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ABSTRACT

We investigated divacancies of charge states, Vg, V5 or V22_ in FZ Si introduced by electron
irradiation using measurements of the 2 dimensional angular correlation of positron annihilation
radiations (2D-ACAR) at subambient temperatures. Bulk (untrapped) annihilation components of
irradiated specimens were estimated referring to anisotropies of 2D-ACAR distributions of the
specimens and of unirradiated Si. Intensities of the remaining trapped components agreed well
with the results of our former lifetime measurements. However the relaxation of VZZ_ at higher
temperatures inferred by the lifetime measurements was not confirmed. Anisotropy of 2D-ACAR

distribution of trapped positrons in V5 was obtained from a specimen with oriented divacancies.

Charge state of divacancy in Si can be controlled exclusively to be one of V5, Vg, Vs
or V22' by an appropriate combination of dopant species, their concentrations, fluences of
15 MeV electron irradiation and subsequent heat treatments.[1=3 Following the positron
lifetime study,l*"'Y we measured 2D-ACAR of FZ Si with V2, V5 and V2~ and of unirra-
diated FZ Si at 295K, 200K, 100K and 15K, with the projection directions being [100],
[011) and [111] for 295K and 15K, and [011] for intermediate temperature measurements.
Characteristics of the specimens are shown in Table. 1. From the Hall effect measure-
ments we confirmed that the charge states of all the specimens do not change at low tem-
peratures.[ml

The purpose of the present work was to get further information about the lattice relax-
ation around V,” detected as an increase of trapped lifetime with temperature,[“] and to
get anisotropies of 2D-ACARs of trapped positrons, which should contain information of
electronic states of divacancies.

2D-ACAR distribution can be decomposed into a centrally symmetric isotropic part
and an anisotropy. We found for all the samples we measured the anisotropies do not
change their shapes beyond the uncertainty of the measurements, but only differ in their

Table 1 Characteristics of specimens.

Specimen Dopant conc. Fluence V, conc. Annealing Fermi level
Charge state (cm™3) (e/cm?) (em™3) (°Cxhrs. ) | at 300K (eV)
' B: 4.0x10% 3x10% 3x10% E,+0.40
vt P: 1.7x10%® 5x10"7 5x10%® 250 x 1 E.—0.34
\’ P: 1.7x10% 3x10%° 8x10M 150 x 0.5 E.—0.17
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Fig. 1 Anisotropies of 2D-ACAR of unirradiated pure FZ Si projected along [100], [011] and [1T1]
directions. Contour spacing is 0.87% of the [100] projection peak. Solid lines: positive, broken
lines: negative and chain lines: zero contour heights (same for other anisotropies).

amplitudes. Therefore, we think the anisotropies come from the positrons annihilating in
the bulk of the specimens. With reference to the anisotropies of the unirradiated Si, which
are shown in Fig. 1, we get the bulk annihilation component of each specimen at each tem-
perature so as to reproduce the amplitude of the anisotropy. Subtracting this bulk com-
ponent the remaining distribution, corresponding to the trapped component, was found to
be centrally symmetric for each measurement. ]

According to the trapping model the intensity of the ) ' ! !

—~ 385
trapped ACAR component is given by x/(Ag+x), and T L TS~
the trapped lifetime component, I,=x/(Ag+K—Ap), E 34_0__\_\:;\::5\;:\__0
where Ag is the bulk annihilation rate, Ap, the annihila- = L <>~
~< ~

tion rate in the trap and k, the trapping rate. In Fig. 2 ™
intensities of defect components, «£/(Ag-+x), obtained by
the ACAR and lifetime measurements " are compared.
Assuming that Ag=(222ps)™" we get & from the trapped
component of ACAR, which agrees fairly well with the
result of the lifetime measurement.

While both of Ap from the lifetime measurement and
FWHM of the trapped component of the ACAR are con-
sidered to represent, in some ways, the size of the trap- I Lifetime  — —m — mm
ping center, i.e., divacancy, these two parameters, how- i'%
ever, are found to show different temperature depen- '
dence as depicted in the middle and upper parts of Fig.
2. The steepest decrease of Ap of V2_2 with increasing
temperature is interpreted to represent lattice relaxation
near Vz_2 due to the occupancy of two excess electrons in
the anti-bonding states and Coulomb repulsion between o . . ;
them.'  However, the steepest decrease of the FWHM 1 I?Gmp (220) 300
of the defect ACAR was found for V). The FWHM of Fig. 2 Temperature4dependences
V5?2 shows only a small decrease and does not simply of defect components by the
support the lifetime data interpretation. More work ACAR and lifetime measure-
including theoretical calculations (15217 are needed to KXGCIX‘R FWHM of reduced 1D-

¢ . e of defect components and
solve this apparent discrepancy between the lifetime and

tr%pped annihilation rates for
the ACAR results. The ACAR results can provide V3, V5 and VI~
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Fig. 3 Anisotropies of trapped 2D-ACAR components of oriented V{l specimen. (a): Anisotropy
after [011] and [011] foldings. (b): Anisotropy after [011], [011] and [010] foldings. (c): Anisotropy
for N (see text). Contour spacing is 0.15% of the trapped 2D-ACAR peak.

different information not obtained by lifetime studies.

The apparent isotropy of the trapped ACAR component also poses problems. In order
to investigate whether this is caused by the cancellation among four possible orientations
of divacancies, we measured a specimen with oriented divacancies. By heating the V,
specimen to 170°C for 1 hour under compressive stress of 150 kgw/cm? along [011] direc-
tion, then cooling to room temperature and releasing the stress, the population of the diva-
cancies of the orientations within the (011) plane, namely [111] and [11T] was increased
about 50% relatively to the divacancies off the (011) plane, along [111] and (T11).0 This
inequivalence can be detected by the 2D-ACAR measurement with [100] projection direc-
tion. Then [011] and [011] directions are not equivalent. Following the same procedure
described above we got trapped components at 15K, 100K, 200K and 295K. These show
very small tetragonal symmetries. We summed all of these trapped components to have
better statistics. Then we got an anisotropy shown in Fig. 3 (a). We denote the aniso-
tropy from the divacancies lying in the (011) plane ([111] and [111]) by N, and the aniso-
tropy from the divacancies off the (011) plane ([111} and [111]) by N . Fig. 3 (a)
corresponds to 1.2 Ny + 0.8 N, =04 N, + 08 (N, + N. ). We folded the anisotropy
of Fig. 3 (a) along [010] and got Fig. 3 (b), which corresponds N, + N. . Then we sub-
tracted 2 times Fig. 3 (b) from 2.5 times Fig. 3 (a) to get Fig. 3 (c), which corresponds to
N, . The amplitudes of the anisotropies relative to the 2D-ACAR peak heights are very
small, 1.4% for (a), 0.9% for (b) and 1.8% for (c) of Fig. 3. For comparison the anisotro-
pies of pure Si shown in Fig. 1 are 16.9% for [100], 12.3% for [011] and 8.8% for [111] pro-
jections. It is noted that this anisotropy is still a combination of those from divacancies of
two orientations, [111] and [111], but because these divacancies are reflection symmetric
with respect to the (100) plane (perpendicular to the 2D-ACAR projection direction), they
should show the same anisotropies. We hope that the anisotropy shown in Fig. 3 (c) has
an important information of the electronic structure of the divacancy, V;, and encourages
further study including theoretical calculations. 1517

Similarly by adding all the trapped components for each of the Vg, V, and V22‘ speci-
mens we got anisotropies which barely exceed the experimental uncertainties and
correspond to Fig. 3 (b) for these specimens. These are shown in Fig. 4. The anisotropy
amplitudes relative to the trapped 2D-ACAR peaks are 1.0% for V2, 0.8% for V; ! and
0.8% for Vz"2 specimens. Though the three anisotropies look similar, we cannot discuss the
similarities or differences of these anisotropies because an important part can be cancelled
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Fig. 4 Anisotropies of trapped 2D-ACAR components. (a): V2, (b): Vsl (¢): V52 Contour
spacing is 0.15% of the trapped 2D-ACAR peak.

out in these combined anisotropies. However, we can conclude that the apparent isotropy
of the trapped 2D-ACAR components are caused by the cancellation among four possible
orientations of divacancies.

Quite recently the 2D-ACAR measurements have been successfully applied to study
defects in GaAs.'81% The 2D-ACAR techniques will prove its increasing importance in
defect studies.
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