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Electron-positron momentum distributions associated with isolated silicon vacancies in 3C-SiC
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Two-dimensional angular correlation of annihilation radiation (2D-ACAR) and coincidence Doppler broad-
ening (CDB) of annihilation radiation measurements have been performed on electron-irradiated n-type 3C
-SiC in which isolated silicon vacancies are responsible for positron trapping. After irradiation, the intensity of
the CDB spectrum increased and decreased in low- and high-momentum regions, respectively. These features
were explained by a theoretical calculation considering silicon vacancies. The central region of the 2D-ACAR
spectra became isotropic after iradiation, while the overall anisotropies extending within the Jones zone were
conserved suggesting that isolated silicon vacancies have tetrahedral symmetry, as expected from a previous

electron spin resonance study.
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I. INTRODUCTION

Extensive studies have been carried out to characterize
point defects in SiC that are induced by irradiation because
of their significant influence on electrical and optical proper-
ties. In contrast to the complexity of hexagonal polytype,
3C-SiC exhibits a rather simple outlook. 3C-SiC holds the
cubic (zinc-blende) structure with three bilayers in the unit
cell.! Hence, there are no intrinsic stacking faults in ideal
3C-SiC, unlike the case of hexagonal SiC. In early electron
spin resonance (ESR) studies on electron-irradiated
3C-SiC, both isolated silicon and carbon vacancies are iden-
tified. Isolated silicon vacancies induced by electron irradia-
tion are thermally annealed below 1000 °C via two decays.’
Isolated carbon vacancies are annealed out below 500 °C.3
Electrical measurements also show that the reduced carrier
concentration due to irradiation is recovered by annealing
below 1000 °C.4-¢

Silicon vacancies in 3C-SiC are responsible for positron
trapping and give rise to a prolonged annihilation lifetime
and increased peak intensity (called the S parameter) of the
Doppler broadening spectrum of annihilation radiation. It
was confirmed that the annealing behavior of the positron
lifetime and S parameter is consistent with that of the ESR
signal intensity related to negatively charged silicon
vacancies.”® After the disappearance of silicon vacancies, no
positron trapping centers have been confirmed, although a
transformation mechanism of silicon vacancies to complexes
composed of carbon vacancies and carbon antisites is pro-
posed by theoretical considerations.”!? No positron trapping
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due to carbon vacancies in 3C-SiC has been observed. In
comparison to silicon vacancies, carbon vacancies may act as
very weak positron trapping centers. In fact, the theoretical
positron lifetime for carbon vacancies is only 5—7 ps greater
than bulk lifetime.!"'? Thus, it appears that the detection of
carbon vacancies is problematic, especially when they coex-
ist with silicon vacancies. Although carbon vacancies are
considered to be detectable when only carbon atoms are dis-
placed by low energy electron irradiation,'>!* careful studies
are still required to justify this assertion.'>16

In this study, we carried out both coincidence Doppler
broadening (CDB) and two-dimensional angular correlation
of annihilation radiation (2D-ACAR) measurements on
n-type 3C-SiC irradiated with fast electrons in which nega-
tively charged silicon vacancies are the major positron trap-
ping centers. These techniques are capable of characterizing
defects in semiconductors.!”2° The CDB method is able to
demonstrate electron momentum distributions spectroscopi-
cally in a wide range.?">? In some cases, the examination of
high-momentum region revealed the chemical environments
of positron annihilation sites. From 2D-ACAR spectra, the
anisotropies of electron-momentum distributions, which are
closely related to the crystal bonding and geometrical sym-
metry of defects, can be extracted.”®> Although positron life-
time is easy to understand because it is a single parameter
denoting the size of a vacant site, the momentum measure-
ments provide more dimensional and electronic information.
We will show that the CDB and 2D-ACAR spectra for
3C-SiC after electron irradiation are explained considering
isolated silicon vacancies having tetrahedral symmetry.

©2005 The American Physical Society
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II. EXPERIMENT

Specimens used in this study were chemical-vapor-
deposition (CVD) grown n-type 3C-SiC(001) crystals with
thicknesses of 18 and 154 wm on Si(001) substrates. The
18- um-thick crystals were grown by us. The 154-um-thick
crystals (separated from the Si substrate) were supplied by
Dr. Nagasawa of Hoya Advanced Semiconductor Technolo-
gies Co., Ltd. The qualities of these crystals were inspected
by electron and x-ray diffraction techniques. No mosaic
structures were observed. Both crystals were doped with ni-
trogen and the carrier densities were approximately 1
% 10'% cm™3. The dislocation densities were below 10* cm™.
In the as-grown state, the vacancy concentrations were under
the detection limit of positron annihilation (<105 em™). To
introduce silicon vacancies, these specimens were subjected
to electron irradiation. The thinner specimens were irradiated
with 2 MeV electrons to a dose of 3 10'7¢ cm™ using a
Dynamitron accelerator and the thicker specimens with
1 MeV electrons to a dose of 6X10'7e cm™ using a
Cockcroft-Walton accelerator keeping the temperature below
40 °C. After irradiation, the positron lifetime and Doppler
broadening S parameter showed comparable annealing be-
havior to that of the ESR signal intensity related to nega-
tively charged silicon vacancies.’

Monoenergetic positrons with an energy of 30 keV were
implanted into the thinner specimens and annihilation
gamma rays were detected by two Ge detectors connected to
the FAST-ComTec MPA-Win device.?* Detecting coinci-
dence events, CDB spectra were obtained at room tempera-
ture. In each spectrum, 4 X 107 counts were accumulated.
The energy resolution was approximately 1 keV in full width
at half maximum (FWHM). Here, the Doppler energy shift
of 1 keV corresponds to 3.92 mrad in angle deviation from
7 of two annihilation radiations and 0.54 a.u. in momentum
shift. A positron source (**NaCl) with an activity of
0.37 MBq deposited on a titanium thin film was sandwiched
with the thicker specimens and positron lifetime measure-
ments were conducted at room temperature. The time reso-
lution of the spectrometer was 200 ps in FWHM. More than
3 X 10° counts were accumulated in one spectrum. To avoid
the transmission of fast positrons through the specimens,
three layers of specimens (154 um X 3) were stacked on
both sides of the source. The obtained positron lifetime spec-
tra were analyzed by one or two exponential decay compo-
nents [L(t)=(I;/ 7)exp(~t/ 1)+ (I/ Ty)exp(—t/ 1,), where I, »
are the intensities and 7|, are the lifetimes] after resolution
deconvolution and source correction using the PATFIT
program.? Positrons emitted from a source with an activity
of 0.84 GBq were also implanted into the thicker specimens

from the [001] direction and annihilation gamma rays were
detected by two position- sensitive Anger cameras placed
7m away from the specimen.”> Detecting coincidence
events, 2D-ACAR spectra, N(p,,p,), were obtained at room
temperature. In each spectrum, more than 5X 107 counts
were accumulated. Here, p, and p, are the horizontal and
vertical axes, respectively, on the detector plane and p, is the
normal axis to it. The [001] direction is always parallel to the
py axis. By rotating the specimens around the [001], the
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[100] or [110] (the [010] or [110]) direction paralleled to the
px (p,) axis. The geometrical resolutions along the p, and p,
axes were 1.0 mrad and 0.5 mrad, respectively. To observe
the detailed topological features of ACAR spectrum, the fol-
lowing anisotropy plot was made.

1 2w
A(px’py) :N(px’py) - 2_f N(P, e)de’ (l)
™Jo

where p’= pf+ pf and @=arctan(p,/p,). Considering the
symmetry of cubic crystal, the obtained spectra were aver-
aged by the folding treatment. In the [100]-[001] projection,
the spectra were folded around the [010] axis keeping a four-
fold symmetry. In the [110]-[001] projection, the spectra

were folded around the [110] keeping a twofold symmetry.

III. CALCULATION

To interpret the experimental results in detail, the Doppler
broadening and 2D-ACAR spectra were computed within the
local density approximation.”® The valence electron momen-
tum distribution was calculated using the conventional
scheme

2

. (2

pu(p) = T’ f W (0)W, () Hr)dr

where r, is the classical electron radius, ¢ is the speed of
light, W ,(r) is the positron wave function, W, (r) is the va-
lence electron wave function of the nth band, and y(r) is the
enhancement factor. The summation was performed over all
the occupied states. The core electron momentum distribu-
tion was calculated following Alatalo’s method?!

2
pe(p) = mr,? X,

i,nlm

b}

f P (1) W, 1 (r = R)VY(r)dr

3)

where V¥, ,;,,(r—R,) represents the core electron wave func-
tion specified by the principal, azimuthal, and magnetic
quantum numbers (nlm) for the ith atom and R; denotes the
position vector. The total momentum distribution is given by
p(p)=p,(p)+p.(p). A supercell including 108 Si and 108 C
atoms (3 X 3 X 3 conventional unit cells) was constructed for
the perfect lattice. The lattice constant was fixed to be
4.37 A.? The valence electron wave function was calculated
based on the norm-conserving pseudopotential method con-
sidering the I" point using the ABINIT 4.1.4 code.?® The cutoff
energy of the plane wave basis set was typically 60 Ry. The
core electron wave function was represented by the Slater
function parametrized by Clementi and Roetti to mimic the
results of the Hartree-Fock calculation.?® By considering the
correlation interaction between a positron and electrons and
the Coulomb interaction from ion cores, a self-consistent
positron wave function was calculated based on the two-
component density functional theory in order to minimize
the energy functional.®® The Boronski-Nieminen enhance-
ment factor was adopted.>® In the calculation of vacancies,
relevant atoms were removed from the perfect lattice. The
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FIG. 1. Experimental CDB spectrum from as-grown 3C-SiC of
18 um thickness (open circles) and theoretical curve (solid line).
The theoretical curve consists of contributions from valence elec-
trons (chained line) and core electrons (dashed line). The core con-

tribution is further decomposed into individual inner shell orbitals
(short dashed lines).

forces acting on the atoms were not considered in the calcu-
lation because of the limitation of our computer, while the
effects of lattice relaxation on the positron annihilation char-
acteristics were examined by shifting the nearest-neighbor
atoms around vacancies. 2D- and 1D-ACAR spectra were
subsequently obtained by integrating p(p) in one (p,) and
two (py.p,) momentum axes, respectively. The Doppler
broadening spectra were obtained by convoluting 1D-ACAR
spectra with the Gaussian resolution function of measure-
ment system. Here we assumed the FWHM of the Gaussian
function to be 4 mrad. The positron annihilation rate (inverse
of lifetime) was obtained by integrating the momentum den-
sity in all momentum space. The positron lifetimes for a
perfect 3C-SiC lattice, an unrelaxed carbon vacancy, an un-
relaxed silicon vacancy, and a silicon vacancy with 10% out-
ward relaxation of the nearest-neighbor atoms were 136 ps,
138 ps, 171 ps, and 192 ps, respectively. These are in good
agreement with those reported in the previous researches,!!!?
suggesting the validity of the calculation.

IV. RESULTS AND DISCUSSION

Figure 1 shows the CDB spectrum obtained from the as-
grown thinner specimens (18 wm thick) and its comparison
with the calculated one. The measured spectrum is well re-
produced by the calculation. This confirms the validity of the
calculation. Figure 2(a) shows the ratio curve of CDB spectra
between 2 MeV-electron-irradiated and as-grown states
[N:i(p)/Noo(p), where the subscripts “ir” and “ag” denote
“irradiated” and “as-grown,” respectively]. The intensity in
the low-momentum region (p<<10 mrad) is greater than
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FIG. 2. CDB curves (ratio to bulk 3C-SiC spectrum) obtained
from (a) 3C-SiC (18 wm thick) irradiated with 2 MeV electrons to
a dose of 3X10"7e cm™2, (b) calculation for an isolated silicon
vacancy, and (c) calculation for an isolated carbon vacancy.

unity and that in the high-momentum region (p > 15 mrad) is
less than unity. These represent a reduction in the core anni-
hilation rate and hence relative increase of the valence anni-
hilation rate because of the annihilation of positrons at va-
cancy defects. The peak at p=11-12 mrad is explained as
the disappearance of the dip at the Jones zone in the irradi-
ated state because of the lack of translational symmetry due
to vacancies. Figures 2(b) and 2(c) show the CDB ratio
curves calculated for an isolated silicon vacancy and a car-
bon vacancy, respectively. It is found that the curve for a
silicon vacancy is compatible with the experiment [Fig.
2(a)], but that for a carbon vacancy is not. This confirms that
isolated silicon vacancies are responsible for positron trap-
ping. The S and W parameters obtained from the present
calculation are 1.032 and 0.802, respectively, relative to the
bulk values (the windows for the S and W parameters are
0-3 mrad and 15-25 mrad, respectively). These are also
consistent with experimentally obtained values for silicon
vacancies in 3C-SiC.”3!

As seen in Fig. 2(c), the calculated CDB ratio curve for a
carbon vacancy is rather flat. Hence, the S parameter for
carbon vacancies is very similar to that for the bulk value.
This result is also in agreement with the previous report that
carbon vacancies are practically invisible in the Doppler
broadening measurement.’?> In the present experiment, both
silicon vacancies and carbon vacancies should be created by
irradiation because the electron energies are high enough to
displace both carbon and silicon atoms. However, the pres-
ence of carbon vacancies is concealed by the strong influence
of silicon vacancies due to the above reasons. This situation
is similar to the case of positron lifetime experiment reported
previously.®

In a previous positron study,'? a CDB ratio curve obtained
after 300 keV electron irradiation is attributed to carbon va-
cancies because the curve shape in the high-momentum re-
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FIG. 3. Experimental 2D-ACAR anisotropy spectra for the as-
grown 3C-SiC (154 um thick) at (a) the [100]-[001] projection and
(b) the [110]-{001] projection. Theoretical 2D-ACAR anisotropy
spectra for the perfect 3C-SiC lattice at (c) the [100]-[001] projec-
tion and (d) the [110]-[001] projection. Solid and dashed lines rep-
resent positive and negative values, respectively. The contour spac-
ing is 5% of the difference between the maximum and minimum
intensities. Bold solid lines represent the area of the Jones zones.

gion appears to be different from that in the case of higher
bombardment energy in which silicon vacancies are the pre-
dominant positron trapping centers. However, on the con-
trary, Steeds et al.’> demonstrated that the threshold energy
for the silicon displacement lies below 250 keV. This implies
a possibility that silicon vacancies are observed instead of
carbon vacancies in Ref. 13. The overall shape of the CDB
ratio curve in Ref. 13 is indeed different from the curve (c)
for a carbon vacancy but similar to the curve (b) for a silicon
vacancy in Fig. 2. The above contradictions should be clari-
fied in the future.

Figures 3(a) and 3(b) show the 2D-ACAR anisotropy
spectra at the [100]-[001] and [110]-[001] projections ob-
tained from the as-grown thicker specimen (154 um thick).
In the former projection, a fourfold symmetry around the
[010] axis is observed. In the latter projection, a twofold

symmetry around the [110] axis is observed. These well rep-
resent the feature of tetrahedral crystal bonding.”? Figures
3(a) and 3(b) also show that the major part of the momentum
density is accommodated within the Jones zone.>* These ob-
servations are common in semiconductors having diamond
and zinc-blende structures. Figures 3(c) and 3(d) show the
2D-ACAR anisotropy spectra calculated theoretically. The
experimental spectra are in fact well reproduced. The cross-
sectional 2D-ACAR spectra were also found to agree with
the calculation.

After 1-MeV electron irradiation, the central intensities of
2D-ACAR spectra were found to increase in a similar man-
ner as Doppler broadening spectra. The positron lifetime
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spectrum was well approximated using two exponential de-
cay components: 7;,=98+8 ps and 7,=199+1 ps with the in-
tensities of 1;=27+1% and I,=73+1%, respectively. The
second lifetime is attributed to the annihilation of positrons
at silicon vacancies.® In the as-grown state, only one lifetime
of 7=142+1 ps, which agrees with the bulk lifetime (7).
was obtained. The bulk lifetime (156 ps) expected from the
above lifetimes and intensities, however, exceeds it. The pos-
itron trapping rate is estimated to be xk=(1/753—1/7),/1,
=5.4 ns! without 7,. From the two-state trapping model,®
the first lifetime should be 80 ps[=(1/75+«)~!]. This is also
lower than the experimental value (98«8 ps). The above dis-
crepancies are simply due to the uncertainty of 7; in the
decomposition procedure because of the limited time resolu-
tion. Positrons annihilate both at the bulk and the silicon
vacancies. Indeed, the previous studies showed that the an-
nealing behavior of the trapping rate is consistent with that
of the ESR T, signal arising from silicon vacancies.”? Also
the possiblity of divacancies is ruled out although the above
lifetime is close to that for divacancies.’® The vacancy-
trapped fraction is estimated to be 0.43 [=«/(1/75+k)].
Consequently, the ACAR spectra for silicon vacancies were
obtained by subtracting the bulk components from the origi-
nal spectra, i.e., Ni(py,py)—(1=f)N,4(p,.py), where f de-
notes the vacancy-trapped fraction. Figures 4(a) and 4(b)
show the 2D-ACAR anisotropy spectra for silicon vacancies.
From Fig. 4(a) it is found that the fourfold symmetry in the
low-momentum region (p<3 mrad) observed for the as-
grown state disappears after irradiation. That is, the momen-
tum distribution becomes more isotropic near the central re-
gion. This corresponds to the destruction of the translational
symmetry. However, the overall topological features inside
the Jones zone are maintained even after irradiation. That is,
the [100]-[001] projection shows the fourfold rotational sym-
metry around the [010] axis and the pronounced anisotropy

along the [101] and [101] axes. The [110]-[001] projection

shows the twofold rotational symmetry around the [110]
axis. Different anisotropies at different projections reflect the
geometrical symmetry of vacancies. These anisotropies are
explicitly interpreted in terms of the tetrahedral bonding. Ac-
tually, the above observations are in good agreement with the
theoretical 2D-ACAR anisotropy spectra calculated for an
isolated silicon vacancy, as shown in Figs. 4(c) and 4(d). It
was also confirmed that the breathing-mode lattice relaxation
around the vacancy has a minor role.

Coulson and Larkins employed the linear combination of
atomic orbital (LCAO) scheme for describing possible elec-
tronic transitions associated with single vacancies in dia-
mond, which have tetrahedral symmetry.>” Based on this
analogy, one-electron orbitals can be given by ¢+ ¢, + p;
+ ¢y for the A state, dy—dr—hs+ ¢y, d1+dr—h3— ¢y, and
b1 — Pyt Pp3— ¢y for the T, state, where ¢;(i=1-4) represents
the sp> hybridized orbitals of the four nearest-neighbor car-
bon atoms around a silicon vacancy. Thus, the upper T, state
is threefold degenerated, i.e., a high spin state.’® The calcu-
lated 2D-ACAR anisotropies in Figs. 4(c) and 4(d) mostly
reflect the nature of the A; state and the 7, state appears to
play only a minor role. The ACAR spectra of vacancies hav-
ing tetrahedral symmetry have been studied in detail by Saito
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FIG. 4. Experimental 2D-ACAR anisotropy spectra for
3C-SiC (154 pm thick) irradiated with 1 MeV electrons to a dose
of 6X 10" cm™ at (a) the [100]-[010] projection and (b) the
[110]-[001] projection. Here, the bulk components are subtracted
from the original spectra as described in the text. Theoretical 2D-
ACAR anisotropy spectra for an isolated silicon vacancy in 3C
-SiC lattice at (c) the [100]-[010] projection and (d) the [110]-[001]
projection. Solid and dashed lines represent positive and negative
values, respectively. The contour spacing is 5% of the difference
between the maximum and minimum intensities. Atomic arrange-

ments around silicon vacancies observed from the [010] and [110]
directions are schematically drawn in (c) and (d), respectively.

et al.*® Their results show that the ACAR spectrum is mainly
determined by the totally symmetric state, i.e., the A; state.
Similar results were reported for vacancies in GaAs by Mc-
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Mullen et al.*° In Fig. 4(c), the peaks along the [101] and
[101] axes are due to the projection of the dangling bond

along the [111], [111], [111], and [111] axes. In Fig. 4(d),
the observed peaks are explained as an overlapping of the
projections of momentum distributions associated with the
dangling bonds. Thus, the ACAR spectra are consistent with
the fact that positrons annihilate at isolated silicon vacancies
with tetrahedral symmetry.

V. CONCLUSION

In conclusion, we have studied silicon vacancies in
3C-SiC introduced by electron irradiation using CDB and
2D-ACAR techniques. It was found that the intensity of the
CDB spectrum increased and decreased in low- and high-
momentum regions, respectively, when silicon vacancies
were present. The CDB ratio curve was reproduced by theo-
retical calculation considering silicon vacancies but not car-
bon vacancies. Although the anisotropy of the 2D-ACAR
spectrum in a low-momentum region diminished after irra-
diation, the overall anisotropies were conserved. This feature
was well explained considering silicon vacancies with tetra-
hedral symmetry.
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