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Positron annihilation Doppler broadening measurements were conducted to characterize information
of defects in 380 keV Xe*-implanted aluminum upon thermal annealing at temperatures ranging from
100 to 600 °C. The results suggest a broad distribution in the depth of vacancy-type defects in all the as-
implanted samples. Meanwhile, with an increase inimplantation dose the defect-rich region shifts toward
the sample surface. It was found that increasing the annealing temperature triggers surface-directed
migration and coalescence of vacancy and Xe,Vy, clusters in samples with implantation doses of 1E15 and
1E16 Xe*cm~2. In the sample implanted with a high dose of 1E17 Xe*cm~2, positron annihilation revealed
a decomposition and even elimination of such defects under post-implantation annealing treatment.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Implantation of inert gas ions into solid materials has been stud-
ied extensively from the point of view of the application to nuclear
energy. It is known that when Xe ions are implanted into alu-
minum, a fine dispersion of solid state Xe precipitates (often called
bubbles) forms [1,2]. A great deal of work has been carried out to
understand the nucleation, formation, growth, and segregation of
these Xe bubbles [3,4]; however, knowledge about vacancy-type
defect generation and evolution is rather limited. This could be
ascribed to the limited traceability (larger than ~1nm) of trans-
mission electron microscopy routinely utilized for the study of inert
gases in metals [5,6]. In this paper, we report an experimental tech-
nique with high sensitivity to the existence of vacancy-type defects,
namely positron annihilation Doppler broadening spectroscopy [7].
Via analysis of the Doppler broadening spectra acquired with a slow
positron beam, we characterized the defect properties in aluminum
upon Xe implantation and post-annealing treatments. Our aim was
to go a step further to provide information on the depth distribu-
tion, migration, and evolution of vacancy-type defects as a function
of the implanted Xe dose and annealing temperatures.
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2. Experiment

Prior to ion-implantation experiments, 99.999% of the Al plates
were electrochemically polished in an 83% H3PO4 solution at 80°C,
after which 600°C annealing was conducted under Ar ambience
for 24h in a tube furnace. lon implantation with 380keV Xe*
was carried out at room temperature at four different doses:
1E15cm~2, 1E16cm—2, 5E16 cm™2, and 1E17 cm—2. After implan-
tation, isochronal annealing at temperatures ranging from 100 to
600°C was carried out, with each annealing lasting 30 min in Ar
ambience.

After each step of the annealing treatment, positron-
annihilation Doppler broadening measurements were carried
out using a magnetically guided variable-energy positron beam
(0-30keV).The annihilation y-rays were recorded with an intrinsic
Ge detector, and Doppler broadening spectra were characterized
by S and W parameters. The S parameter was determined as the
ratio of the vy-ray counts in the range of 511.0 £ 0.7 keV to the total
number of counts in the entire 511 keV peak (511.0 £4.2 keV). W
parameter was defined as the ratio of the summed gamma-ray
counts in the range of 513.6-517.8 keV and 504.2-508.4 keV to the
total number of counts in the entire peak.

To deepen the understanding of positron annihilation character-
istics in the studied specimen, the obtained positron results were fit
with the VEPFIT program [8], assuming that injected positrons stop
and annihilate in the sample with a three- or four-layered struc-
ture with different defect concentrations. Meanwhile, to provide
supplementary information about the structural variation of the Al
matrix, the Xe* implantation process and vacancy generation were
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Fig. 1. Depth profile of 380keV Xe ions and the production of vacancies obtained
by SRIM calculation. The stopping probability of 5keV incident positrons in
Al is also illustrated for a visual comparison, which was calculated by P(x)=
(2x)/(x02) exp[—(x/x0)* ], where xo = 1.13 Xmean and Xmean = 40E15/ .

simulated with SRIM-2008 code (a program to calculate the damage
and ranges of ions in matter) [9].

3. Results and discussion

Principally, in defect-free metals, an injected positron is quickly
thermalized and its state can be described as a delocalized Bloch
state [10]. However, due to the strong repulsion between the pos-
itive ion cores and a positron, any regions with below-average ion
density, such as vacancies and other open-volume defects, will
attract the positron and thus form possible trapping sites. Trapped
in such a defect, the positron will experience a reduced annihilation
probability from the high-momentum core electrons of surround-
ing atoms, in comparison with positrons in the defect-free bulk.
Therefore, the positron-annihilation Doppler broadening spectra
become narrower and the S values become larger.

As illustrated in Fig. 1, vacancies generated in Al upon 380 keV
Xe* implantation are distributed at depths of less than 200 nm, a
little less deep than the Xe ions. At the same time, one can see that
positrons with 5 keV incident energy can be efficiently stopped in
the entire damaged region. This firstly suggests the suitability of
the positron annihilation Doppler broadening technique for charac-
terizing vacancy-type defect properties along the ion implantation
track. A second and more important point is obtained by jointly
considering the experimental results shown in Fig. 2, where Svalues
for all four as-implanted samples are larger than those for annealed
Al, even up to 15 keV incident positron energy. This strongly sug-
gests that vacancy distribution extends to a much deeper region
than the value supplied by SRIM simulation. Such a result clearly
demonstrates the high sensitivity of positrons to vacancy-type
defects. And it is understandable as SRIM distribution of defects is
rather roughly simulated due to many simplifications, e.g. no chan-
neling effect considered, no diffusion and no defect interaction.

As seen in Fig. 2, along with the rise in the Xe* implantation
dose from 1E15 to 1E17 cm~2, S values corresponding to the dam-
aged region are dramatically enhanced. This results from enhanced
vacancy generation. Further, with the increasing implantation dose
the maximum S in S(E) curves shifts toward to the sample surface,
probably owing to the erosion of the Al target and increased scat-
tering caused by the implanted Xe [11]. Greater damage and defect
generation can reasonably be expected at the sub-surface region.
Such conclusion agrees with the results obtained by VEPFIT simula-
tion for all as-implanted samples shown in Table 1, where a reduced

0.56 : : :
O annealed Al
® 1E15 Xe'/em’
0.54 - & 1E16 Xe'lom® |
A BE16 Xe'lcm®
o 0 1E17 Xe'fem®
L
o 0521 E
€
©
—
()
Q‘ !
%) 0.50 | e
0.48 |- E

0 5 10 15 20 25 30
Incident positron energy (keV)

Fig. 2. Positron-annihilation Doppler broadening S values as a function of the inci-
dent positron energies for all as-implanted Al samples with Xe ion doses of 1E15,
1E16, 5E16, and 1E17 Xe*cm~2. Results for well-annealed Al without ion implanta-
tion are shown for comparison. The lines were obtained by VEPFIT simulation.

defect-rich layer thickness (i.e. boundary 2) and an enlarged Syyer>
are observed under higher Xe implantation doses.

Figs. 3-5 show the post-annealing effect on Doppler broaden-
ing of the positron annihilation radiation for the three samples
implanted with doses of 1E15, 1E16, and 1E17 Xe*cm™2, respec-
tively. As in Fig. 2, the positron-annihilation Doppler broadening S
parameter was traced as a function of the incident positron energy
ranging from O to 30 keV. For the sample irradiated with the low-
est dose, 1E15 Xe*cm™2, increasing the annealing temperature to
200°Cleads to larger S values. Above 300 °C, however, S values start
to drop close to those for well-annealed Al, indicating the elimina-
tion of ion implantation induced defects. VEPFIT results shown in
Table 1 also prove this, as the positron effective diffusion length
(E.D.L.,) recovers from 140 nm to 150 nm, the value for annealed
aluminum [12].

For Alimplanted with a dose of 1E16 Xe*cm~2, interestingly, the
increment in S values along with a rise in annealing temperature
lasts until 500 °C. At 600 °C annealing S values drop close to those
for as-implanted Al; nonetheless, they remain higher than for well-
annealed Al This implies that the collision cascades accompanying
Xe* implantation produce a high density of point defects in the
Al matrix, and the complete removal of irradiation damage seems
impossible at such a high implantation dose.
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Fig. 3. Positron-annihilation Doppler broadening S values as a function of incident
positron energies for as-implanted and post-implantation annealed Al. The Xe ion
dose is 1E15 Xe*cm~2 and annealing temperatures range from 100 to 500 °C. The
lines were obtained by VEPFIT simulation.
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Table 1
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VEPFIT results for all the as-implanted as well as annealed aluminum samples subjected to xenon implantation under different doses. Effective diffusion length (E.D.L.) for
positrons in the first fitting layer (5-nm thick, i.e. boundary 1 equals to 5 nm) was fixed to 20 nm.

As-implanted samples

Ion dose (Xe*cm—2) Fit layers Boundary 2 (nm) Boundary 3 (nm)
1E15 3 760
1E16 3 580
5E16 4 400 980
1E17 4 300 1200
Annealed samples
1E15 100°C 760
200°C 560
300°C 800
400°C 800
500°C 800
1E16 100°C 600
200°C 600
300°C 550
400°C 490
500°C 450
600°C 500
1E17 100°C 118 900
200°C 200 600
300°C 200 600
400°C 200 600

Stayer2 Stayer3 ED.L, (nm) E.D.L; (nm) E.D.L.gyi (nm)
0.534 140 150
0.55 130 150
0.568 0.526 130 140 150
0.585 0.526 110 130 150
0.53 140 150
0.545 142 150
0.521 142 150
0.52 150 150
0.523 150 150
0.555 130 150
0.551 130 150
0.562 130 150
0.58 130 150
0.595 125 150
0.56 145 150
0.655 0.535 100 130 150
0.59 0.535 110 130 150
0.592 0.545 110 130 150
0.586 0.545 110 130 150

A similar trend for S values is illustrated in Figs. 3 and 4. At an
earlier stage of heat treatment, S values corresponding to the dam-
aged region rise and their peak moves toward the sample surface.
A radiation-enhanced out diffusion process of Xe atoms in metals
has been observed by some researchers[11,13,14], attributed to the
activation of Xe atoms by the energy dissipation of subsequently
injected Xe, such that previously implanted (trapped) Xe becomes
mobile. The results of the present study imply that for vacancy-type
defects, a similar effect occurs during the annealing procedure. It
is probable that the out diffusion of Xe and the defects are linked.
Since Xe atoms are inert and extremely insoluble in Al, they tend
to aggregate and be trapped by vacancies in the matrix [15,16],
forming Xe,Vn clusters (as established by work on He,Vy, clus-
ters in Al and Si [17,18]). At higher temperatures, the migration of
smaller Xe,V-type defects becomes easier. This results in some
coalescence to form larger ones. If this occurs in the vicinity of the
surface, out diffusion and the release of previously collected Xe
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Fig. 4. Positron-annihilation Doppler broadening S values as a function of incident
positron energies for as-implanted and post-implantation annealed Al. The Xe ion
dose is 1E16 Xe*cm~2 and annealing temperatures range from 100 to 600°C. The
lines were obtained by VEPFIT simulation.

from vacancy traps is facilitated, since the outside vacuum acts as
an unstable sink [19]. Thereby positrons tend to reside in enlarged
open spaces and S values near the sample surface are enlarged. At
even higher annealing temperatures, e.g. 600 °C for 1E16 Xe*cm~2,
the collapse of vacancy clusters and the recrystallization of dam-
aged regions start to play a predominant role, and S values are
reduced.

For Al implanted with the highest dose, 1E17 Xe*cm~2, one can
see from Fig. 5 that annealing only reduces the S parameter. The
results corresponding to 100-400°C annealing are roughly simi-
lar to each other at ~5keV incident positron energy. Further, the
largest S values characterizing defect regions for the as-implanted
Al sample are equivalent to those of 500°C annealed Al irradiated
with a dose of 1E16 Xe*cm™2, i.e. representing the largest value
among all samples discussed in the present study. This suggests a
saturation of positron trapping in the as-implanted sample by the
extensive vacancies and vacancy clusters produced by the heavy
irradiation dose of 1E17 Xe*cm~2. Subsequent annealing till 400 °C
could only facilitate the decomposition and partial elimination of
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Fig. 5. Positron-annihilation Doppler broadening S values as a function of incident
positron energies for as-implanted and post-implantation annealed Al. The Xe ion
dose is 1E17 Xe*cm~2 and annealing temperatures range from 100 to 400 °C. The
lines were obtained by VEPFIT simulation.
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Fig. 6. S-W plot of characteristic points for the as-implanted as well as annealed
aluminum samples implanted with ion doses of 1E15, 1E16, and 1E17 Xe*cm—2. For
comparison, data for well-annealed aluminum is also illustrated. The line was drawn
to guide the eyes.

large vacancy clusters and Xe,Vy, clusters, leading to the decrease
in S values.

To further clarify the positron annihilation process, plot of char-
acteristic S versus W for all the studied samples is examined (see
Fig. 6). Evidently, except for well-annealed Al and those three
specimens subjected to 1E15 Xe*cm2 irradiation and >300°C
annealing (vacancies were eliminated), all the data can be roughly
represented by one linear correlation, indicating the same type of
positron traps, i.e. vacancy-type defects including vacancies as well
as Xen,Vy, defects. A visual representation of the above postula-
tion may be as that shown in Fig. 7, where vacancy and vacancy
decorated by Xe atoms (different size of Xe,Vr,) shall be efficient
trapping sites for injected positrons.

Finally, it is interesting to discuss about the possibility of
positronium (Ps) formation [20,21] in Xe precipitates, i.e. Xe bub-
bles. Our preliminary beam-based lifetime measurements reveal
that for all the as-implanted as well as subsequently annealed Al,
no long lifetime component corresponding to ortho-positronium
(0-Ps) pick-off annihilation was found (only two lifetime compo-
nent analysis was suitable, and for the as-implanted 1E17 Xe*cm™2
sample, T4y =440 ps; for the 500°C annealed Al irradiated with a
dose of 1E16 Xe*cm™2, 7y =410ps). It seems that Ps formation in
the Xe bubbles embedded in Al matrix is unlikely, owing to the
existence of vacancy type defects. Nonetheless, further examina-
tion of positron annihilation behavior in such material, especially
using coincidence Doppler broadening (CDB) technique, seems very
necessary.
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Fig. 7. Principle schematic for the microstructure of Xe ion implanted aluminum.
Instead of Xe precipitates (bubbles), vacancies as well as vacancies decorated with
Xe (XenVn) are the proposed trapping sites for injected positrons, which lead to the
enhancement of S values.

4. Summary

In summary, vacancy-type defect characterization in Xe*-
implanted aluminum was conducted with a variable-energy
positron beam. Results clearly demonstrate the high sensitivity
of positrons to vacancy-type defects extending to a much deeper
region than that given by SRIM simulation. With an increase in
implantation dose, the defect-rich region shifts toward the sam-
ple surface. A complete recovery of structure damage for the
1E15 Xe*cm~2 irradiated sample was observed upon annealing
at 300°C. Because vacancy-defects with a lower concentration
were introduced, they could be easily annealed out. Increasing
the implantation dose to 1E16 and 1E17 Xe*cm~2 leads to copi-
ous defect generation, this is hardly eliminated by post-annealing
due to the existence of vacancy as well as Xe,Vy, clusters. Doppler
broadening of positron annihilation radiation reveals details of
surface-directed migration, coalescence, and the decomposition
of vacancy and Xe,Vyp, clusters in the implanted samples during
thermal treatments. Moreover, Ps formation inside Xe bubbles in
Al matrix was not observed, as these precipitates might not be
efficient positron trapping centers compared with vacancy-type
defects.
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