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Annealing behavior of defects attributed to the high-atomic-density neon precipitates in tan-
talum produced by 4.0%10%°-9.4x 10?' 60-keV (**Ne* ions)/m? has been studied in the tempera-

ture range 300-970 K by ion-beam techniques.

Four different recovery stages were observed.

Two of these are associated with the Ne-precipitate—Ta-matrix interface affected by the Ne-
implantation-induced damage; the recovery energies are 1.8 and 2.1 eV. Stages attributed to the
dissociation of Ne, ¥, complexes (2.6 eV) and to stronger Ne,V,, complexes (> 2.9 eV) are also

identified.

Trapping of the hydrogen isotope deuterium in a variety
of vacancy structures in different inert-gas-implanted met-
als has been extensively studied during recent years.!~!$
Ion-implanted gases heavier than helium have very recent-
ly been reported to form precipitates with anomalously
high atomic density and solid crystallites which have an
epitaxial relation with the host lattice.'®=2* The trapping
of deuterium in such samples can be due to the strain
fields surrounding the precipitates, at the precipitate-
matrix interface or in the lattice structure of the precipi-
tate particle itself.'® In order to study hydrogen traps in
inert-gas-implanted metals an approach different from
the deuterium trapping studies was adopted in the present
work.

The aim of this work was to study the annealing
behavior of the defects which trap hydrogen in 60-keV
Ne-ion-implanted Ta. Changes in the defects were ob-
served indirectly by measuring H concentration profiles at
room temperature. Because of the very fast diffusion?*
(the preexponential factor Dy=4.4%10"% cm?/s, the ac-
tivation energy Q =0.14 e¢V) H decorates the remaining
traps in Ta immediately after each annealing. Note that
due to the experimental procedure the traps observed have
H dissociation energies above about 0.9 eV (measurements
at room temperature) and no information on energies at
higher temperatures was observed. However, based on the
information? on the energies of H at chemisorption, the
trap dissociation energies are below about 1.2 eV.

The room-temperature implantation of the 4.0x10%
-9.4x10?' 60-keV (**Ne™ ions)/m? into Ta and the char-
acterization of the Ne precipitates (the diameters from 15
to 48 A and atomic Ne densities nne =0.095-0.066 A3,
respectively) have been reported in our previous study.??
The hydrogen was introduced into the Ne-implanted sam-
ples by annealing them in atmosphere at room tempera-
ture.

Depth profiling of H by the nuclear-resonance-
broadening (NRB) technique was carried out at the labo-
ratory tandem accelerator using a '>’N?* beam in conjunc-
tion with the 6.385-MeV resonance in the 'H(**N,ay)'*C
reaction.26 The use of the sharp (I'=1.8 keV)?"? reso-
nance made it possible to profile the H distribution with a
good depth resolution (about 3 nm at the surface). The
depth profiles of H and thus also those of H traps are illus-
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trated in Fig. 1. The concentration distribution of Ne, also
illustrated in Fig. 1, was measured by the NRB method
through the reaction ?Ne(p,y)®*Na at E, =1005 keV.?
The profiles were measured at least twice to make sure
that the probing !N and proton beams had negligible ef-
fects on the H trapping. Atomic Ne densities within the
Ne precipitates were studied by means of the Doppler-shift
attenuation method.?®

The 1800-s isochronal annealings of the samples were
carried out in a quartz-tube furnace in a low-pressure
(< 50 uPa), dry argon atmosphere.3® The evolution of the
H and Ne concentration profiles were studied in the tem-
perature range 300-970 K. The energies of H at chem-
isorption® indicate that above about 450 K, H is released
from the traps. Thus, the migration of H traps was stud-
ied by measuring the H profiles at room temperature. The
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FIG. 1. The experimental concentration distributions of the
60-keV *2Ne* ions in Ta for different fluences (dashed lines),
the experimental H concentration distributions for the corre-
sponding samples (solid lines), and the Monte Carlo simulated
damage profile due to the Ne implantation (dot-dashed line).
The inset illustrates the dependence of the H concentration on
the mean radius of the Ne precipitates. The thin lines are the
fitted curves and the thick line represents the experimental data
obtained for all the samples at every depth between 80 and
200 nm.
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Ne profiles and atomic Ne densities were also measured at
room temperature after each annealing.

All the unannealed samples show that the H trap con-
centrations follow the Ne concentration distributions rath-
er than the Ne implantation-induced damage distribution.
The damage distribution shown in Fig. 1, was obtained in
a Monte Carlo simulation®! which reproduced the experi-
mental range profile of the 60-keV 2?Ne* ions. In the
Ne-implantation-induced damage region (0 to about 80
nm), the ratio of the H concentration to the Ne concentra-
tion is observed to decrease with increasing Ne fluence and
with the Ne-implantation-induced damage. Deeper in the
sample (80-200 nm), the amount of trapped H is propor-
tional to the calculated surface area of the Ne precipitates
(see inset in Fig. 1). Beyond the Ne profile, the concentra-
tion of the untrapped H was less than 0.2 at. %.

The recovery stages of the H traps are illustrated in Fig.
2. The present detailed depth profile analysis shows that
there are four different stages starting at temperatures
570, 720, 870, and above 970 K.

At 570 K, a rapid loss of H traps starts in the region
where the Ne-implantation-produced damage profile over-
laps with the Ne distribution.

At 720 K, H traps start to anneal out from the region
where the amount of trapped H is proportional to the cal-
culated surface area of the Ne precipitates.

At 870 K, H traps migrate from the whole area of the
Ne concentration profile. The simultaneous migration of
Ne is observed. The loss of Ne was observed to be propor-
tional to the fluence and to range from about 8% to 20%
for the fluences ® =4.0% 10%°-9.4x 10?! (**Ne™* ions)/m?,
respectively. After this phase the H concentration is con-
stant up to 970 K and about 1 at. %.

It has been shown by different authors'~!6 that in inert
gas implantations of metals a large variety of H traps with
a broad range of H binding enthalpies (0.24-0.83 eV) are
produced. As a possibility for deuterium traps in Ar- and
Kr-implanted Ni Frank, McManus, Rehn, and Baldo!¢
have suggested the free volume at the interface of the host
lattice and the solid Ar and Kr precipitate. Our observa-
tion on the surface-area dependence of the trapped H sup-
ports this conclusion. The systematic studies’>32 on the
implanted Ne in different metals indicate that Ne precipi-
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tates are solid in Ta. Because of the room-temperature
measurements, H traps studied in the present work bind H
with enthalpies over 0.7 eV. The energy of 1.3 eV (480 K)
has recently been reported®? for the dissociation of HV
complexes in Ta followed by the H and V migration [ac-
tivation energies for migration 0.14 (Ref. 24) and 0.7 eV
(Ref. 33), respectivelyl. Such a trapping mechanism was
not observed in the present work. The simultaneous mi-
gration of Ne and H traps at 870 K is in agreement with
the obvious formation of Ne, ¥, complexes during the Ne
implantation.343

The first two stages where no Ne migration was ob-
served are due to the migration of H traps from the inter-
face of the Ta matrix and Ne precipitates. The first stage
represents the interface which is strongly affected by the
Ne-implantation-induced damage (trapping of vacancies)
and the second stage, the interface not significantly affect-
ed by the damage. The strong reduction of H traps after
the first two stages and the fact that no significant change
was observed in the atomic Ne density indicate that the
damage at the interface does not have a significant effect
on the precigitates. The improvement observed by Evans
and Mazey?®?! in the Kr diffraction reflections after an-
nealings of Kr-implanted Mo and Ti, is probably due to
the loss of defects from the interface. At the third stage H
traps migrate from the whole area of the Ne concentration
profile. The simultaneous migration of Ne indicates that
H was trapped in small Ne,V,, complexes. The small in-
crease (about 5%) of the atomic Ne density supports the
fact that Ne was not migrated from the Ne precipitates.
An explanation to the ratio 2:1 of the Ne loss to the H loss
could be the dissociation of the Ne,¥H complexes. The
low and constant H concentration after the 970-K anneal-
ing is probably due to the H traps associated to Ne,V,,
complexes (stronger than those at the third stage) rather
than the well-annealed Ta-matrix-Ne-precipitate inter-
face.

The first two recovery stages of H traps were simulated
by the following simple model based on Monte Carlo cal-
culations. The changes in the ability of defects to bind H
were assumed to be due to the dissociation of vacancies
from defects. The migration and trapping of vacancies
was described analogously to models used for the migra-
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FIG. 2. The annealing behavior of H traps. (a) The recovery curves of H traps in the regions 20~ 100 nm (solid line) and 100-200
nm (dashed line) are shown separately. Data points are from all the samples studied. The reason behind the fact that at the first
stage the curve is not as steep as at the second one is the overlap of the second-stage defects, indicated also by the step in the curve.
The third stage can be seen in both curves. (b) The dashed lines are drawn to guide the eye. The solid lines represent the Monte Car-

lo simulation of the observed annealing behavior.
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tion and trapping of atoms.33¢3" The desorption rate of
vacancies which disappear in the sinks (the surface of the
sample and bulk) is in the first order

dn,-/dt"-vni y (1)

where n; (1) (i =1,2) is the number of vacancies present at
time ¢ and v is the rate constant of the vacancies which are
assumed to migrate by single jumps using the lattice sites
of Ta. Recombination with interstitials was ignored. If
the initial number of vacancies in the defects located in the
interface of the Ta matrix and Ne precipitate is ng;, the
number of vacancies remaining after the anneal of ¢,
seconds is

n; =ng;expl — vot,exp(—E;/kpT)1 , 2

where E; is the activation energy of the dissociation of the
vacancies from defects and the frequency factor vy is as-
sumed to be 10'* s™!. In the case of He,V complexes in
Mo the frequency factor has been reported> to vary from
101571 t0 10" s~!. The use of the latter value would in-
crease the deduced recovery energies by 10%.

The distribution of the defects associated with the trap-
ping of Ne-implantation-induced vacancies at the Ta-
matrix- Ne-precipitate interfaces was approximated by the
overlap of the calculated damage profile and the measured
as-implanted H profile. The damage profile was varied
according to the Ne fluence. The distribution of the de-
fects not affected by the trapped vacancies was assumed to
be the difference between the original H concentration dis-
tribution and the H profile observed after the 870-K an-
nealing. Defect distributions are illustrated in Fig. 3.

The trapping time #; of an individual vacancy in a defect
was obtained from Eq. (2) by using a random number R
(0O<R<1),

ti=—I[In(R)/volexp(E;/ksT) . 3)

Retrapping of vacancies in the defects was assumed to
occur if

R>[1-07217C(z,1)V 4)

where R is a random number and j(=30) the number of
jumps. The factor 0.7217 describes the probability of
finding a fresh site at each jump.3®*" Because the precipi-
tates are not mobile the concentration of the vacancy traps
was described by

CGz,)=Ilc(z,t=0)—c(z,t)/c(z,t=0) , (5)

where ¢(z,7) is the total vacancy concentration in defects
at depth z at time .
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FIG. 3. The H trap distributions used in the Monte Carlo
simulation of the annealing behavior of the ®=5.0x10?
Ne*/m? sample (solid lines) and in that of the & =3.0x10%
Ne*/m? sample (dashed lines). The numbers given refer to the
four different recovery stages observed.

The distance z after j jumps was>!

J. waaz=r , ©)

where R is a random number. W(z,j) is the solution of
Fick’s equation

W(z;j)"[1/(2ﬂjaz)l/2]exp(_22/2ja2) , 7

where a is the length of a single jump given by the lattice
constant.

Results of the simulation are illustrated in Fig. 2 togeth-
er with experimental data. It can be seen that the simula-
tion describes well the annealing behavior of the defects.
In obtaining the recovery energies E;=1.8 eV (570 K)
and E;=2.1 eV (720 K), the fitting values were the ener-
gies and the ratio of the amounts of type-1 and -2 defects.

The distribution of the Ne,V,, complexes was obtained
from the difference between the 870- and 970-K annealing
profiles of H. The recovery temperature was about 870 K.
From the step in the recovery curve we derived for the
recovery energy the value of 2.6 eV with vo=101% s~1.
The use of vo=10'>s~! would increase the value by 10%.

The defects remaining after the 970-K annealing indi-
cate a recovery energy over 2.9 eV.

In conclusion, the present work on the annealing
behavior of H traps located at the interface of the Ta ma-
trix and Ne precipitates gives new information on the
recovery stages of inert gas-implantation-induced defects
in metals and their strong dependence on the implantation
induced damage.
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