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Hydrogen and helium were implanted with energies from 0.25 to 3.0 keV into 0.1-um Pt films at
4.2 K. Resistivity damage rates were measured and subsequent isochronal annealing was per-
formed up to 400 K. From damage rates at energies below the threshold for Frenkel-pair produc-
tion, the resistivity change per implanted atom was derived, giving py=0.5 u{lcm/at. % and
PHe="5 uQcm/at. %, respectively. Damage rate measurement of deuterium slightly above thresh-
old indicated that molecular hydrogen contributes to defect production. Resistivity recovery after
helium implantation started around 17 K and showed close similarity to Frenkel-pair recovery.
This result is explained by the onset of mobility of the He atoms at this temperature. After hydro-
gen implantation above threshold mainly Frenkel-pair recovery was observed while implantation
below threshold gave a large recovery step around 50 K, indicating hydrogen mobility at this tem-

perature.

I. INTRODUCTION

The presence of relatively small amounts of hydrogen
or helium can cause embrittlement in metallic materials.
This is mostly due to their diffusion to, and subsequent
agglomeration at, dislocations or grain boundaries.
Theoretical work on interstitial helium and hydrogen in
fcc metals indicates mobility well below room tempera-
ture.! In a metal of low solubility for both H and He
such as platinum the only possible way to investigate in-
terstitial diffusion of these gases is implantation at low
temperatures with energies below the threshold for
atomic displacement. This is necessary to prevent the
production of Frenkel pairs (vacancy plus interstitial), as
vacancies would strongly trap the gas atoms. The exper-
iments were performed on platinum because the ranges
of H and He at the threshold energy are larger in heavy
elements than in lighter elements (Fig. 1). Nevertheless
thin films ( ~ 100 nm) were used to obtain sufficient reso-
lution in the electrical resistivity measurement, which
was used as a convenient and sensitive method during
implantation as well as during the subsequent isochronal
annealing.

It can be shown® that the implantation profile (see Ap-
pendix) does not influence the resistivity change Ap as
long as the residual resistance p, is large compared to
Ap. For the present specimens and the implantation
doses used the relative resistance change AR /R always
approximated closely the relative resistivity change
Appom/po Which would have been observed for homo-
geneous implantation.

II. EXPERIMENTAL DETAILS

The platinum films were prepared by evaporating
99.999% platinum on sapphire at 350°C in a vacuum of
10~ mbar. Stainless steel masks on the substrate pro-
duced gauge sections of the four wire resistance speci-
mens, 6 mm long and 1.5 mm wide. Afterwards the

37

specimens were annealed for 1 h at 1023 K. Thicknesses
from 90 to 310 nm were used; the residual-to-room-
temperature resistivity ratio was about 12. With
measuring currents between 20 and 30 mA and a voltage
sensitivity of 100 nV resistivity changes of ~10~!* Qm
could be measured.

The specimens were mounted on the cold head of an
evaporation cryostat which could be heated to tempera-
tures from 5 to 400 K. The temperature was measured
with Au-Fe-Ni-Cr and copper-Constantan thermocou-
ples.

The implantation was performed with a conventional
small ion source with energies adjustable from 0.25 to
3.0 keV, giving maximum fluxes at these energies of 10'°
and 5% 10'! particles/(cm?s), respectively. Two different
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FIG. 1. Ranges of helium (®) and hydrogen (B) for implan-
tation at the threshold energy for atomic displacement (Refs.
2-4).
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isochronal annealing schedules were used, raising the
temperature in logarithmic steps of AT/T=0.13 and
0.33, respectively. Holding times at temperature were
600 s and cooling rates ranged from 0.5 K/s for T > 100
K to 5 K/s for T <20 K. The apparatus is described in
more detail elsewhere.$

III. RESULTS

A. Helium in platinum

1. Damage rates

The electrical resistivity change during implantation is
comprised of contributions of the implanted atoms, e.g.,
hydrogen or helium, and of the lattice defects produced:

Nyen Np

Ap=pyen N, TPFN, (1)

PHen and pp are the resistivity contributions per unit
concentration of implanted helium or hydrogen atoms
and of Frenkel pairs and Ny.y, Np, and N, are the
numbers of He or H, Frenkel pairs, and target atoms, re-
spectively. The damage rate is obtained by dividing Ap
by the particle dose A¢p =Ny, y(d /V) where d and V are
target thickness and volume, respectively.

Ap o4 PueH + Np
Ab pr PF

where ny=N,/V is the atomic density of the target.
PHe n/pPr is an energy-independent quantity which stems
from the “pure” implantation while the second term
gives the number of defects produced per implanted
atom.

The open circles (O) in Fig. 2 give the above normal-
ized damage rates measured during implantation of He*
into platinum. The measured dose values A¢, were
corrected for backscattering by using the TRIM code (see
Appendix). With the backscattering coefficient (r) the
correction factors A¢/A¢,, =(1—r) range from 0.36 at
0.25 keV He™ to 0.45 at 3.0 keV He™t imglantation.
Backscattering of charged ions was neglected.” Approx-
imate corrections for secondary electron (SE) emission
were used by taking mean SE coefficients (y) given for
molybdenum and tungsten in Ref. 8. These SE correc-
tion factors 1/1+y varied from 0.80 to 0.69 at 0.25 and
3.0 keV, respectively. The total correction factor
(1—r)/(1+y) shows only a negligible energy depen-
dence from 0.29 (0.25 keV) to 0.31 (3.00 keV) with an in-
termediate maximum of 0.33 at 0.8 keV. The data
points in Fig. 2 level off at energies below about 0.6 keV
at a value of about 0.48 for py./pr according to Eq. (2).
Inserting pr=10 uQcm/at. %* gives a value of 4.8
1 cm/at. % for py.. The data points at 0.25 keV are at
variance with these results. This may be caused by er-
rors of beam current measurement at this low energy re-
sulting from space charges or by surface contamination.

When py./pr is subtracted from the data, the solid
circles (@) are obtained, representing the number of
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FIG. 2. Normalized damage rates of helium in platinum
(0) and the number of produced Frenkel pairs per implanted
helium atom (@, experimental; —- A —, calculated).

Frenkel pairs produced per implanted ion Np/Ny,. Itis
possible to calculate this quantity from electron damage
rate data by using the known scattering cross sections
for electrons and light ions.* These calculations are
given by the solid triangles (A) and the dash-dotted line
(—.—-—.), obviously in good agreement with the solid
circles with respect to the threshold energy and to the
absolute values at higher energies, but deviating at inter-
mediate energies.

2. Recovery

Figure 3 shows the resistivity recovery after helium
implantation in platinum. The remaining resistance
change (R —R ) after each annealing step is normalized
to the resistivity change after implantation (R;—R).
Included is a control measurement of an unimplanted
specimen with an arbitrary normalization to R;—R,
=0.24 m(), corresponding to the lowest implantation
dose used. Two recovery curves after 3-MeV-electron
and fast-neutron irradiation are also shown.”!© The
maximum energy transferred by 3-MeV electrons is
equal to that of 1.65-keV helium ions.

The mean helium concentrations (¢y. ) were calculated
from the total resistivity change Ap during implantation,
with the normalized implantation profile f(x) obtained
from the TRIM code and using the damage rates of Fig. 2
and pp=10 uQ cm/at. %.*

The equation used was
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FIG. 3. Resistivity recover of platinum after helium implan-
tation of various energies E (keV) and doses ¢y, (ppm): @,
E=0.25 ¢y.=117; A, E=025, ¢yx.=70;, O, E=042,
Che=2390; ¥, E=1.65, cy.=64; V, E=1.65, ty.=1.2. Also
recoveries after 3-MeV-electron irradiation (— — —, Ref. 9)
and fast neutron irradiation (—. —.—. , Ref. 10) and a control
measurement ( X ) are given.
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Figure 4 is obtained when damage rates are measured as
a function of implantation temperature. In this type of

12 T T T T T T T 7
o ©
1 0»—0-—0————\\ -
° o N\ o
o\\\
0.8 \\ 1
[ \\
g S 0.6 N B
s \
<<la o \
\
0.4+ \ B
\
N
0.2r -
\
3
ol 1 ! 1 ! T .
S 10 20 50 100 200 500
T(K)

FIG. 4. Normalized damage rates for 0.4-keV He™ in plati-
num as a function of implantation temperature.
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experiment the instantaneous concentration of mobile
defects (e.g., He atoms) should be low, reducing the
probability of clustering.

B. Hydrogen in platinum

1. Damage rates

The open circles (O) in Fig. 5 show normalized dam-
age rates of D,* on platinum as a function of the im-
plantation energy, while for H,* up to 3.0 keV no ener-
gy dependence of the damage rates was observed. The
energies E(D,) are related to the D, particles used for
implantation, while A¢ is the dose of the individual D
atoms.

Corrections for backscattering by using the TRIM code
gave correction factors which varied from 0.30 for 0.4
keV to 0.52 for 3.0 keV. The secondary electron emis-
sion coefficients were calculated by extrapolating values
for gold® down to low energies, giving correction factors
from 0.63 to 0.38 at 0.4 and 3.0 keV. The total correc-
tion factors ranged from 0.19 (0.25 keV) to 0.20 (3.0
keV).

The damage rates level off at low energies at a value of
Pr/pr=0.052 according to Eq. (2). Taking pr=10
pQcm/at. % (Ref. 4) for py a value of 0.5 uQd cm/at. %
is obtained. If py/pr is subtracted from the data, the
solid circles, representing N /N are obtained. As for
He, the defect production per implanted atom can also
be calculated from electron damage rates. Two assump-
tions are possible. If a D, molecule is the damaging
unit, the upper curve is obtained. On the other hand if
the D, molecule splits at the surface and individual D
atoms of energy E/2 interact with the target atoms, then
the lower curve is obtained. The measured defect pro-
duction (@) takes off at a threshold energy in close
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FIG. 5. Normalized damage rates of deuterium in platinum
(-0 -) and the number of produced Frenkel pairs per implant-
ed deuterium atom (-@-, experimental; —A--— and - A-—,
calculated). Dashed and dotted lines are explained in the text.
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agreement with the calculated curve for D,* damage,
but with a lower ascent.

2. Recovery

Figure 6 shows the recovery of Pt after hydrogen im-
plantation at various energies. The mean concentrations
(Cy) were calculated according to Eq. (3) from the resis-
tivity increases and the calculated (TRIM code) implanta-
tion profiles and using the damage rates of Fig. 5. All
curves in Fig. 6 show two recovery steps in the tempera-
ture region between 40 and 130 K. Included are
recovery curves after 3-MeV-electron and fast-neutron
irradiation. The reference measurement on an unim-
planted specimen (x) is normalized to R; —R;=0.59 mQ
corresponding to the lowest implantation dose used.
The dotted line (- . . .) indicates a calculated recovery
curve for diffusion of the hydrogen atoms to the surface
with a diffusion coefficient!!

—0.12 eV

D (cm?/s)=6.2x 1073 exp XT

Figure 7 shows recovery curves for smaller temperature
steps between 38 and 128 K. The two recovery steps of
Fig. 6 can be resolved into three steps centered around
47, 80, and 110 K. In Fig. 7 a recovery curve after 3-
keV D,* implantation is also included. This curve falls
close to the recovery curve after 3-MeV-electron irradia-
tion.
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FIG. 6. Resistivity recoveries of platinum after hydrogen
implantation of various energies E (keV) and doses ¢y p (ppm)
H: o, E=04, ¢y=410; A, E=04, ¢4=2140; 00, E=0.98,
cy=1280; V, E=3.0, ¢; =490. D: 0, E=0.4, ¢y =1870. For
comparison recoveries after 3-MeV-electron irradiation
(— — —, Ref. 9) and fast-neutron irradiation (—.—.—., Ref.
10), control measurement (X ) and calculated recovery with D
(cm?/s)=6.2x 103 exp (—0.12/kT) (- - . .) are included.
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FIG. 7. Resistivity recoveries of platinum after hydrogen
implantation at various energies E (keV) and doses Ty p (ppm)
H: O, E=04, cy=980; A, E=3.0, ¢4=170; o0, E=3.,
¢, =880. D: O, E=04, ¢4y=590; ®, E=3.0, ¢4=10. For
comparison a recovery after 3-MeV-electron irradiation
(— — —, Ref. 9) is shown.

IV. DISCUSSION

A. Damage rate curves

The resistivity values per unit concentration of hydro-
gen or helium derived from the low-energy part of the
damage rate curves in Figs. 2 and 5 can be compared to
resistivity contributions (in uQdm) of other imperfections
in metals of the Pt group (Table I).

A value of 42 pQlm was observed for room-
temperature implantation of helium in nickel.'® At this
temperature the interstitial helium and the simultaneous-
ly produced interstitials are mobile. The final state
therefore will consist of substitutional He atoms, i.e., He
atoms trapped in a vacancy, and dislocation loops which
contribute negligibly to the electrical resistivity. This
would mean that the resistivity contributions of vacan-
cies, self-interstitials, interstitial He and substitutional

TABLE 1. Resistivity contributions (in £ m) of imperfec-
tions in metals of the Pt group.

Pt Pd Ni
Vacancy 5.8%
Frenkel pair 10.0° 9.0° 7.0°
Hydrogen 0.5 0.65°¢ 0.67¢
Helium 4.8
Carbon 3.1¢ 3.3

#Reference 12.
"Reference 4.

‘Reference 13.
9Reference 14.
‘Reference 15.
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He in these metals are all of about the same magnitude.

The damage rate curves in Figs. 2 and 5 take off ex-
actly at the threshold for atomic displacement in Pt of
34 eV.* The shape of the measured helium defect pro-
duction rates (@) appreciably exceeds the Nz /Ny, curve
derived from electron irradiation. Only above 2.0 keV
(~4E,) do both curves close up.

For deuterium two curves can be calculated,
representing defect production by D atoms (N /N D, ) or

by D pairs (Np/2N D, ). Both curves are related by
N N

F (E)= F

NDl NDZ

(E/4) . 4)

The threshold of the measured curve clearly indicates
defect production by pairs. But in Fig. 5 the measured
defect production rates (@) take off much slower than
the Ng/2N p, curve calculated from the electron data.

Actually, for energies from E,(D,) to E;(D,), the mea-
sured values are consistently lower than the calculated
curve by a factor of about 0.16. The measured produc-
tion rate per D atom N/Np can be expressed by the
contributions from atomic (D;) and molecular deuterium

Ny Ng ND1 Ng 2ND:
—_— +

(5)

For E <E,(D,), Np/Np =0 and (Ny/Np)/(Np/2Np, )
=0.16, giving 2N D, /Np=0.16. That means that about
16% of the original D," particles interact as a “mole-
cule” with the target atoms. Assuming continuing ener-

gy independence of this fraction the dotted line in Fig. 5
is obtained. Insertion in Eq. (5) with ND1+2ND2=ND

yields for E > E;(D;)
Ny Np N

= X 0.84+
Np ND] 2NDz

x0.16 ,

giving the dashed line in Fig. 5.

In Fig. 5, the second term of this expression is given
by the dotted line, while the dashed line gives the sum of
both terms. Obviously, measured defect production
rates exceed the calculated values in the near-threshold
region considerably, but less than in the case of He (Fig.
2). This discrepancy is beyond the experimental error of
both the electron and the present light-ion damage rates.
Possible reasons may be errors in the correction factors
for backscattering or in the scattering cross sections
used.

If we now transfer the results derived from deuterium
implantation to hydrogen, we would expect the thresh-
old energy at about 0.85 keV for H,* (3.35 keV for
H,*) according to the lower mass of the light isotope.
However, no energy dependence of the damage rate is
observed up to 3.0 keV. That means that hydrogen
transfers its energy only as a single atom and not as a
H,* molecule. Possible reasons are the higher velocities
of the H,™ molecules compared to the D,* molecules or
the lower mass of the H atoms, which perhaps leads to a
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quiﬁker repulsion of the two hydrogen atoms in the met-
al.

Studies on cascade production by energetic atom pairs
versus single atoms using transmission electron micros-
copy'® and sputtering'® showed significant effects of cas-
cade overlap but are probably not affected by the present
effects in the near-threshold region.

B. Recovery

The damage rate data (Fig. 2) allow us to separate the
resistivity contributions of implanted helium and Frenk-
el defects: In Fig. 3 the resistivity of the 0.25- and 0.42-
keV curves thus stems entirely from implanted He, while
the Frenkel pairs cause more than 80% of the resistivity
during 1.65-keV implantation. In this case especially the
low-dose curve (V) is in fair agreement with the
recovery curve after electron irradiation, while at the
higher dose recovery is reduced due to enhanced ag-
glomeration of defects. While annealing of Frenkel pairs
in platinum starts around 10 K, recovery of the low-
energy implanted specimens begins only around 17 K.
The slope of the He recovery curve increases with de-
creasing dose, but even at the lowest attainable dose, the
slope is still much less steep than expected for first- or
second-order reactions or for free diffusion. We there-
fore have to recognize that due to the still rather high
He concentration, a series of clustering reactions occurs
when the helium atoms start to migrate. The decrease
in resistivity is then due to the reduced resistivity contri-
bution of helium atoms in larger clusters and possibly to
some extent due to losses to the surface. If free diffusion
of helium to the surface is considered, starting from the
implantation profile derived from the TRIM code and us-
ing a typical prefactor Dy =0.1 cm?/s (Ref. 20), the ini-
tial part of the recovery curve is matched for a migra-
tion enthalpy Hyj,=0.08 eV. If it is presumed that resis-
tivity annealing is caused by clustering an insignificantly
higher Hj, value is obtained. For higher He concentra-
tions the recovery is more gradual, especially up to
about 40 K; at higher temperatures much less recovery
is observed. This may be due to a reduced fraction of
helium reaching the surface or due to a larger fraction of
smaller clusters, as nucleation is enhanced in the more
concentrated specimens.

The similarity of the recovery after Het implantation
and after electron irradiation may suggest a different in-
terpretation in terms of self-interstitial atoms (SIA’s)
which could be produced by self-trapping?! of He atoms.
In this case one would have to assume He mobility al-
ready during implantation at 4.2 K and nucleation of He
bubbles which finally grow by emitting SIA’s. During
growth the resistivity would then increase due to the for-
mation of SIA’s (pg;,) while the contribution from He in
the bubbles (py.) decreases. Eventually when all He
ends up in large bubbles (py.~0) the resistivity change
caused by a unit concentration of implanted He atoms
would become

PHe = VPs1A > 29

where v is the estimated number of SIA’s emitted per He
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atom in the bubbles, estimated at about 0.5 for fcc Ni. 2!
According to Ref. 21 SIA emission starts at a bubble
size of about 5 He atoms. The present damage rates at
low energies would give v=1.1 if pg, =0.42p is taken
from a comparison of Frenkel pair* and vacancy!? resis-
tivities in platinum. On the other hand there are reser-
vations against this interpretation.

In order to trap mobile helium atoms effectively and
grow, the mutual distance of bubbles has to be smaller
than their average distance to the surface. This sets a
lower limit to the bubble concentration of about
¢y >(ag/d)?~1.8X10"* where a, denotes atomic dis-
tance (0.28 nm) and d denotes implantation depth (=5
nm). According to Ref. 21, SIA emission begins only
above 5 atoms per bubbles, setting a lower limit to the
He concentration of about S5c,~1073. This value is
above the concentrations used in the present experiment
(Fig. 3).

If nevertheless SIA emission would have started
within the present He concentration range, some change
in damage rate (resistivity change per dose) should have
been expected. But a constant damage rate was ob-
served for all energies within the experimental accuracy.

Resistivity recovery after hydrogen and deuterium im-
plantation shows a dominating step around 47 K (Fig.
6). Diffusion to the surface would yield an activation
enthalpy Hfj ,=0.12 eV for a prefactor of the diffusion
coefficient Dy=6.2X1073 cm?/s, derived from high-
temperature measurements.'! This step is in agreement
with results from channeling experiments in platinum??
where around 50 K a transition of deuterium atoms
from octahedral to tetrahedral interstitial sites was ob-
served. This transition may comprise short-range
diffusion to implantation-induced lattice defects.

To discriminate between recovery by losses to the sur-
face and by agglomeration, the average concentration
and the spatial distribution were varied by using
different doses and different implantation energies, i.e.,
particle ranges, respectively. This is shown in Fig. 7
where smaller temperature increments are used. The
0.4-keV, 980-ppm (O) and the 3.0-keV, 880-ppm (O)
curves of H, which have different depth distributions but
similar average concentrations, show similar behavior
within the first step. This indicates that losses to the
surface are of minor importance. On the other hand by
comparing the two 3.0-keV H curves with different con-
centrations (/A\,0O) somewhat increased recovery is ob-
served in the less-concentrated specimen, emphasizing
some effect of agglomeration. From the present experi-
ments it cannot be safely decided whether the resistivity
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FIG. 8. Calculation of hydrogen recoveries with different in-
itial profiles [corresponding to implantation energy E (keV) and
concentrations ¢y (ppm); see text]. E=0.4, ¢ =980: O, ex-
perimental; —. —. —., theoretical. E=3.0, ¢,; =880: O, exper-
imental; — — —, theoretical. E=3.0, ¢y =170: A, experi-
mental; —--—, theoretical.

retained above the 47-K stage is entirely due to ag-
glomeration, or if trapping of helium at impurity atoms
is also important. The fact that two more recovery
stages are observed is one hint that two different pro-
cesses may be involved. A more quantitative analysis
was done by using a numerical model. The model simu-
lated the diffusion of hydrogen atoms starting with their
initial distribution given by the TRIM profile and allow-
ing for clustering and trapping at impurities. The fol-
lowing parameters were used. The trap concentration
was about 0.2 at. % derived from the residual resistivity
(=1 pf) cm) divided by a specific resistivity per impurity
of 5 uQlcm/at. %. It was assumed that the resistivity
per hydrogen atom does not change during clustering.
The experimental data are then best fit by the calcula-
tions (Fig. 8) if it is assumed that by trapping the resis-
tivity per hydrogen atom is reduced to 40% of its origi-
nal value.

Figure 7 also contains two recovery curves after deu-
terium implantation. As already mentioned the upper
part of the 3.0-keV curve agrees fairly well with the
recovery after electron irradiation. The damage rate
curves show that about 93% of the resistivity increase in
this case is due to Frenkel pair formation while only

TABLE II. TRIM results of low-energy hydrogen and helium implantation in platinum.

Energy Mean implantation Backscattering
Ion (keV) depth (nm) factor Ng/Nign
H,* 0.4 2.94 0.734
H,* 3.0 10.8 0.510
D,* 0.4 3.43 0.690
Het 0.25 343 0.644
He* 1.65 10.9 0.576 2.6
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about 7% results from the implanted hydrogen. Never-
theless the three stages observed after subthreshold im-
plantation are also clearly observed, especially the one at
80 K. The recovery after 0.4-keV deuterium implanta-
tion is smaller than after hydrogen implantation at com-
parable doses. A tentative explanation is possible if one
considers the effect of ion mass on slowing down the im-
planted particles in the target. The implanted H,* or
D," molecules will then lose their binding electron
within a few atomic layers.?* Then a repulsion of the
screened H or D atoms starts!” which leads to separation
of the two atoms, even without scattering by the target
atoms. For equal repulsive force the separation is faster
for the lighter H atoms than for the D atoms. Thus it is
possible that the deuterium atoms come to rest closer to
each other, thereby increasing the possibility for reclus-
tering upon becoming mobile.

Beside the main step at 47 K there is another one at
about 80 K. The step height is nearly proportional to
the concentration and thus may be tentatively ascribed
to the dissociation of hydrogen clusters. From the tem-
perature of this step an activation energy of about 0.2 eV
can be estimated for a dissociation reaction. Subtracting
the migration energy (0.12 eV) results in a binding ener-
gy of H atoms in the cluster of about 0.08 eV. This is of
the same order of magnitude as the H-H binding energy
in Nb (0.065 eV).?* Then the last measured step at 110
K may be ascribed to the dissociation of H atoms from
impurities with an estimated dissociation energy of 0.28
eV, corresponding to a binding energy of about 0.16 eV.
The decrease in resistivity in this later step can be due to
diffusion of H out of the gauge section or due to escap-
ing through the surface.
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FIG. 9. Implantation profiles of helium in platinum calcu-
lated with the TRIM code for 0.25 keV (0), 0.42 keV (0O), and
1.65 keV (A).

APPENDIX: THE TRIM PROGRAM

The TRIM program is the most commonly used Monte
Carlo simulation method for the calculation of range
profiles, backscattering, and damage rates of implanted
ions. The TRIM version published in Ref. 25 was the one
used. Some characteristic parameters of the TRIM re-
sults are stated in Table II and in Fig. 9.
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