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ABSTRACT

The application of iop channeling to study the lTattice site
location of hydrauen in s0lids is briefly reviewed. The tech-
nique has been appiied to boih metals anu semiconductors and is
particularly valuable when combined with ion implantation for the
introguction of hyd.2gen in tne study of hydrogen trapping by
defects.

The jon channeling effect is an atomic collision phenomenon
which was Tirst invesiigated in the mid 1960's and is relatively
well nunderstood today. It occurs when an energetic beam of nar-
ticles is aligned with crystal rows or plunes, Under such con-
ditions, the channeled particles are steered by the lattice rows
or plancs through a series of correlated coulombic collisions,
awuli Tike a stone skipping off the suriace of water. The channel-
ing technique allows one to determine the position of impurity
atoms within the crystal _lattice, both for substitutiopal and
interstitial impurities. Localizations of » 0.1-C.2 & are
typically achieved in high symmetry cases. The technique is
unlike diffraction techniques which require periodicity of sites
or inelastic technigque:s which give the sywasetry of sites, tut
rather corresponds to a direct imaging technique giving a rela-
tive position of the impurity atoms with respect to the position
of Lhe lattice rows or planzs.

The use of the ion channeling technique to study the Tattice
location of hydrogen in crystals has provided some of the most
discrete and fascinating information on impurity site structures
obtained by this technique. Direct determination of the crystal-
Jographic site of hydrogen is important since it provides a link
between theory and detailed trapping and migration studies.
Channeling effect studies of hydrogen have been applied by sev-
efaI groups, both for the case of hydrogen introduced by diffu-
sion in crystals with high hydrogen solubilities such as Nb and
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Pd,2 and also for hydrogen introduced Ly ion 1mo1antat12n in
crystals with low solubilities such as Al, W, and Si,

The use of ion beams to siudy “ydrogen in solids has several
distinct advantages.? JIon implantation allows the controlled
introduction of hydrogen independent of thermodynamic constraints.
Thus, hydrogen can be introduced over a wide range of concentra-
tions, from the dilute phase up to very high concentrations above
the solid solubility, in a single set of experimental studies.
Secondly, the use of energetic beams provides for a sensitive
method to detect hydrogen, primarily through ion-induced nuclear
reactions or ion scattering or recoil techniques. This allows
isoinpically selected detection of the hydrogen and also gives the
capabiiity 1o nandastructively determine the absolute hydrogen
concentraticn vs depth profile. Finally, defectls are introduced
in conjunction with hydrogen implantation sut a farticularly
fruitful area o? study is that of hydrogen-defect interactions.
Such defect interactions strongly arfect %> hydrogen mobility,
»+3 +ho understanding of hydrogen transport is gquite inpce ant to
developing @ GucRtleev. o Ji27rintion nf the hydrogen embrittle~
ment process

In applvying the chanrc:ing technique 20 Tattice locatien
studies there are several Timitations which must be borne in mind,
The site of interect must be populated to a significant extent
(> 20%). Secnndly, a limited number of sites must be populated,
preferably two or less, of moderately hiafh svmmetry to allow accu-
rate and unambiquous interpretation of tne rescits. Thirdly,
defects can be introduced by the analysis team :uring channelina
measurements and this sometimes sets a practica} lower limit to
the concentrations which cen b2 studisd; typically concentrations
~ 0.1 at.% can easily be investigated. Finaily, the channeling
technicue provides the site of the hydrogen but does not provide
information on the local configuration of the surrounding host
atoms.

In Fig. 1 the principle of the channeling effect tecknique
for locating inpurities is shown schematically. Under channel-
ing the spatial distribution of a beam of particles is strongly
modified from a uniform distribution to one which has & high
probucility derncity in the center of the channel and a low den-
sity at the position of the atoms in the rows or planes. As
seen for axial channeling in Fig. 1 this distribution depends on
the incident angle of +“he beam. Thus by monitoring the particle
flux density by nuclear reactions or iun scattering & given
impurity position in the channel will give rise to a characteris-
tic angular dependence. For example, positions a and b corre-
spond to the projected positions of the tetrahedr2l in*2rstitial
site along the <100> axis in a brc crystal and the corresponding
peaks in the angular yield curve thown beluw are indicated. This
characteristic signacure for the impurity which is obtained
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Fig. 1. Schematic of the principle of lattice locaticn by the
channeling effect.

simultaneousT: i+~ *k-t nf thrs hact crystal is referred to as the
anguiar distribution and is observed directly in the channeling
measurements.

The angular distribution for the case of D implanted into W
is illustrated in Fig. 2., The D isotope is detected by the
nuclear reaction D(3He.p)4He where the high energy emitted pro-
tons (= 13 MeV) are easily detected with essentially zero back-
ground ar}sing from other interactions due to the Q.75 MeV
incident “He beam. The W signal 1s obtained from JHe backscatter-
ing from the W lattice atoms. The experimental data is shown
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Fig. 2 Measured chanreling <100> axial and (100} planar angular
distributions for D implanted into W. Dashed lines are
calculated distributions and comparisen indicates the D
occupies the tetrahedral interstitial site.

in Fig. 2 for both the <100> axial and (102} jlanar directions,
along with theoretically calculated distributions (dashed lines)
for the hydrogen on the tetrahedral and octahedral interstitial
sites. The octzhedral site distribution for the case of the (100)
planar direction coincides with that for the W crystal Tattice.
Also shown in the inscts are the projected positions for the
tetrazhedrsyl sites corresponding to these particular channeling
directions. As is seen in Fig, 2, relatively good agreement is
obtained between calculation and measurement for D occupancy of
the tetrahedral interstitial site in W. This site is observed
both for implantations at 90 K and also for implantation or
anneal temperatures up to ~ 400 K. Comparison with other
experimental studies of hydrogen isotopes in W suggests that D
occupies the tetrahedral site both in its untrapped and trapped
state and that at room temperature and above the deuterium may
be in association with a Tattice defe:t.

A second example is ~iven by studies of D implanted into the
other Group VI trunsition mecals Cr and Mo.6 Results are shown
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in Fig. 3 for the <100> axial distributions after lcw temperaturs=
D impiantation and subsequent annealing to 300 X. I[n this case
the annealing results in the mouvement of the D frum an anprecia-
ble fraction in the tctrahedral interstitial site to a new well-
defined position near the octahedral interztitial site. Detailed
analysjs of the axial and planar data sugqgests that a single site
is occupied with the D displaced from the exact octahedral inter-
stitial site as 1nd1cated by I for the case of Cr (displacement
distance =~ 0.3- ) and by II in the case of Mo {displacement
distance =~ 0.2 ﬁ) Both calculated and measured distributions
are shown for Mo whereas for clarity only fhe calculated distri-
bution is shown for Cr. The results indicate the D is trapped
and suggest trapping by a defect, although D-D interactions can-
nct b ocrciuded at this time. This site is observed to be stable
below stage Il and one p0551bip interprevae.isn js that the D may
be associated with a lattice vacancy. For cxample, in the cose
of site 11 for Cr the symmetry sugqests the possihiiity of a
vacancy in the nearest-neighlor site, corresponding {o the top

or bottam of the vctanedron ¢f lattice atows ~hown in Fig. 3.
However, the theory of hydrogen-defect interactions in metals is
incufficin~t at thic time to provide direct Lheorelical compari-
sons to tnis possibie interpretation,
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Fig., 3 The <100> angular distributicns for D implanted in Mo and
Cr (Cr data points not shown for clarity) after anneal to
300 K are shown along with the calculated distributions
for the interpreted near-octahedral sites.



In other receut applications the first location studies of
hydrogen in a semiconductar have been carried out. This has
allowed comparison of the Tocation to be made for a case where
chemical trapping should dominate, in contrast to the physical
trapping to defects expected for the case of metals. In Fig. 4
the interpreted Jocation of D in $i is compared to several other
known interstitial centers in Si determined by electron para-
magnetic resonance. The observed site is different than that
anticipated to be predominately populated by thcoretical calcula-
tigns, bu* shows qualitative similarity with other interstitial
jmpurities in Sv. The . (s uelieved to be associated with a
Tattice defect such as a vacancy or possibiy an interstitial Si,
One of Lhe advaniages of hydrogen studies in a semiconductor over
metals is that optical techniques such as infrared dcscrption can
s1so be used to probe the hydrogen Tocal mode vibrations. Such
studies provide information on the surrounding structure and
c1egr]y suggest that the H/D is in association with defects in
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Fig. 4 The {110) plane of Si showing the site for D determined
by ion channeling and several other interstitial impurity
sites determined by EPR.



case of D implanted in Fe.9 This has provided detajled infarma-
tion on D in Fe, including the first lattice Tocation measure-
ments. Such work is relevant to H migration in Fe-based systens
and to develuping improved understanding for a more quantitative
description of H embrittlement pracesses. Further application of
the channeliag effect technique in the area of H trapping in
technoloqgically relevant materials would appear to be a very
fruitful direction for such studies,
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