parameters (S and
W) and binding energy (Ep) for various vacancy defects in 4H-SiC

State T (ps) S w Eg (eV)
Bulk 142 1.000 1.000

A\ 145 1.006 0.977 0.016
Vi 196 1.037 0.651 1.6
VcCsi® 184(168) 1.034(1.018) 0.658(0.747) 1.9(1.2)
VgiN® 193(184) 1.027(1.021) 0.645(0.692) 1.5(1.5)
VgiV© 215 1.054 0.575 2.0

Values in the bracket are the results for the cubic site, otherwise for the

hexagonal site. For V¢, Vg; and VgV, site dependence was very small.
“Calculated using relaxed geometry given by Bockstedte et al. [12,13].
PCalculated using relaxed geometry given by Gerstmann et al. [14].
“Calculated using relaxed geometry given by Torppo et al. [15].

in 4H-SiC. The polytype dependences of these parameters
are rather small and hence these results are basically
applicable for 6H-SiC as well. Carbon vacancies act as very
weak positron trapping centers similar to the case of 3C-
SiC. Calculated positron lifetime for VgV is longer than
that observed in the experiments, while those for VCg; and
VsiNc are comparable to the experiment. Fig. 2 shows the
CDB ratio curves calculated for VcCg; and Vg;Nc with the
experimental curves for 6H- and 4H-SiC after 2MeV
electron irradiation and annealing at 1000 °C. (By the way,
the CDB ratio curves for Vg;, Vg Ve and VgNc¢ are rather
similar to each other.) It is found that the shape of these
curves are similar to each other at |p|<20mrad. Only a
difference appears at |p|>20mrad, where the ratio curve
for VcCyg; increases with p while that for Vg;Nc moderately
increases. The increasing behavior of the ratio curve at
|p| >20mrad is due basically to the enhanced annihilation
probability of positrons with carbon 1s electrons but also
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Fig. 2. Calculated CDB ratio curves for VcCs; and Vg N in 4H-SiC.
Experimental CDB ratio curves for 6H- and 4H-SiC after irradiation with
2MeV electrons with the fluence of 3 x 10'7e~/cm? and subsequent
annealing at 1000 °C for 30 min are also shown.
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to the spatial distribution of positron wavefunction. If we
consider the higher momentum regions, the calculation for
VcCs; agrees with the experiment better than VgNc.
Although, in the previous 2D-ACAR study [8], the
observed anisotropies of annihilation radiation are not
distinguished for VcCg; and VgNc, in the view point of
CDB ratio curve, the VCs; model is more preferred.

4. Summary

Positron lifetime and Doppler broadening of positron-
electron annihilation radiation for various kinds of
vacancy defects were theoretically calculated and compared
with our previous data on electron-irradiated SiC. Theore-
tical calculation justifies the previous assignment of
positron lifetime and Doppler broadening spectrum
observed for electron-irradiated 3C-SiC to isolated silicon
vacancies. It was shown that lattice relaxation is important
to reproduce the observed positron lifetime. Also, the
residual vacancy defects in hexagonal SiC after high
temperature annealing (>1000°C) can be attributed to
VccSi.
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