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Abstract: The positron annihilation and perturbed angular correlation techniques
have been employed to study radiation damage in Si and Nb. The results obtained
by the positron annihilation are consistent with those given by the perturbed
angular correlation.
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    INTRODUCTION

The positron annihilation and perturbed angular correlation techniques
have been known for more than 50 years [1, 2] and used to investigate radiation
damage in materials for a long time. The positron annihilation is based on the
positron-electron annihilation; while the perturbed angular correlation on the
hyperfine interaction between the nuclear moments of probe nuclei and extra-
electromagnetic field. It is desired to use more than one technique to
investigate the same subject from different angles in order to get a deep
understanding and more information. Because of different principles adopted
by different techniques, a question comes that if they can give consistent
results or not. In connection with this purpose the present work was
performed to investigate radiation damage in Si and Nb using both positron
annihilation and perturbed angular correlation methods. These two
techniques have been used in separate cases for the investigating of radiation
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damage in ADS related materials.

1  EXPERIMENT

The Cz-Si samples of 10×10×1 mm3 were cut along the (111) plane
from the P-doped N-type single crystal (>200 Ω•cm). The samples used for
the positron annihilation study were irradiated with En≥1 MeV neutrons of
1.45×1020 cm-2 in the JRR-2 reactor at Japan Atomic Energy Research
Institute. The irradiation temperature was about 75 ℃ . The positron
annihilation lifetime measurements were carried out at room temperature
after irradiation and after annealing at different temperatures up to 800 ℃,
using a conventional fast-fast coincidence positron lifetime spectrometer.
The measured lifetime spectra were fitted by two lifetime components with a
PATFIT program. The samples for the perturbed angular correlation study
were recoil-implanted at room temperature by 178W produced by the (p, 4n)
nuclear reaction, and the probe nuclei 178Hf of perturbed angular correlation
were generated by the successive EC decay:

HfTaW4n)Ta(p, 178
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21.5d
178181 → →

The implantation fluence of 178W was 5×1011 cm-2 which is equivalent to the
2.5×1019 cm-2 En≥1 MeV neutron irradiation. The perturbed angular
correlation measurement was conducted on the 1.350～0.093 MeV cascade
in 178Hf as a function of annealing temperature up to 800 ℃ by means of a
standard fast-slow coincidence perturbed angular correlation spectrometer
composed of the four BaF2 scintillation detectors. In the data analysis four
background-subtracted time spectra were used to form a standard spin
rotation function R(t). The measured R(t) was then fitted to the theoretical
formulae to extract the quadrupole interaction frequencies and their fractions
related to the specific defects.

The Nb samples were irradiated at room temperature by 81 MeV C ions
from the HI-13 tandem accelerator. The total irradiation fluence of C was 2.5
× 1016 cm-2. The probe nuclei of perturbed angular correlation were
produced by:
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After irradiation and annealing at different temperatures from 300 to
1058 K the positron annihilation lifetime and perturbed angular correlation
measurements were performed at room temperature. The perturbed angular
correlation measurement was conducted on the 0.084～0.075 MeV cascade
in 100Rh with the four HPGe detectors instead.

2  RESULTS AND DISCUSSION

Fig.1 shows the positron lifetimes τ1, τ2 and the intensity I2  of the
second lifetime component  as a function of thermal annealing temperature
for the Cz-Si samples irradiated by 1.45×1020 cm-2 En≥1 MeV neutrons. On
the basis of the existing data of τb ～212 ps, τ1v ~ 270 ps,  τ2v ～325
ps, τ4v ～435 ps for Si, where τb is the bulk lifetime of positrons, τ1v, τ2v and
τ4v are the lifetimes of positrons trapped at mono-, di- and quadri- vacancies,
respectively, we attribute the obtained lifetime τ1 to a weighted average of the
lifetime of positrons annihilated in bulk and trapped at mono-vacancies and
τ2 to a weighted average of the lifetime of positrons trapped at di- and qudri-
vacancies. The mono-vacancies in Si can only exist at and above room
temperature by associating with impurities. The positron lifetimes are almost
the same in pure vacancies and in vacancy-impurity complexes. In Cz-Si the
substitutional oxygen (Os) atoms are the major impurities. Therefore, the
lifetimes of 270, 345 and 430 ps can be assigned here to the V-type defects
(mono-vacancy-oxygen complexes), V2-type defects (di-vacancies or di-
vacancy-oxygen complexes), and V4-type defects (quadri-vacancies or
quadri-vacancy-oxygen complexes).

The positron trapping rates, κI, κII, κIII, at the V-, V2- and V4-type
defects shown in Fig. 2 were calculated from the two-component data τ1

and τ2 by the extended trapping model [3~5]. The trapping rate reflects the
concentration of the defects to some extent. Figs. 1 and 2 demonstrate that
both V- and V2-type defects were produced by the neutron irradiation. The
intensity of V-type defects decreases with the increasing of the annealing
temperature, while the intensity of V2-type defects increases below 400 ℃
and then decreases with annealing temperature. Usually the V- and V2-type
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defects are annealed away in Si at 400 ℃ and 500 ℃, respectively. But
here they were not annealed away until 600 ℃ and 700 ℃, respectively.
This is due to the creation of V(Os)3 and V2(Os)2 in Si during thermal
annealing. The V(Os)3 and V2(Os)2 are annealed away at higher annealing
temperatures. The concentration of the detected V4-type defects is rather low
(below 400 ℃), and increases abruptly above 400 ℃. The V4-type defects
were annealed away at 700 ℃.
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Fig. 1 Positron lifetimes and intensity in neutron irradiated Si

 

0 1 0 0 2 0 0 3 0 0 4 0 0 5 0 0 6 0 0 7 0 0 8 0 0
0

1

2

3

4

5

6

7

κ I II

κ I I

κ I

T
ra

pp
in

g 
ra

te
 (

ns
-1
)

A n n e a lin g  tem p e ra tu re  ( oC )

Fig. 2  Positron trapping rates κI, κII, κIII at V-, V2-, V4- type defects
       in neutron irradiated Si as a function of annealing temperature
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The perturbed angular correlation measurements yielded three
quadrupole interaction frequencies: ω01 = 2002 MHz,  ω02 = 594 MHz and
ω03 = 142 MHz. The defects characterized by the quadrupole interaction
frequency ω01 are ascribed to the V- type defects,  ω02 to the V2- type defects
and  ω04 to the V4- type defects [6]. Their respective fractions f1, f2 and f4 are
shown in Fig. 3. The V- type defects were detected from room temperature to
400 ℃ with a decreasing fraction, the V2- type defects with an increasing
fraction from room temperature to 500 ℃, and the V4- type defects were
observed from 400 ℃ to 700 ℃. From Figs. 1～3, a conclusion can be
made that the defects and their annealing behavior in 178W recoil-implanted
Si are very close to those in Si irradiated by En > 1 MeV neutrons of 1.45×
1020 cm-2. The equivalent fluence of 178W recoil-implantation is about 6 times
lower, the perturbed angular correlation measurements did not detect V4-
type defects below 400 ℃, and V(O)3 and V2(O)2 which cause the higher
annealing temperature for V- and V2- type defects.  This can account for the
difference between the positron annihilation and perturbed angular
correlation measurements. So, the present experiment reveals that the results
obtained by these two techniques are consistent.
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Fig. 3  Fractions fi of 178Hf probe nuclei in heavy ion irradiated Si
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Fig. 4  Positron lifetimes and intensity in heavy ion irradiated Nb

Fig. 4 shows the annealing temperature dependence of positron
annihilation parameters τ1, τ2 and I2, and Fig. 5 the spin rotation function R(t)
at different annealing temperatures in Nb irradiated by 81 MeV carbon ions
of 2.5×1016 cm-2. The lifetimes of τ1 = 168 ps and τ2 = 279 ps were obtained
in the as-irradiated Nb. The values of τ1 and  τ2 show the existence of di- and
quadri-vacancies in Nb. We assume that τ1 is a weighted average of lifetimes
of the positrons annihilated in the bulk and trapped at the di-vacancies, and τ2

is connected to the quadri-vacancy clusters. Both the lifetimes τ1 and  τ2 and
the intensity I2 decreases with the increasing of the thermal annealing
temperature, indicating the reduction of di-vacancies and the dissociation of
quadri-vacancy clusters. The lifetime τ1 arrives at 125 ps that is in accord
with the bulk lifetime of positrons in Nb [7] and the intensity drops to less than
1% at 1058 K, indicating the complete annealing of radiation damage.
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Fig. 5  Spin rotation function R(t) in Nb as a fuction of annealing temperature
The solid lines show the least-squares fitting

The perturbed angular correlation measurements in Nb after irradiation
gave rise to two quadrupole interaction frequencies: ω1 = 31 MHz and ω2 =
6.2 MHz which are resulted from the di-vacancies and quadri-vacancies in
the bcc metal Nb. Both di- and quadri-vacancies were still observed with
reduced fractions after annealing at 573 K. The vacancy clusters with sharp
quadrupole interaction frequencies were not detected after annealing at 963 K,
and the spin rotation function shows an exponential decay. This means that
the probe nuclei did not trap defects directly, but felt the distant defect
interaction which is rather weak. The defects were all annealed away at the
annealing temperature of 1058 K. Comparison of the obtained results with
those given by the positron measurements demonstrates a good agreement
between them.

In summary, the present experiments show that the positron annihilation
lifetime and perturbed angular correlation techniques can give consistent
results of radiation damage in both semiconductor Si and metal Nb, and these
two methods can be reliably used for radiation damage studies in materials.
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辐射损伤的正电子湮没和扰动角关联研究
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摘  要: 用正电子湮没和扰动角关联二种方法研究了Si和Nb的
辐射损伤。采用正电子湮没方法得到的结果与扰动角关联的完

全一致。

关键词: 正电子湮没  扰动角关联  辐射损伤


