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Abstract. The resistivity contributions and the widths of the distributions of hydrogen
and helium, implanted with energies from 0.125 10 3 keV at 5 K into thin film specimens
of tantalum and rhenium, were obtained from resistivity damage rate measurements.
The following values of the resistivity contribution per unit concentration of implanted
atoms were derived: for tantalum py 2>~ 0.7+ 0. 42 m and py, ~ 0.7 £ 0.2 p2 m;
lor rhenium py = 3.0+ 0.5 u m and pye = 6+ 1 ) m. These values and data
from other metals are related to the resistivities of defects and to thermal resistivities.
The widths of the implantation distributions are compared with previous measurements
on other metals and with Monte Carlo calculations.

1. Introduction

An investigation of the properties of hydrogen in some metals is complicated by
low solubility and strong binding to vacancies, especially at lower temperatures.
The same applics in all metals for noble gases like helivm. Therefore, in order
to investigate their properties in such metals, hydrogen or helium must be implanted,
and implantation must be performed at energies below the threshold energy for defect
production, to avoid the production of lattice defects. Even for heavy target elements,
subthreshold implantation implies energies below about 0.5 keV for *He and below
1.5 keV for 'H. Particles of such energies have ranges of only a few nm. On the
other hand, for resistivity measurements coherent films are needed which only form
at much higher thicknesses f. Therefore, the implantation will be inhomogeneous,
i.e. the implanted region of an effective width w will be in paralle] to an unimplanted
region of width ¢ — w. If for the sake of simplicity a homogeneous distribution is
assumed in the implanted region, the measured resistivity damage Ap is given by

Ap=Ap/tfw+ (t/w - 1DAp/py] )]

where p, is the initial resistivity of the film and Ap; is the resistivity change in the
implanted region. The measured resistivity damage rate dp/dg—resistivity change
per particle fluence—is then given by

dpfdé = (dp, /dd)(w /[l - (tfw — 1) Ap/pg)®. )
t Permanent address: Assiut University, Assiut, Egypt.
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For w <« t a square root dependence of dp/d¢ on Ap is obtained. For small
damage, ie. Ap & p,, dp/d¢ is reduced by a factor w/t compared with dp,/d¢
[1,2]. Ap; consists of contributions from the implanted atoms (I} and from displaced
lattice atoms (F):

Ap; = piep + ppeg. (3

¢; and cp are the atomic concentrations of implanted atoms and of displacement
defects (Frenkel pairs). They are defined by ny/n,, where n; g, are the respective
number densities of implanted atoms, defects and target atoms. p; (I = H, D, He)
and pg are the resistivity contributions per unit concentration, ie. ¢jp = 1. The
damage rate can then be separated according to equation (3):

(dp/de)(net/pe) = p1/pg + cp/ . 4

Equation (4) indicates that at cnergics below the threshold for defect production
(cg = 0) an cnergy-independent damage rate dp/dd = pi/n,t will be observed from
which p can be obtained.

Equation (1) was derived under the assumption of a constant distribution in
the implanted layer. If a more realistic distribution is used, numerical calculations
are necessary instcad of equation (2). For example, Monte Carlo simulations (TRIM
{3]) give a Weibull distribution for low-energy-implanted light ions and an exponential
distribution for the Frenkel defects [2]. From a fit of these distributions to the damage
rate curves dp/dé¢ versus Ap, the resistivity contributions of implanted atoms and
of defects can be separated and the widths w; and wp of their distributions are
obtaincd. This separation is possible as wy; turns out to be much wider than wpg,
in qualitative agreement with the TRIM calculations. In the case of defects a minor
correction for defect saturation (cf [2]) must be considered. For this correction,
recombination volumes (in units of atomic volumes) of 200 (Ta) and 300 (Re) have
been used according to a compilation in [4]. It can be shown [2] that the results are
rather insensitive to this value.

2. Experimenta! details

Thin films of thicknesses from 90 to 250 nm were produced by evaporation on
sapphire holders, which were heated during evaporation to 1373 K for rhenium and to
1323 K for tantalum, respectively. The evaporation speed was about 0.2 nm s~! and
the vacuum pressure during evaporation was typically 10~3 Pa. The specimens were
strongly textured with film normal directions of {1320)) in rhenium and 3° off {121)
in tantalum. With a molybdenum mask on the evaporation holder, specimens of 6 mm
length and 1.5 mm width were shaped for four-wire resistance measurements. The
residual-to-room-temperature resistivity ratios (RRR) after evaporation ranged from
about 3 to 20. Attempts were made to increase the RRR (see table 1). Wrapping the
evaporated films in zirconium foils and annealing them at 1400 K in evacuated quartz
capsules increascd the RRR only in some specimens. The best resulis were obtained
by evaporating about 4) nm Zr onto the end pieces outside the gauge section of the
specimens. This evaporation was done in situ immediately after the evaporation of the
specimen material at a temperature of about 800 K. Secondary-ion mass spectroscopy
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Table 1. Specimen, implantation and fit parameters from damage rate measurements (cf
figure 1). The energies E in the table give the energy per implanted atom.

Thrget Implantation Fit parameters
i Po RRR  lon £ (I—v/14+~P pn cpfar  un wg
(nm) (2 m) (keV) (12 m/uc) {nm) (nm}
Re 166 237 90 D 02 0.381 1.21 0 95
205 518 47 D 15 0.394 3.26 0 62 —*
Re 151 49.5 48 He 03 0319 [.54 0 55 -_—
157 58.7 44 He 30 0.339 6.7 1.1 325 8
Ta 84 50.6 36 D 0.2 0.400 0.36 0 6 —_
85 48.2 37 D 1.5 0.417 0.77 0.12 27 5.5
Ta 178 13.9 16.7 He 03 0.313 0.58 0 11 —_
123 56.3 33 He 30 0.344 4,2¢ 0.75 21 7

? The backscatlering coeflicients » were derived from TRIM, while the secondary electron factor v was
taken from results on hydrogen in tungsten [10].

P The very short initial drop of damage rate is disregarded.

¢ This value is subject 10 a large error due to the relatively small resistivity contribution of the implanted
atoms (p| € pr).

(siMs) was used to detcrmine the impurity content of some of the specimens. SIMS
failed to give reliable contents of light impurities (H,Q), but showed some relation
between the RRR and the content of metallic impurities. Calculations showed that
resistivity contributions from surface scattering (size effect) were negligible for the
present specimens.

Specimen thicknesses were determincd from the resistance geometry factor,
given by the difference in room-temperature and helium resistance divided by the
room-temperature resistivity pgp of pure bulk material (pgr = 190nQ m for Re,
prr = 131n&2 m for Ta). Surface profilometry (Dektak) confirmed these results
within about 10%.

The specimens were mounted in a low-temperature implantation facility with a
vacuum better than 107 mbar. During implantation the pressure rose to about
104 mbar duc to the implantation gas from the ion source. The beam current
was measured on the specimens. The implantation current was corrected by the
backscattering factor » and the secondary electron emission factor ~ in order to
obtain the implantation dose. Values of total correction factors (1 — r)/(1 + ) are
given in table 1. Contributions from recoil implantation of adsorbed atoms can be
neglected. Details of the implantation proccdure are given elsewhere [2, 6]. Some
isochronal annealing experiments were performed after implantation to investigate
the mobility of the implanted atoms [7].

3. Results

Figure 1 shows normalized damage rates of rhenivm (pp = 22 u) m/uC) during
implantation of deuterium and helium at different energics. At the beginning of
deuterium implantation the damage rates drop sharply at very small doses by about
15%. Later on, the deuterium data as well as the helium data at lower energies follow
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almost straight lines, whilst the 3 keV hclium curve shows pronounced curvature.
When the short initial drop of the deuterium data is disregarded, the data can
be fitted (full curves) in analogy to equation (1) using a Weibull distribution for
the implanted atoms and an exponential distribution for Frenkel pairs. The fitting
parameters p;, ¢p /e, wy and wg are given in table 1. Initial damage rates of rhenium
as a function of energy are shown in figure 2. The normalized deuterium damage rates
show specimen-to-specimen variations of more than a factor of two and are generally
higher than those of hydrogen. In contrast with previous results on platinum [1], and
on gold and tungsten [2], the hydrogen and especially the deuterium damage rates
show an energy dependence for subthreshold (E g E,;) implantation. The energy
dependence of the helium data at subthreshold energies is smaller.

Figure 1. Normalized damage miles as function of
normaiized damage in rhenium during implantation
of D and He. Energies and specimen thicknesses
were: D, 0.2 keV, 166 nm (@); L5 keV, 205 nm
(=d); He, 0.3 keV, 151 nm (@); 3 keV, 157 nm (W).
‘ ‘ L : — The size effect correction (I/p, = 6x 10710 0 m?)
was negligible. The full curves are fits 1o the data,
with the paramcters given in table 1.

The energies E, in figures 2 and 3 are derived from threshold cnergies (44 eV
for Re, 32 eV for Ta, for data compilation see [4]) from electron irradiations. The
present investigations show for the first time experimentally that the onset of defect
production during ion implantation is in good agreement with these values.

Normalized damage rate curves for implantation of deuterium and helium in
tantalum (pp = 17 Q2 m/UC) show the same qualitative features as in thc case
of rhenium, except for the initial 15% drop of the Re(D) data. Figurc 3 shows
normalized damage rates of Ta as a function of energy. As in the case of
rhentum, the damage rates of hydrogen and deuterium implantation show significant
energy dependences at subthreshold energies (E < E;), but in agreement with
equation (4) only a weak energy dependence of the damage rates of subthreshold
helium implantation.

4. Discussion

The relatively low RRR values indicate rather high levels of lattice imperfection in both
metals. Imperfections may be dislocations from thcrmal stresses or more probably
gaseous impuritics. For example, a typical value of 5 u? m/UcC for the resistivity
contribution of dissolved gas atoms in tantalum gives a lower limit of the impurity
concentrations in the 10~% range. At this level impurities will probably influence
neither the stopping of the implanted ions nor the production of lattice defects, nor
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Figure 2. Normalized damage rates as a function
of energy per atom for implantation of hydrogen
(empty symbols, broken curve), deuterium (half-full
symbols, chain curves) and helium (full symbols,
full curve) in rhenium.  The triangles show
results from figure I (4, 4) and from damage
rale measurements before annecaling (¥, ¥, ¥),
respectively. The £, values on the abscissa indicate
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Figure 3. Normalized damage rates as a {unction
of energy per atom for implantation of hydrogen
{empty symbols, broken curve), deuterium (half-
full symbols, chain curve) and belium (full symbols,
full curve} in tantalum. The triangles show results
from damage rate curves (4, &) and from damage
mie measurements before annealing (v, ¥, ¥),
respectively., The £ values on the abscissa indicate

the threshold encrgies for irradiation with the
respective jons.

lhe threshold energies for irradiation with the
respective ions. On the ordinate the range of
pH/ pr from the literature [11] is indicated.

pp and pp. On the other hand, impurities may trap migrating atoms or defects, when
these become mobile.

The energy dependence of the damage rates at subthreshold energies (figures 2
and 3) for hydrogen and deuterium implantation in rhenium and tantalum is in
contradiction with equation (4). This may indicate some mobility and losses to
the surface already during the rather shallow implantation. This supposition is
corroborated in the case of tantalum by the annealing experiments which show some
resistivity recovery already during hydrogen and deuterium implantation [7]. On the
other hand, in the case of rhenium after D implantation, a first small recovery step
is only observed at 40 K If nevertheless p;; p values are extracted according to
equation (4) these will represent only Jower limits. At £~ F; the following values
are obtained: 1.4-3 uQ? m/uc for rhenivm and 0.7 9 m/Uc for tantalum. These
values are in rough agrecment with the values obtained from the normalized damage
rates (cf figure 1 and table 1). Also, in these experiments the results from low-cnergy
implantation give probably too low values. The py value for tantalum from (igure 3
also agrees reasonably with the data from normalized damage rates (table 1) and aiso
matches exactly a value of 0.71 £ 0.01 12 m reported for dissolved H and D [8].

For helium, p, values ~ 642 (Re) and ~ (0.7 £0.2 40 m (1a) are obtained
from the damage rates at £ ~ F; in figurcs 2 and 3 while the fits to the damage
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rate curves (cf figure 1, see table 1) give values in this range but with large scatter.
As in the case of deuterium, implantation at lower energies gives lower py, values,
The annealing experiments show recovery after helium implantation only above 20 K
(Ta) and 300 K (Re), respectively.
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Figure 4. Ratios of hydrogen resistivities per unit concentration Lo resistivities al the
melting point as a function of atomic number Z. Data are from table 2 and from (I,
12]. Different symbols indicate Fcc (O, @), Bce (O) and HCP (&) metals, Temperatures
for py of metals not cited in table 2 are: Ti, 1177 K V, 469 K and Pd, 443 K Ratios
of other rare earths [11] approach the lutetium value (Z = 71).

In table 2 the resistivity contributions from implanted hydrogen and helium
in various metals are compared with values of Frenkel defects. For all metals
Pu € Py < pr is fulfilled within experimental crror. Two other features of the
data in table 2 and figure 4 are striking.

(i) py equals the resistivity at the melting point p(7, ) within a factor of about
two, except for A-titanium and for the noble metals Cu, Ag and Au, for which
pu/p(Ty) =~ 15 is obtained (see figure 4). As for most metals the Frenkel pair
resistivity pg is also proportional to p(T,), pp/p(Ty) =~ 18 [9], the relations
pu/ pe = 0.055 for non-noble metals and py;/pp =~ 0.83 for noble metals are obtained.

(i) Relations for py, exist neither with pp nor with p(7,). For FCC and HCP
metals almost constant py. values of 3.2 + 1.5 (FCC) and ~ 6 1§ m/UC (HCP) are
obtained, while for BCC metals the py, values range from 0.7 to 7.6 u£2 m/UC.

As described above, fits of equation (2) to the damage rate curves (cf figure 1)
also yield effective widths of the distributions of implanted atoms and Frenkel defects.
In figure 5 the data (cf table 1) are compared with results on gold and tungsten [2]
and with Monte Carlo calculations (TRIM [3]). The major results of this comparison
arc as follows.

(i) The width of deuterium implanted in thenium is in the same range as that
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0 L 2 3 {1}, for vacancies produced during He implantation
E [keV] (\\\), and for defects produced during deuterium

implantation (///), respectively.

Table 2. A comparison of resistivity contributions per unit concentration (x§2 muc) of
hydrogen®, helium and Frenkel pairs® and resistivity (;€2 m) at the melting point® in
metals.

Metal pH PHe e p(Tm)
foc Au 17+05[2 33+08[2 25 0136
Cu 150 [11] 179 24 010
Ni 067 [I1] 3.0 9 71 059
PO 05[] 4.8 1) 95 060
BCC Nb 0.63 [8] 203 [15] 16 0.93
Th 0.7+0.1 ¢ 0.7+0.2 17 1.18
W 16£02[ 7.6+06[] 27 114
wer  Lu 29 [13) 5.8 [131 75 206
Re 301+05 641 2 13z

* pp values correspond to liguid-helium temperature.

b Most pp values (pf2 m/uc) are taken from a compilation in [4]. pHe and pp values
correspond to liquid-helium temperature, except for Cu, Ni¢ and Nb (469 K).

¢ p(Tm) data () m) are extrapolated from [12].

9 Values obtained after room-temperature implantation at high energics, ie. the values
carrespond Lo substitutional helium [14).

¢ Measurements of thermally dissolved hydrogen above room temperature yield
0.71 £ 0.01 [8].

of hydrogen and deuterium implanted into gold and tungsten [2], and is much larger
than predicted by TRIM.

(ii) The width of deuterium implanted with 1.5 keV into tantalum is much smaller
than in the other metals and agrees reasenably with the TRIM calculations.

(iii) The widths of helium distributions in rhenium agree with the results for He
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in Au [2] and fall within the range of TRIM calculations, while the width of helium in
tantalum at 3 keV is somewhat lower,

(iv) The widths of the defect distributions produced by 3 keV helium implantation
in Re and Ta agree with that for He in Au but are much smaller than that in tungsten
and are also smaller than predicted by TRIM.
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