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Angular correlation of annihilation radiation associated with vacancy defects
in electron-irradiated 6H-SiC
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Electron-positron momentum distributions associated with vacancy defecks-8i® after irradiation with
2-MeV electrons and annealing at 1000 °C have been studied using angular correlation of annihilation radiation
measurements. It was confirmed that the above vacancy defects have dangling bonds alangstlaed the
rotational symmetry around it. The first-principles calculation suggested that the vacancy defects are attribut-
able to either carbon-vacancy-carbon-antisite complexes or silicon-vacancy-nitrogen pairs, while isolated car-
bon vacancies, silicon vacancies, and nearest neighbor divacancies are ruled out.
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Extensive studies have been carried out to date oplexes have been obtained so far by PAS. Thus, the detailed
radiation-induced defects in SiC. Silicon vacandiés;) and  structure has not yet been clarified.
carbon vacancie®/ ) are two of the most primitive defects. In this work, we studied the vacancy defects in 6H-SIC
Early electron spin resonan¢&SR studies suggested that induced by irradiation and annealing at 1000 °C using two-
isolated silicon vacancies disappear through two major prodimensional angular correlation of annihilation radiation
cesses: recombination with interstitigls 200 °C) and mi-  (2D-ACAR) technique. One advantage of 2D-ACAR is the
gration to sinks (>600°0.! From theoretical capability to provide anisotropic features of electron momen-
consideration$;? in the latter process, transformation of iso- tum distributions associated with vacancy defé@t3his
lated silicon vacancies to complexes composed of carbotechnique has been used for identification of vacancy defects
vacancies and carbon antisit@é:-Cg;) occurs preferentially in GaAg?2and Si?®> We will show that the above vacancy
rather than migration to sinks. ESR signals observed aftetiefects have an anisotropic electron momentum distribution
high-temperature annealing are attributed tocC¥;  along thec axis.
complexes:® Specimens used in this study were cut frorndype

In positron annihilation spectroscopfPAS) studies on  6H-SiC(0001) wafer doped with nitrogen purchased from
electron-irradiated i8- and 4H-SiC, one type of vacancy de- Nippon Corporation. The net carrier density was 1
fects giving rise to a positron lifetime of approximately 200 x 1017 cm™3 at room temperature. These were irradiated with
ps is found to have a higher thermal stability than that of2-MeV electrons to a fluence of 33107 e /cm? at room
isolated silicon vacanci€s!’ They survive even after an- temperature. Subsequently, a heat treatment was carried out
nealing at 1000 °C and ultimately disappear by annealing a4t 1000 °C for 30 min in dry argon ambient. From the pre-
1300 - 1500 °C. Hence, they are distinguished from isolate@iminarily positron lifetime measurements, we obtained a
silicon vacancies. They are observed -4nd 6H-SiC, but  single positron lifetime of 140 ps. This is in good agreement
not in 3C-SiC18 The positron annihilation intensity increases with the bulk lifetime. After irradiation, two lifetime compo-
with hexagonality. From the positron lifetime and Doppler nents were obtainedr; =110 ps andr,=210 ps with I,
broadening measurements, it is proposed that these vacaneys5% for the as-irradiated state ang=116 ps andr,
defects are V-related complexé8?® or divacancies® Al- =190 ps withl,=69% after annealing at 1000 °C. These are
though silicon-vacancy-nitrogen paifgsiN) were also con-  qualitatively in agreement with previous studfe$. How-
sidered since early modified Lely-grown crystals wereever, the bulk lifetime of 158 ps calculated within the two-
heavily doped with nitrogeis x 10*" cm3),%1Clater studies  state trapping model deviates from 140 ps. This discrepancy
with lightly nitrogen-doped epilayerés < 10'° cm™) dem-  comes from uncertainties in the decomposition process of the
onstrated no significant reduction of the above vacancyifetime spectrum due to the limited time resolution. Conse-
defectst®>16 Theoretical studies imply that \Cs; complexes — quently, the positron trapping rate of 8.4 hsvas deter-
may be the origin of the above vacancy deféctActually,  mined using the average lifetird® Thus, the fraction of pos-
the positron lifetime responsible fordCs; complexes calcu- itrons trapped at vacancy defects after annealing is 0.54.
lated by the atomic superposition metfhd reported to be  Positrons emitted from #Na source with an activity of 840
comparable to that for silicon vacancies200 p3.'” How-  MBq were injected to the specimens from (8€01) surface.
ever, no direct evidences for the generation ¢iC¥; com-  The 2D-ACAR spectrum was obtained on tke plane at
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to the momentum distribution of valence electrons are seen.

After electron irradiation, these crystal-related anisotropies

diminished and different anisotropies appear. This is due to
y-ray the increase in the annihilation probability of positrons at

vacancy defects. To extract anisotropies related to vacancy

defects, the crystal components were subtracted from the

original spectra. The fraction of the vacancy comporfént
Detector 1 J/" Detector 2 which is apparently distinguished from the crystal compo-
Y nents, was determined by minimizing the following quantity:

FIG. 1. Schematic representation dfl€5iC and definition of
orientation in 2D-ACAR measurement. XAt - f f [A(P P, — (1 = f)Ac(py p)1?dpdp,, (2)

two crystal orientations (x:[1100]-z:[0001];x:[1120]  where Ac(py,p,) is the ACAR anisotropy spectrum for the
-2:[0001)), as shown in Fig. 1. Annihilation gamma rays unirradiated samplé‘C” denotes “crystalj.?* This method
(511 keV) were detected by two position-sensitive Angeryields the vacancy fraction as long as its ACAR anisotropy
cameras separat¢ m away from the sample. Detecting co- adequately differs from that for the buiR Figures 2c) and
incidence events, ACAR spectra were measured at roord(d) show the ACAR anisotropy spectra coming from va-
temperature. The angular resolutionsxand z directions  cancy defects obtained after irradiation and annealing at
were 0.5 mrad and 1 mrad, respectively. Detailed topological000 °C. Here, the vacancy components &re0.40 for (c)
features of ACAR spectra were visualized by the anisotropyandf’=0.37 for(d); i.e., practically the same. These vacancy

plots as follows: fractions are underestimated as compared to that obtained
o from the positron lifetime(f=0.54. As discussed later, this
1 . . .
AP, P,) =N(p,,p,) — _J N(p, 6)dé, (1) Isinterpreted as the existence of the bulklike components for
2wy vacancy defects depending on the orientation.

The ACAR anisotropy spectra from vacancy defects
shown in Figs. &) and 2d) are much different than those
o=arctarip,/p,)- . from the crystal. That is, the electron momentum distribution

Figures 2a) and 2b) show the ACAR anisotropy spectra s anisotropic towards the axis. This indicates that vacancy

from the unirradiated sample at tHe.100]-[000] and  defects have dangling bonds orientated alongcthgis. The
[1120]-[0001] projections. Pronounced anisotropies relatedACAR anisotropy spectra at thg¢1100]-[0001 and

where N(p,,p,) is the 2D-ACAR spectrump?=pZ+p? and

Experiment
15 7
(a) Unirrad..

(b)
10 10
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FIG. 2. Experimental 2D-
0 0 ACAR anisotropy spectra for
uni_rradiated 61-SiC at (a) the
-5 5 [1100]-[0001] projection andb)

the [1120]-[0001] projection.(c)
and (d) show the spectra for the
specimen irradiated with 2-MeV
electrons to a fluence of 3
X 10 e /cn? and annealed at
1000 °C for 30 min after subtract-
ing the bulk components using Eq.
(2). Solid and dashed lines repre-
sent positive and negative values,
respectively. The contour spacing
is 5% of the difference between
maximum and minimum
intensities.
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Calculation
15 T ]
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FIG. 3. Theoretical 2D-ACAR
anisotropy spectra for a perfect
lattice at (a) the [1100]-[0001]
projection and (b) the [1120]
—-[0001] projection. Same for
VcCs complexes, at(c) the
[1100]-[0007] projection and(d)
the [1120]-[0001] projection.
Solid and dashed lines represent
positive and negative values, re-
spectively. The contour spacing is
5% of the difference between
maximum and minimum intensi-
ties. The structure of ¥Cg; com-
plex is also shown schematically.
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[1120]-[0001] projections are different from each other. Mize the energy functionaf. 2D-ACAR spectra were subse-
This relationship was conserved after rotating the crystal bluently obtained by integrating the momentum density in
120° around the axis. Thus, the electron momentum distri- 0" Particular momentum axis. Figure@3and 3b) show
bution holds the threefold rotationaly@ symmetry around Ne calculated ACAR anisotropy spectra for the perfect crys-
the ¢ axis 3 tal. The calculation reproduces well the observation in Figs.

The above observations were examined theoretically; thz(a) and 2b). The bulk positron lifetime 136 p3 was also

it lect tum distributi first calculat onfirmed to be in good agreement with experiment.
positron-electron momentum aistribution was first caiculate During the preliminary calculations, the observations
using the conventional scherhe:

shown in Figs. &) and 2d) were hardly reproduced consid-

2 ering carbon vacancies, silicon vacancies and nearest neigh-
3) bor divacancigs because of the abs_ence of dangling bonds

along thec axis after the reconstructions. On the contrary,

the ACAR anisotropy spectra calculated for-G%; com-
wherer, is the classical electron radiusjs the light speed, plexes exhibited the strong anisotropies along YheCg;
W.(r) is the positron wave functionV’_(r) is the electron line. No significant difference due to inequivalent lattice site
wave function, andy(r) is the enhancement factor. We was found. The axis of a ACg; complex has four orienta-
adopted the Bniski-Nieminen enhancement facfrThe  tions from the center of carbon vacant sites in the tetrahe-
summation goes over all the occupied states. A supercell ifdron. That is, a ; can replace with one of the four silicon
cluding 48 Si and 48 C atoms was constructed for the perfectoms around a ¥. The most pronounced ACAR anisotro-
lattice. The lattice constants were fixed a£3.08 A,b  Pies appeared when the\Cs;line was parallel to the axis.
=5.33 A, andc=15.11 A?” The electron wave function was In the other cases, the ACAR anisotropy spectra were some-
computed based on the norm-conserving pseudopotentifhat bulklike. Only in one case, where the.@s; line was
method using thexgINIT4.1.4 code? Only one k-point (I ©on the (1120 plane, the axial orientation appeared in the
point) was considered. The cutoff energy of the plane-wavd 1100]-[0001] projection. Consequently, the ACAR aniso-
basis set was typically 40 Ryd. In the calculation of vacantropy spectra arising from MCs; complexes contain both
cies, to reach a rapid convergence, we did not move ioprominent anisotropies along the axis and bulklike
positions in the calculation. Instead, optimized geometricabnisotropies. Thus, we may consider the former case since
data for the first nearest neighbor atoms provided by Bochthe bulklike components may be mostly subtracted with the
stedte of Erlangen University were used as irfSuk self- real bulk components, as described in EZ).
consistent positron wave function was calculated based on Figures 3c) and 3d) show the ACAR anisotropy spectra
the two-component density functional theory so as to mini-calculated for \.Cg; complexes with thee-axis orientation.

p(p) =’

occ

f &P ()W _(r)\y(r)dr
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Apparent anisotropies along the axis are seen. These study shows that these complexes are annealed out below
anisotropies along the axis are mainly coming from the 1200 °C® Zolnai et al. also showed that similar ESR signals
dangling bonds of carbon antisites. The different anisotropieth p-type 4H-SiC disappear at 1100 *CThese annealing
in these figures are caused by the contribution from the resemperatures are lower than the ultimate annealing tempera-
reconstructed Si bonds. The calculated ACAR anisotropyure (1300-1500 °Cof the above PAS-detected vacancy de-
spectra agree with the experiments. This implies the formafects. Thus, to conclude that the PAS-detected vacancy de-
tion of VCs; complexes. Above, it was pointed that the va- fgctg originate from \Cg complexes, we still need to
cancy fractions were underestimated as compared to the poggamine the annealing behavior of both PAS and ESR-
itron lifetime measurements. This is explained as th&jetected centers using practically identical samples.
existence of bulklike anisotropies in the case that the |, symmary, we studied vacancy defects iA-8iC in-
V-Cgi line is not parallel to the axis, as discussed above. g ,ced by post-irradiation annealing at 1000 °C using 2D-
In the previous studies, yNc pairs were also proposed as ACAR technique. Pronounced anisotropies alongdteis
the origin for vacancy defects produced by post-irradiationyg|ated to vacancy defects were found. This suggests that
annealing at 1000 °C in nitrogen-dopeH-&iC>1® We  these vacancy defects have dangling bonds oriented towards
therefore calculated ACAR anisotropy spectra fosNE  thec axis and the rotational symmetry around it. BothG4;
pairs with the atomic arrangements determined by Gerstsomplexes and VN pairs were found to yield the compa-
mannet al*? For reasons similar to the case of@s; COM-  rapje ACAR anisotropy spectra to the experiments. To dis-

plexes, anisotropies along the axis appeared when the ininate these two candidates, the further studies are
VsirNc line was parallel to it. The overall ACAR distribu- needed.

tions were very similar to those for XCg; complexes. Thus,

the possibility of \&N¢ pairs is not completely denied from We sincerely thank M. Bochstedte of Erlangen University
the ACAR anisotropy spectra although the vacancy defectfor providing us the geometrical data of vacancy defects.
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sistent with the theoretical prediction that isolated siliconof Education, Culture, Sports, Science and Technology of
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